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RESUME

Cette thése comprend cing articles originaux et un article synthése traitant de la caractérisation
hydraulique de I’hétérogénéité des aquiferes granulaires. Cette thése reconnait I’importance des données
de caractérisation pour le développement d’une bonne compréhension des processus d’écoulement et de
transport dans les aquiféres. De nouveaux tests hydrauliques in situ pour caractériser en détails les
propriétés hydrauliques des aquiféres et leur corrélation non paramétrique avec des propriétés
géophysiques indirectes sont utilisés pour définir I’hétérogénéité hydraulique & petite échelle. Le but de
cette thése est d’explorer le contenu en information de ces nouvelles méthodes et d’évaluer leur potentiel
pour des applications sur le terrain dans des conditions aquiféres hétérogénes et anisotropes. Les tests
hydrauliques in situ réalisés pour la région d’étude sont des adaptations du débitmétre de puits et des
essais de perméabilité & choc hydraulique couramment utilisés. Les tests avec débitmétre ont été adaptes
pour les aquiféres granulaires par I’aménagement de puits par enfoncement dotés de longues crépines en
contact direct avec les sédiments, ce qui permet 1’acquisition de profils verticaux de la conductivité
hydraulique horizontale (K}). Ce type de puits, sans sable filtrant, réduit les erreurs de mesures dues a la
dissipation hydraulique et aux court-circuits hydrauliques associés & la présence du sable filtrant utilisé
pour les puits conventionnels, ce qui est tout indiqué pour la réalisation de tests hydrauliques sur de petits
intervalles verticaux dans les aquiféres granulaires. Des tests d’interférence verticale & choc hydraulique
utilisant un seul puits et la tomographie a choc hydraulique entre puits sont aussi proposés pour définir
’hétérogénéité de K, I’anisotropie de K (K/Ky) et I’emmagasinement spécifique (S;) par I'analyse
simultanée des perturbations hydrauliques transitoires générés par plusieurs tests & choc hydraulique
effectués sur de petits intervalles. De plus, une approche non paramétrique par machine d’apprentissage
de type RVM (Relevance Vector Machine) est proposée pour prédire K}, & partir de sondages au piézocone
(CPT) couplés avec une sonde de teneur en eau et de résistivité électrique (SMR). La machine
d’apprentissage est construite a partir de donnces d’entrainement colocalisées de K, et de CPT/SMT
mises & une échelle verticale commune de 15 cm. Pour acquérir un ensemble de données d’entrainement
représentatif de 'aquifére littorale étudié, une approche d’acquisition des donnces est développée et
appliquée avec des méthodes de caractérisation générales précédant les méthodes plus spécifiques. Ceci
minimise le nombre de sites d’investigation tout en maximisant la signification des données directes et
indirectes acquises. Diverses expérimentations in situ montrent que les estimations des propri¢tés
hydrauliques obtenues avec les nouvelles méthodes sont cohérentes par rapport aux tests in situ et de
laboratoire conventionnels. En particulier, le débitmétre et ’approche hydro-géophysique sont trés
efficaces pour estimer K, tandis que les tests d’interférence verticale et la tomographie a choc
hydraulique donnent aussi des estimations fiables de K, mais en plus permettent d’évaluer K,/K, et S;qui
sont des paramétres difficiles a estimer autrement. Par ailleurs, la conversion de plus de 500 m de
données CPT/SMR en estimations de propriétés hydrauliques et leur interpolation sur la région d’étude
couvrant 12 km? révelent les caractéristiques fondamentales de 1’environnement de sédimentation littoral
avec D’inter-digitation et les variations spatiales graduelles des propriétés hydrauliques. La contribution
majeure de cette thése est le renforcement des capacités de I’hydrogéologue a représenter de fagon
détaillée 1’hétérogénéité des propriétés hydrauliques & des échelles pertinentes pour I’étude de
I’écoulement et du transport dans les aquiféres.
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ABSTRACT

This thesis comprises five original papers and one synthesis paper dealing with hydraulic characterization
of unconsolidated aquifer heterogeneity. This thesis recognizes the importance of characterization data to
develop a sound understanding of processes associated with flow and transport in granular aquifers.
Newly developed in-situ hydraulic tests designed to characterize aquifer hydraulic properties in details
and their non-parametric correlation with indirect geophysical properties are then used to define aquifer
hydraulic heterogeneities at fine scale. The aim of the thesis is to explore the information content of the
new methods, and to assess their potential for field application under real heterogeneous and anisotropic
aquifer conditions. The in-situ hydraulic tests carried out in this study are adaptations of flowmeter tests
and commonly used slug tests. Flowmeter testing provides vertical profiles of horizontal hydraulic
conductivity (K;) following their adaptation for granular aquifers using direct-push wells with long
screened sections in direct contact with sediments. Those wells reduce measurement bias associated with
skin effects and hydraulic short-circuits of conventional wells using sand packs, and are thus tailored for
hydraulic testing over small vertical intervals in unconsolidated aquifers. Vertical interference slug tests
in a single direct-push well and tomographic slug tests between direct-push wells are also proposed to
resolve heterogeneity in K, K anisotropy (or K,/K}) and specific storage (S;) by the simultaneous analysis
of the transient hydraulic perturbations generated by multiple slug tests performed over small intervals.
Moreover, a non-parametric learning machine approach is proposed to predict K, from cone penetrometer
tests (CPT) coupled with a soil moisture and resistivity probe (SMR) using relevance vector machines
(RVMs). The learning machine is built from a colocated training data set of K, and CPT/SMR up-scaled
measurements at a common vertical resolution of 15 cm. To acquire a representative training data set of
the littoral aquifer found in the study area, a top down data acquisition process is developed and applied
using general measurements prior to specific ones to minimize the number of investigated sites while
maximizing the quality, extent and significance of the collected direct and indirect data. Field proof-of-
concept studies show that estimations of hydraulic properties from the new methods are consistent with
conventional field and laboratory tests. In particular, flowmeter tests and a hydro-geophysical approach
can provide K, estimates in a timely fashion, whereas vertical interference tests and tomographic slug
tests can also provide K, data, but also K anisotropy and S; estimates that are difficult to obtain otherwise.
Moreover, the conversion of more than 500 m of CPT/SMR data into hydraulic properties values and
their interpolation over the 12 km? study area are consistent with the littoral depositional environment
showing inter-digitation and spatial trends in hydraulic properties. The major contribution of this thesis is
to enhance the capability of hydrogeologists to image heterogeneity in hydraulic properties in details at a
scale relevant for flow and transport studies in aquifers. :

Key words (10 mots max): Groundwater, Hydraulic Conductivity Anisotropy, Heterogeneity, Direct-
Push, Flowmeter, Vertical Interference Slug Tests, Hydraulic Tomography, Learning Machine,
Unconsolidated Aquifer, Hydrogeophysics
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« Il est bon d’avoir appris a ses dépends ce qu’on a besoin de savoir. »

Hermann Hesse
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I’intérieur du tubage de métal utilisé pour ’enfoncement a travers les sédiments; (b) pointe
perdue placée a la base du tubage de métal pour éviter ’entrée des sédiments dans ce
tubage; et (c) tubage de PVC installé avant le scellement du puits en surface (le tubage est
plein dans sa partie supérieure et crépiné sur la majeure partie saturée en eau de I’aquifere).
Voir aussi Paradis et al. (2011) pour les détails de I’installation des puits par enfoncement.

23

(a) Carottes de sédiments de 1.5 m récupérées avec 1’échantillonneur de sol a piston; (b)
sous-échantillons de 15 cm placés dans des perméamétres a charge variable pour mesurer
la conductivité hydraulique verticale. 24

(a) Systéme d’initiation pneumatique pour les tests de perméabilité (slug tests); (b) systéme
3 doubles obturateurs avec crépine pour isoler des intervalles spécifiques dans le puits
d’observation; et (¢) schéma d’un essai de perméabilité multi-niveaux. 25

(a) Photo d’un débitmétre de puits électromagnétique. Le centre du cylindre inférieur est
ouvert 4 sa base et permet 1’écoulement vertical de I’eau. Ce cylindre contient la bobine a
induction pour la mesure du champ électromagnétique proportionnel a la vitesse
d’écoulement de 1’eau (Paradis et al. 2011). Le cylindre supérieur contient le systéme
d’acquisition. (b) Schéma d’un essai avec débitmetre de puits. Le débitmétre est déplacé
par paliers successifs pour I’obtention de la courbe cumulative du débit pompé dans le
puits dans I’aquifére présenté en (c). 26

Comparaison des mesures de conductivité hydraulique horizontale (K%) obtenues avec le
débitmétre et les essais de perméabilité (s/ug fests) multi-niveaux pour cing puits a une
résolution verticale de 15 cm. La différence dans les valeurs de logKh obtenue par les deux
méthodes est montrée par rapport a la moyenne des deux types de mesures a chacun des
intervalles. Les intervalles de confiance de 95% (moyenne+1.96 ecart-type) montrés
supposent une distribution normale des différences. 27

(a) Schéma d’un essai d’interférence vertical a choc hydraulique. (b) Réponses
hydrauliques types pour l’intervalle émetteur et l’intervalle d’observation (noter les
échelles différentes pour ces deux intervalles). 29

Profils verticaux mesurés de Kk (essais de perméabilité multi-niveaux) et de Kv
(perméametre) comparés aux profils prédit par I’inversion numérique de plusieurs essais
d’interférence vertical a choc hydraulique. 30

Schéma d’un essai de tomographie & choc hydraulique entre deux puits. Les réponses
hydrauliques a D’intervalle émetteur et dans les intervalles d’observations sont similaires
aux courbes de la Figure S.14b. 31

Sensibilités normalisées de la charge hydraulique par rapport aux propriétés hydrauliques
pour un intervalle d’observation dans un aquifére homogéne et anisotrope suite a une
perturbation hydraulique produite dans un intervalle émetteur. La configuration
expérimentale est similaire a la Figure S.16 avec une distance entre le puits émetteur et
d’observation d’approximativement 8 m. Les indices 1 et 2 référent respectivement aux
paramétres a I’intérieur et a ’extérieur de la région d’investigation comprise entre les puits
émetteur et d’observation. 32
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Figure S.18

Figure S.19

Figure S.20

Figure S.21

Figure S.22

Figure S.23

Figure S.24

Eléments de la diagonale de la matrice de résolution associés avec une analyse transitoire
des réponses hydrauliques pour les intervalles émetteurs et d’observations de 13 essais de
perméabilité (slug fests). L’analyse est basée sur la troncation d’une décomposition en
valeurs singuliéres avec une erreur relative dans 1’estimation des paramétres de 1%. Le
niveau de bruit utilisé est de 1x10-5 m et correspond au niveau calculé avec
I’instrumentation utilisée sur le terrain. 33

Tomogrammes des parameétres hydrauliques résultant de l’inversion de tomographique
t21r17 : (a) conductivité hydraulique horizontale (Kk); (b) anisotropie de la conductivité
hydraulique (Kv/Kh); et (¢c) emmagasinement spécifique (Ss). Cette figure montre aussi les
profils des propriétés hydrauliques prédit par I’inversion pour les puits P21 et P17 ainsi que
les profils de K% et Kv obtenus respectivement des essais de perméabilité (slug tests) multi-
niveaux et des tests avec perméamétre sur des échantillons de sédiments. 34

Processus général d’intégration des données pour la définition de I’hétérogénéité des
propriétés hydrauliques, tel qu’appliqué au site de St-Lambert. Les données CPT/SMR
sans mesures de K4 sont utilisées pour la prédiction de Kk ou pour vérifier la précision des
relations définies en utilisant une fraction (20%) des données d’entrainement. Les
acronymes sont : .S pour friction, T pour résistance en pointe, D pour constante diélectrique,
R pour résistivité électrique, Kh pour conductivité hydraulique horizontale Kv pour
conductivité hydraulique verticale, n pour porosité, HF pour hydrofaciés et RVM pour
Relevant Vector Machine. Abréviations: class. (classification), rég. (régression), interp.
(interpolation). 37

Matrice de dispersion avec histogrammes pour la conductivité hydraulique horizontale
(Kh) et les paramétres CPT/SMR (S: friction; 7: résistance en pointe; D: constante
diélectrique; R: résistivité électrique) pour les données d’entrainement. Le nombre
d’intervalles co-localisés est de 280 (80% des données sont utilisées pour I’entrainement de
la machine d’apprentissage et 20% pour sa vérification; voir Figure S.20). 39

Matrice de dispersion avec histogrammes pour la conductivité hydraulique horizontale
(Kh), 1a conductivité hydraulique verticale (Kv) et la porosité totale (n) pour les données

d’entrainement. Le nombre d’intervalles co-localisés est de 59 pour Kk et Kv, et de 43 pour
n. 40

Erreur de classification liée a la non-unicité des réponses hydrauliques et CPT/SMR pour
différentes combinaisons de paramétres géophysiques et un nombre d’hydrofaciés de
quatre. La fléche rouge indique que la combinaison de paramétres géophysique TDR a été
retenue. 41

Distributions des données pour chacun des quatre hydrofaciés résultant de la classification
non supervisée (clustering) avec la combinaison de paramétres CPT/SMR donnant le
meilleur potentiel prédictif (a-d). Cette classification utilise la résistance en pointe (7), la
constante diélectrique (D) et la résistivité électrique (R) avec la conductivité hydraulique
horizontale (K#). Les distributions pour la conductivité hydraulique verticale (Kv) et la
porosité (n) pour chacun des hydrofaciés sont le résultat d une intégration a posteriori avec
les données CPT/SMR (e-f). Les types de sédiments pour chacun des hydrofaciés sont
basés sur les analyses granulométriques (g). La classification des sédiments suit la charte
de Wentworth (1922): I’échelle phi est basée sur le logarithme en base 2 avec I’exposant
négatif de la granulométric en mm et la moyenne granulométrique des sédiments (Mz)
évaluée a partir de (phil4+phi50+phi84)/3 d’aprés Krumbein et Sloss (1963). Une valeur
de Mz faible correspond a des sédiments grossiers. 42
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Figure S.25

Figure S.26

Figure S.27

Figure 1.1

Figure 1.2

Figure 1.3

Figure 1.4

(a) Matrice de confusion comparant, avec un ensemble de 56 données de vérification, la
classification des hydrofaciés obtenue par la machine d’apprentissage (RVM) avec la
classification originale effectuée par classification non supervisée (clustering). Les
¢éléments de la diagonale indiquent les observations avec des classifications identiques pour
les deux méthodes (HF1 10/14, 71%; HF2 6/7, 86%; HF3 16/18, 89%; HF4 16/17, 94%;
dans I’ensemble 48/56, 86%). Les éléments hors de la diagonale correspondent aux
observations mal classifiées par la classification RVM. (b) Comparaison de la conductivité
hydraulique horizontale (K4) mesurée par les essais a choc hydraulique multi-niveaux avec
les estimations provenant de la régression RVM. Le méme ensemble de données est utilisé
pour (a) et (b). 45

Distributions spatiales (a) des hydrofaci¢s (HF); (b) de la conductivité hydraulique
horizontale (Kh), (¢) de la conductivité hydraulique verticale (Kv); et de la porosité (n)
pour la section géoradar A-A’ (localisation a la Figure S.4) selon sur I'interpolation de la
reconnaissance des hydrofaciés et ’estimation des propriétés hydrauliques basée sur les
profils CPT/SMR en utilisant ’approche de la Figure S.20. L’intensité des couleurs pour
(a) est proportionnel a la médiane de Ka pour chacun des HF de la Figure S.24. 47

Temps total pour acquérir 500 m de mesures de conductivité hydraulique horizontale (K#)
a I’échelle de 15 cm pour trois méthodes hydrauliques conventionnelles (débitmétre, essais
de perméabilité et perméamétre de laboratoire) et I’approche hydro-géophysique basée sur
P’estimation de K% a partir des données CPT/SMR. Les détails des estimations de temps
sont présentés au Tableau S.4. 50

(a) Location of the St-Lambert study area. The boundary of the study area corresponds to
the sub-watershed surrounding the St-Lambert sanitary landfill. Only the locations of the
wells used in this study are shown (P01, P03, P10, P16 and P17). (b) Location of well P17
and nearby observation wells that were used for multi-well pumping and interference
tests. 76

Hydrostratigraphy of the St-Lambert site as illustrated by the well P17 cone penetration
test (CPT). Soil textures are defined according to the Fellenius and Eslami (2000) CPT soil
classification chart. Also shown are tip stress measured with the CPT, and static hydraulic
head recorded prior to slug tests conducted between packers. Numbers to the left refer to
sediments deposited during three chronostratigraphic phases described in the text. 78

Comparison of K data measured with the flowmeter and multilevel slug tests: (a) In five
wells at a 15-cm vertical resolution: the difference in log K values obtained from the two
measurements is shown against the average of the two measurements. The 95% confidence
intervals are shown assuming a normal distribution (+ 1.96 SD, SD being the standard
deviation). (b) log X profile at well P03. 92

Comparison of K data obtained from multilevel slug tests and flowmeter tests: (a) at 15-cm
vertical intervals and (b) for selected intervals corresponding to specific hydrofacies (see
Figure 1.5). 93
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Figure L5

Figure 1.S1

Figure 1.S2

Figure 1.S3

Figure 1.S4
Figure 1.85

Figure IL.1

Application of the cumulative flow-curve interpretation method. The figure shows
calculated K (grey blocks) and cumulative transmissivity profiles (equivalent to cumulative
flow, red line) using two vertical resolutions of flowmeter measurements at well P17: (a) K
estimates for intervals at a vertical resolution of 15 c¢m (b) K estimates for intervals
corresponding to hydrofacies units based on intervals with a steady slope of the cumulative
flow curve shown in (a); (c) K estimates for intervals at a vertical resolution of 61 cm; (d)
K estimates for intervals corresponding to hydrofacies units based on intervals with a
steady slope of the cumulative flow curve shown in (c). Black dashed lines are the
constant-slope sections of the cumulative flow curves over intervals for which K values are
estimated. 95

Direct-push well installation without gravel-pack. (a) Three-step installation procedure:
metal casing hammered into the ground; PVC tubing slotted over saturated zone inserted
inside the metal casing before its withdrawal; protection tubing placed around the sealed
top of blank PVC tubing. (b) Casing and tubing dimensions showing the approximately 8-
mm-wide annular space between the PVC tubing and borehole wall to be filled by
sediments. 101

Hydraulic response to well development following different pumping-surging
configurations. (a) Normalized drawdown as a function of time for slug tests performed at
observation well P6 following different pumping-surging configurations. (b) Apparent
hydraulic conductivity evolution for selected discrete intervals within observation well
Pl6. 101

(a) Observed drawdown during interference slug test at injection well P21 and (b)
expanded view of late-time drawdown at well P21 and observation well P17. Symbols refer
to measurements and lines to adjustments to the solution of Hyder et al. (1994). Derivative
curves (not shown) were also used to improve curve fitting. 102

Hydraulic conductivity derived from slug tests using four analytical solutions. 102

a) Drawdown and groundwater temperature measured during a flowmeter test in well P18.
Early-time drawdown data are matched to the Theis solution for confined aquifers and the
entire data record is matched to the solution of Moench (1995) that considers leakage from
the aquifer top. For comparison, the Theis solution is also shown using the hydraulic
parameters determined from the Moench solution (Table 1.2). b) CPT-derived
hydrostratigraphy, borehole fluid temperature profile, and well installation for well P18
(see Figure I.1b for location). 103

Well arrangement and definition of parameters for a vertical interference slug test in a
hypothetical confined aquifer: (a) between two intervals isolated using a three-packer
assembly in a direct-push well fully screened across the aquifer (as used in the field study
reported in this paper); (b) the same configuration as (a) but in a sand-packed well with
inter-spaced bentonite seals in the sand pack to prevent hydraulic short-circuiting; and (c)
between two piezometers of a nested well. Symbols used for parameters are defined in
Table II.1. 115
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Figure I1.2

Figure I1.3

Figure 11.4

Figure I1.5

Figure I1.6

Figure I1.7

Figure I1.8

Dimensionless drawdowns H/Ho versus time in the stress (S-shaped curves) and
observation (bell-shaped curves) intervals considering the influence of hydraulic
parameters on vertical interference slug test responses: (a) effect of horizontal hydrautic
conductivity (Kh); (b) effect of specific storage. (Ss); and (c) effect of hydraulic
conductivity anisotropy (Kv/Kh). On these graphs and those of Figures I1.3, 1.4 and II.5,
the plain line, bold line and dashed line represent the responses for the base case, for a high
value and for a low value relative to the base case, respectively. The scale of H/Ho for the
observation interval is not the same as the scale used for the stress interval in (a) and (b), as
well as in Figures 1.3, I1.4, IL.5, 11.6, I1.9 and I1.13. 118

Influence of various borehole-aquifer test configurations on vertical interference slug test
responses in the stress and observation intervals: (a) effect of wellbore storage; (b) effect of
vertical distance between stress and observation intervals; and (c) effect of skin horizontal
hydraulic conductivity (K#’) - the radius of the skin is two times the radius of the screen
(rsk = 2rwo = 2rws) (anisotropic conditions for the aquifer and the skin were assumed to be
identical, i.e. Kv'/Kh'=0.1). 120

Sensitivity analysis of responses for various combinations of specific storage (Ss) and
hydraulic conductivity anisotropy (Kv/Kh) for a fixed value of horizontal hydraulic
conductivity (Kk). This analysis shows that hydraulic properties for vertical interference
slug test can be resolved by integrating the responses obtained in the observation and stress
intervals in the interpretation. 121

Sensitivity analysis of responses for various combinations of hydraulic aspect ratio
(Ls/rws): (a) 4.8; (b) 24; and (c) 120. For a screen interval radius of 2.54 cm, those aspect
ratios correspond to stress interval lengths of 0.12 m, 0.61 m and 3.05 m, respectively. An
aspect ratio of 24 was used for the sensitivity analysis of Figures II.2, II.3 and I1.4 as well
as for the field application reported in this paper. 121

(a) Example of a major static short-circuit (SSC) detected in the observation interval as see
by the very high amplitude response. (b-c) Sensitivity analysis to simulate the effects of a
dynamic hydraulic short-circuit (DSC) in the observation interval. Figure (b) shows the
observed dimensionless drawdowns H/Ho in the stress interval (t8) and presumed
exponential decays of the initial H/Ho values in the observation interval (&), which are
related to a DSC, based on the observed decay over the first 3 seconds (DSC3sec) and a
worst-case scenario with decay lasting until the end of the 700 seconds observation period
(DSCend). These calculations are also reproduced in Figure (c), which shows H/Ho in the
observation interval for several cases: the actual measurements (»8), measurements
corrected using the calculated DSC exponential decays (DSC3sec and DSCend), and
simulated responses using the KGS model without DSC effect (KGS) and using a constant
high-K skin that does not dissipate dynamically. 125

(a) Hydrostratigraphy of the test well shown by cone penetration test (CPT) data translated
into soil textures (according to the Fellenius and Eslami (2000) CPT soil classification
chart). (b) Hydraulic conductivity data at a vertical resolution of 15 cm measured by
multilevel slug tests (Kh) and permeameter tests on soil samples (Kv) over the same
intervals. (c) Locations of tested intervals (61 cm) by vertical interference slug tests. (d)
Numerical grid used for data inversion. In the test location numbers, ¢ stands for transmitter
(stress interval) and » stands for receiver (observation interval). 127

Picture (a) and (b) schematic representation of the vertical interference slug test assembly
used for the field experiment. 129



Figure I1.9

Figure I1.10

Figure I1.11

Figure I1.12

Figure I1.13

Figure I11.1

Figure I11.2

Figure 111.3

Vertical interference slug test responses measured (symbols) and predicted by inversion
(curves). Graphs show each of the 12 stress interval responses (grey circles) along with the
responses from observation intervals (black circles). Grey squares with a circle inside
correspond to data that were not used in the inversion due to apparent DSC effects (see
Figure 11.6). Scales of observation interval responses are not the same as those of other
tests for #/1 and t12 (larger scale). 132

Vertical profiles of observed logKh (from slug tests) and logKv (from cores) along the well
with corresponding profiles predicted by the simultaneous numerical inversion of multiple
vertical interference slug tests. 135

Scatter plot of predicted versus observed dimensionless drawdowns (H/Ho) for the 12
vertical interference slug tests. Separate scatter plots are shown for the stress intervals (a)
and the observation intervals (b). The dotted line is a reference 1:1 line indicating a perfect
match and the solid red line is the linear regression of data. 135

Vertical profiles of dimensionless variance along the well for hydraulic parameters
predicted by the inversion: (a) horizontal hydraulic conductivity (Kh); (b) hydraulic
conductivity anisotropy (Kv/Kh); and (c) specific storage (Ss). 140

Observed vertical interference slug test response in the stress (#8) and observation (r8)
intervals compared to the data match (solid lines) obtained with the KGS model for test
t8r8 assuming homogeneous aquifer conditions. Dashed lines are KGS model responses
obtained using Kv/Kh values that are 10 times lower and higher than the best match value
(0.0061). 141

(a) Numerical model grid and boundary conditions used for all synthetic experiments. (b)
Parameter grid with 143 cells and zonation used for simulations in Figures II1.2 and IIL.4.
(c) Locations of the stressed and observation intervals (red plain lines) with ray coverage
density for the synthetic tomographic experiment with 13 slug tests and 37 observation
intervals (base case) presented in Figures II1.5a-b. Table III.2 presents the correlation
matrix for sensitivity to hydraulic properties with respect to the tx7 stressed interval and
the rx7 observation interval shown in Figure III.1¢ (black dotted line). Figure III.2 shows
the normalized head sensitivities to hydraulic properties for the tx7 stressed interval and
observation intervals at different angles relative to rx7 (rx7, rx5 and rx3). 162

(a) Normalized head sensitivities to hydraulic properties (K4, Kv/Kh and Ss) for a stressed
interval; and (b, ¢ and d) observation intervals located at different angles from the stressed
interval based on a homogeneous and anisotropic aquifer model (Figure II1.1b and Table
II1.1). Locations of the intervals (tx7, rx7, rx5 and rx3) are indicated in Figure III.1¢ (black
dotted lines). Note the difference in scale for stressed and observation intervals. Subscripts
1 and 2 refer to parameters within and outside the region of investigation (ROI),
respectively. Stressed interval sensitivities for properties outside the ROI are not significant
and are thus not shown in Figure I1I.2a. Corresponding normalized head (H/H0) responses
are also shown (plain blue lines). 171

Spbatial distributions of root-mean-square normalized sensitivity to Kk, Kv/Kh and Ss over a
single slug test for: (a) a stressed interval (tx7); and (b) an observation interval (rx7).
Locations of the intervals (tx7, and rx7) are indicated in Figure IIll.1c (black dotted
line).174
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Figure 1.4

Figure II1.5

Figure II1.6

Figure I11.7

Figure 111.8

Figure II1.9

Figure IV.1

Figure IV.2

Figure IV.3

(a) Normalized head sensitivities to hydraulic properties (KA, Kv/Kh and Ss) for a stressed
interval (tx7); and (b) an observation interval (rx7) based on a homogeneous and
anisotropic aquifer model (Figure III.1b and Table III.1). Locations of the intervals (tx7
and rx7) are indicated in Figure III.1c (black dotted line). Note the difference in scale for
stressed and observation intervals. Subscripts 1 to 7 are defined in Figure HI.1b.
Corresponding normalized head (H/H0) responses are also shown (plain blue lines). 175

(a) Spatial distributions of root-mean-square normalized sensitivity to Kk, Kv/Kh and Ss;
and (b) diagonal elements of resolution matrix (Figure IIL.7) for Kk, Kv/Kh and Ss
associated with the analysis of the 10000-sec head records for the synthetic tomographic
experiment with 13 slug tests and 37 observation intervals (base case) shown in Figure
III.1¢. The resolution values are based on truncated singular value decomposition (SVD)
inversion with a relative parameter error of 1% using the 143-parameter grid shown in
Figure III.1b. Simulation parameters and average resolution values for hydraulic properties
within the region of investigation (ROI) are presented in Table I11.3. 177

(a) Singular value spectra, and (b) root-mean-square model norm associated with truncated
singular value decomposition (SVD) inversion of white noise (error standard deviation of
2x10-4 m) head vector associated with the analysis of the 10000-sec head records for the
base case synthetic tomographic experiment. 178

Resolution matrix associated with the analysis of the 10000-sec records from the base case
synthetic tomographic experiment based on truncated SVD inversion of the sensitivity
matrix with a relative parameter error of 1%. Full white lines superposed on the resolution
matrix separates the different sub-matrices corresponding to each hydraulic parameter and
dashed white boxes encompass parameters within the region of investigation (ROI)., 182

Average parameter resolution within the region of investigation (ROI) for various
scenarios of: (a) initial head (H0) used to initiate slug tests; (b) cell size; (c) distance
between stressed and observation wells; and (d) tomographic configuration using different
sets of stressed and observation intervals. Results are for an analysis of the 10000-sec

records based on truncated SVD inversion of the sensitivity matrix associated to respective

scenario with a relative parameter error of 1%. Simulation parameters and average
resolution values for hydraulic properties within the region of investigation (ROI) for each
scenario are compiled in Table II1.3. Blue arrows point to results corresponding to
conditions used for the base case. 186

Normalized head (H/HO) responses for reciprocal slug tests for: (a) a symmetrical; and (b)
asymmetrical test configuration relative to heterogeneity in Kk, Kv and Ss. Alternatively
changing values of K, Kv/Kh and Ss in the different layers are compiled in Table IIL.4. 190

General location of the study site (a), with the Quaternary sediments map for the sub-
watershed enclosing the former sanitary landfill (b), and the location of the wells used for
the tomographic experiment (c). The Quaternary map is modified from Lamarche and
Tremblay [2012]. 207

GPR section aligned parallel with the general littoral depositional direction along with
profiles of sediments texture derived from cone penectrometer test data (tip and sleeve
stresses) and tip stress data for wells V1, V2, P10 and P17. Horizontal hydraulic
conductivity (K) obtained from multilevel slug tests is also presented for wells in which
these measurements were made. GPR section and well locations are shown in Figure
IV.1b. 208

Sediment layers in the aquifer based on tip stress data (numbered from L1 to L4) along
with profiles of sediment texture derived from cone penetrometer test data (tip and sleeve
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Figure IV .4

Figure IV.5

Figure IV.6

Figure IV.7

Figure IV.8

Figure IV.9

Figure IV.10

Figure IV.11

Figure V.1

stresses) for wells P17, P21 and P19 at the tomography site (legend in Figure IV.2).
Vertical (Kv) and horizontal (K#) hydraulic conductivities obtained from laboratory
permeameter and field multilevel slug tests, respectively, are also provided for well P17.
Well locations are shown in Figure IV.1c. 209

Slug test instrumentation for tomographic experiment: (a) packers, screens and pressure
transducers used to monitor stug test responses; (b) water column (white PVC) used to
initiate slug tests. 211

Coverage density (length of rays per area; m/m2) between stressed and observation wells
for tomographic experiment t21r17: (a) between wells P21 and P17; and (b) along well
P21. The rays along well P21 in (b) are not used in the evaluation of coverage density in
(a). White spaces indicate the lengths of open intervals between packers (stressed or
observation interval). In the nomenclature used for stressed and observation interval
numbers, “t” stands for “transmitter” and “r” for “receiver”. The first two digits after the
letter indicate the well number whereas the last three digits are top of the screen depth, in
cm, from the top of the tubing. 213

Simulation (a) and parameter (b) grids for the inverse analysis of tomographic experiment
t21r17. 217

Observed (symbols) and simulated (red curves) head responses for tomographic
experiment t21r17. Graphs (a) show each of the 12 stressed interval responses (black
squares) along with (b) the responses from observation intervals (black circles) following
the slug test in the indicated stressed interval. 221

Tomograms of hydraulic parameter values from the inversion of tomographic experiment
t21r17: (a) horizontal hydraulic conductivity (K#); (b) hydraulic conductivity anisotropy
(Kv/IKh); and (c) specific storage (Ss). Also depicted is the estimated vertical profile of
hydraulic parameters along wells P21 and P17 with KA values from 15-cm multilevel slug
tests and Kv values from laboratory permeameter tests on 15-cm soil samples along well
P17. - 226

Spatial distributions of the logarithm of dimensionless variance from the inversion of
tomographic experiment t21r17 for: (a) horizontal hydraulic conductivity (Kh); (b)
hydraulic conductivity anisotropy (Kv/Kh); and (¢) specific storage (Ss). 228

Observed (symbols) and predicted (red curves) head responses for the inter-well
interference slug test used for the verification of hydraulic properties derived from
tomographic experiment t21r17. Graph (a) shows the stressed well response (black
squares) alone, whereas graph (b) illustrates both stressed (black squares) and observation
(black circles) well responses for a zoomed view on the observation well response. 230

Observed (symbols) and predicted (red curves) head responses for vertical interference
slug tests [Paradis and Lefebvre, 2013] used for the verification of tomographic experiment
t21r17. Stressed interval responses are not shown for those tests but they are identical to
head responses depicted in Figure IV.7 for corresponding tests. 233

General location of the St-Lambert study area (a-b), with the Quaternary sediments map (c)
for the sub-watershed surrounding the decommissioned sanitary landfill showing the
locations of direct-push soundings and observation wells used for aquifer characterization.
The main depositional direction of sediments making up the granular aquifer is assumed to
have been oblique to the orientation of the paleo-shore in a littoral environment. The
Quaternary map was modified from Lamarche and Tremblay (2012). 249
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Figure V.2

Figure V.3

Figure V.4

Figure V.5

Figure V.6

Figure V.7

Figure V.8

Figure V.9

Figure V.10

Figure V.11

Figure V.12

Distribution of the training data set relative to the range of (a) mechanical: sleeve (S) and
tip (7) stresses; and (b) electrical: dielectric constant (D) and resistivity (R) responses for
the 16 direct-push soundings. A direct-push interval measurement of the training data set
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SYNTHESE

CONTRIBUTIONS AU DEVELOPPEMENT DE LA CARACTERISATION
DE L’HETEROGENEITE HYDRAULIQUE DES AQUIFERES






1 Introduction

La résolution de questions environnementales, telles que 1’exploitation responsable des ressources en eau
souterraine ou la réhabilitation de sites contaminés, exige la quantification des processus d’écoulement de
I’eau souterraine et de transport des contaminants au moyen de modéles hydrogéologiques numériques
(Anderson et Woessner 1992). Comme le montre la Figure S.1, la modélisation hydrogéologique se fait
habituellement en plusieurs étapes, et comprend notamment la caractérisation du site, le développement
d’un modele conceptuel hydrogéologique, 1’élaboration d’un modéle numérique, I’estimation des
paramétres et 1’évaluation de D’incertitude dans les prévisions (Neuman et Wieranga 2003). Les données
de caractérisation et de suivi constituent le fondement de ce processus de modélisation. En effet, les
données de caractérisation du site, qui permettent Iattribution de valeurs aux paramétres du modele (ex.,
conductivité hydraulique, porosité, recharge), forment la base sur laquelle un ou plusieurs modeles
conceptuels peuvent étre postulés pour une région d’étude. Pour évaluer la capacité d’un modele
numérique & reproduire la dynamique réelle d’un systéme aquifére, il est également nécessaire de
disposer de données de suivi qui fournissent des observations (ex., charges, concentrations, débit) des
conditions hydrogéologiques réelles. Cependant, il existe généralement un vaste éventail de modeles et
d’ensembles de paramétres qui peuvent mener a des simulations acceptables, méme pour les sites faisant
I’objet d’études intensives. Cela s’explique par I’impossibilité de décrire les systémes aquiféres de fagon
exhaustive, particuliérement 1’hétérogénéité des propriétés hydrauliques des aquiféres. Ainsi, la fiabilité
des prédictions tirées d’un modéle hydrogéologique numérique est fortement liée au réalisme du modele

conceptuel qui peut étre construit & partir de I’information hydrogéologique disponible.

Les études hydrogéologiques réalisées dans le but de comprendre 1’écoulement de 1’eau souterraine ou le
transport de contaminants nécessitent des données représentatives sur la répartition spatiale hétérogene
des propriétés hydrauliques des aquiféres, comme la conductivité hydraulique (K) et la porosité (n)
(Anderson et al. 1999; Eaton 2006). Pour les aquiféres granulaires, I’hétérogénéité des propriétés
hydrauliques est le résultat de processus géologiques complexes (Koltermann et Gorelick 1996). Cette
hétérogénéité influence I’écoulement de 1’eau souterraine et particuliérement les processus de transport de
masse dans les aquiféres a différentes échelles. En effet, I’hétérogénéité de K a grande échelle contréle les
voies d’écoulement de 1’eau souterraine et des contaminants, tandis que les variations de K a petite
comme 4 grande échelle modulent ’ampleur de la dispersion des contaminants. La représentation fine de
’hétérogénéité des propriétés hydrauliques au moyen de la définition d’hydrofaciés (HF) est

généralement utile pour conceptualiser la complexité des systémes aquiferes (Anderson 1997; McKenna
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et Poeter 1995; Ouellon et al. 2008; Frei er al. 2009). Un HF est une unité homogéne, possiblement
anisotrope, et distincte d’un point de vue de ses propriétés hydrauliques pour les besoins de la
modélisation hydrogéologique (Anderson 1989). La caractérisation compléte d’un systéme aquifere
devrait permettre idéalement une représentation spatiale tridimensionnelle des HF et des variations de

valeurs des propriétés hydrauliques dans chacun de ces HF.

Solution(s)
Quantification de
l'incertitude
Modale(s)
» numérique(s)
Vérification avec TFormulanon numérique
données de suivi
{ex., charges, flux, Modéle(s) | o
concentrations) conceptuel(s) Conceptualisation avec
données de caractérisation
(ex., géométrie unités,
paramétres hydrauliques)
Données

Prise de mesures T

Probléme
(écoulement, transport)

Figure S.1 Schéma illustrant le processus général de modélisation hydrogéologique pour la résolution d’un probléme
d’écoulement ou de transport.

Il peut étre possible de concevoir un modéle hydrogéologique conceptuel pour un site a partir de données
génériques de systémes analogues ou & partir de mesures effectuées ailleurs sur des matériaux
géologiques similaires. Toutefois, parce que chaque site est unique, la caractérisation locale devrait
révéler les caractéristiques particuliéres du site. Donc, comme point de départ d’une bonne gestion d’un
aquifére, ’échelle d’hétérogénéité pertinente a toute étude hydrogéologique devrait toujours étre
reconnue et caractérisée en conséquence a 1’aide de mesures locales. Comme 1’ont souligné de Marsily et
al. (2005) et comme I’illustre la Figure S.2, le type de probléme (ex., écoulement ou transport), I’échelle
du site étudié, le milieu géologique, le type de réponse a donner (ex., ponctuelle ou diffuse), les méthodes

de caractérisation disponibles et les coiits de I’acquisition des données doivent donc tous étre considérés

dans la résolution du probléme.
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Figure S.2 La partie supérieure illustre les rapports relatifs entre 1’échelle d’hétérogénéité d’un aquifére, I’échelle
verticale de résolution et la couverture spatiale des méthodes de caractérisation. La partie inférieure montre I’échelle du
probléme d’écoulement ou de transport i considérer.

Les essais hydrauliques réalisés dans des puits sont habituellement des sources d’information fiables sur
les propriétés hydrauliques des aquiféres (Butler 2005). Cependant, les essais hydrauliques
conventionnels, comme les tests de pompage, induisent principalement un écoulement horizontal et
n’estiment par conséquent que la conductivité hydraulique horizontale (Kj). Une bonne compréhension de
I’écoulement de 1’eau souterraine et du transport de contaminants exige également la connaissance de

I’anisotropie de K, c.-a-d. le rapport des conductivité hydraulique verticale K, et horizontale K (K, /K) et



de la porosité n. K, et n peuvent étre généralement obtenues a partir d’essais en laboratoire effectués sur
des échantillons de sédiments, habituellement obtenus par carottage. Cependant, la durée habituellement
prolongge des essais hydrauliques conventionnels et les difficultés expérimentales li€es au prélévement et
a la manipulation d’échantillons de sédiments limitent souvent I’obtention de grandes quantités de
mesures directes de K, K, et n. Par conséquent, il est difficile d’acquérir suffisamment d’information et
de détails sur la distribution spatiale des propriétés hydrauliques pour concevoir des modéles
hydrogéologiques réalistes des sites a ’étude (Gelhar 1993; Anderson 1997; Butler 2005). La motivation
de cette thése est donc d’élaborer des approches de caractérisation qui permettraient une meilleure

définition de I’hétérogénéité des propriétés hydrauliques des aquiféres.

Dans cette synthése, la contribution de la thése a ’avancement des connaissances et la cohérence de la
démarche scientifique dont les résultats sont divisés dans les différents articles sont illustrées au moyen
de la présentation du cadre général qui a été appliqué pour la caractérisation des propriétés hydrauliques
d’un aquifére granulaire effectuée pour I’étude de la migration des lixiviats d’un ancien site
d’enfouissement sanitaire. La région visée par I’étude se trouve a St-Lambert-de-Lauzon, & 30 km au sud
de Québec, et couvre une superficie de 12 km* autour de I’ancien site d’enfouissement (Tremblay et al.
2013). Les sédiments qui composent 1’aquifére montrent des changements de texture transitionnels a
petite et a grande échelle, reflétant le milieu littoral de leur sédimentation. Afin de définir le plus
réalistement la complexité de [’aquifére étudié, I’accent a été mis sur D’acquisition de données
géophysiques indirectes a haute résolution verticale de maniére a acquérir un maximum d’information a
moindre colt. Pour ce faire, des essais au biézocc‘me (CPT : Cone Penetration Tests) combinés a une
sonde permettant de mesurer la teneur en eau et la résistivité des sédiments (SMR : Soil Moisture and
Resitivity) ont ét¢ utilisés pour répondre aux besoins de 1’étude. L’avantage des données CPT/SMR pour
la caractérisation hydrogéologique repose dans la résolution verticale a 1’échelle du décimétre (Lunne et
al. 1997; Schulmeister e al. 2003), qui ne peut étre obtenue par les méthodes géophysiques de surface.
En outre, 'importante couverture spatiale pouvant étre obtenue par des sondages CPT/SMR
comparativement a des essais hydrauliques dans des puits ou sur des carottes de sédiments permettent de
déduire I’hétérogénéité des aquiferes sur de grandes superficies (Lafuerza et al. 2005). Pour identifier les
HF et estimer Kj, a partir des données CPT/SMR, Paradis et al. (2011; 2014c) ont proposé une approche
d’intégration des données hydro-géophysiques utilisant des machines d’apprentissage. Cette approche
d’intégration représente le ceeur du cadre de caractérisation de I’hétérogénéité des propriétés hydrauliques

présentée dans cette synthése et est aussi ’objet de I’Article V de la présente thése.



Puisque I’approche d’intégration par machine d’apprentissage adoptée ici est basée sur I’établissement de
relations empiriques propres a un site, un processus systématique d’acquisition des données a été suivi
afin d’acquérir un ensemble de données représentatif de la région d’étude. Dans ce processus,
I’application des méthodes de caractérisation plus générales préceéde I’application des méthodes plus
spécifiques et le choix des sites de caractérisation pour les méthodes spécifiques est fait selon les
caractéristiques des mesures obtenues avec les méthodes plus générales. Les méthodes de caractérisation
générales offrent généralement une plus grande couverture spatiale et une résolution moindre, alors que
les méthodes spécifiques permettent une plus grande résolution sur de plus petits volumes d’investigation.
Ce processus qui vise a rationaliser I’acquisition des données est aussi utilisé couramment dans I’industrie

pétroliére aux fins de prospection des hydrocarbures (Bradford et Babcock 2013).

A part la définition des relations empiriques pour prédire les HF et K), a partir de données CPT/SMR,
I’intégration des données comprend aussi la définition de relations empiriques qui lient X, et n a K, et
I’interpolation spatiale donnant la distribution spatiale de 1’hétérogénéité des HF ainsi que de K, K, et n
sur la région d’étude. A I’appui du cadre général de caractérisation, des méthodes hydrauliques
permettant de mesurer plus efficacement K, et K, ont également été développés pour cette these. En effet,
I’utilisation du débitmétre de puits a été adaptée aux aquiféres granulaires par Paradis et al. (2011) pour
les mesures de Kj, tandis que des tests d’interférence verticale a chocs hydrauliques (Paradis et Lefebvre
2013) et la tomographique par chocs hydrauliques (Paradis et al. 2014a; 2014b) ont été développes pour

’estimation de K,. Ces méthodes font I’objet des Articles I, II, III et IV, respectivement.

La contribution de cette thése a ’avancement des connaissances se situe & deux niveaux. Premi¢rement,

cette thése contribue 4 ’amélioration de la pratique de la caractérisation hydrogéologique en :

e proposant et appliquant une approche systématique et rationnelle d’acquisition des données de
base représentatives pour la définition de I’hétérogénéité des propriétés hydrauliques a I'échelle

d’un sous-bassin (Synthése et article de I’ Annexe A);

e adaptant et développant des méthodes de mesures in situ des propriétés hydrauliques plus

efficaces et plus sophistiquées (Articles I, II et IV);

e proposant, appliquant et démontrant le gain en efficacité d’une approche de caractérisation
hydrogéologique fondée sur ’intégration de mesures hydro-géophysiques (Article V, Synthese et

article de I’ Annexe A).



Deuxiémement, cette thése contribue aussi a la compréhension des fondements physiques qui régissent
I’écoulement dans les aquiféres et des liens existant entre les propriétés hydrauliques et géophysiques des

aquiferes en :

* démontrant les possibilités et les limites des méthodes de caractérisation hydraulique par 1’étude
du contenu en information d’une analyse transitoire des tests de perméabilité (slug tests) réalisés

en mode tomographique (Article TII);

* démontrant les possibilités et les limites d’une approche de caractérisation hydro-géophysique

fondée sur des mesures géophysiques multi-paramétres (Article V).

Cette synthése présente tout d’abord la région d’étude ainsi qu’une description générale des travaux
d’acquisition des données effectués pour la caractérisation de I’hétérogénéité des propriétés hydrauliques.
L’approche d’intégration des données est ensuite présentée (ce qui comprend une bréve description de la
machine d’apprentissage et de I’approche d'interpolation) et illustrée pour une section représentative de
"aquifére. L’efficacité relative de 1’approche hydro-géophysique proposée pour prédire K, par rapport
aux essais hydrauliques conventionnels est également un élément au cceur de la discussion. On retrouvera
aussi en annexes (DVD) les mesures de base permettant de reproduire les analyses présentées dans cette
synthese et dans les articles originaux de la deuxiéme partie, et qui n’ont pas été intégrés au texte par
soucis de concision. On retrouvera aussi 1’ Annexe A la synthése actuelle soumise pour publication en

version anglaise abrégée.

2 Région d’étude et acquisition des données

2.1 Résumé de Papproche d’acquisition de données

La Figure S.3 illustre la succession générale des travaux d’acquisition des données suivis dans cette étude
pour caractériser I’hétérogénéité des propriétés hydrauliques. La succession des travaux est systématique
des plus générales vers les plus spécifiques et la localisation des mesures pour une méthode particuliére
dépend des réponses globales des méthodes appliquées précédemment. Les méthodes générales ont
généralement une plus grande couverture spatiale et une plus faible résolution, tandis que les méthodes
plus spécifiques sont appliquées sur de plus petits volumes d’investigations. De plus, les méthodes

geénérales, comme I’analyse de la géologie régionale et les levés géoradar, fournissent des renseignements
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indirects a propos des propriétés hydrauliques, tandis que les méthodes spécifiques comme les essais de
perméabilité, fournissent des estimations directes. Cette succession des travaux d’acquisition de données
vise a rationaliser I’acquisition des données et 4 maximiser la signification des mesures recueillies. Par
exemple, la succession des travaux pour cette synthése est centrée sur I’acquisition d’un ensemble de
mesures hydrauliques et CPT/SMR représentatif de la région d’étude afin d’établir des relations
empiriques fiables pour la prédiction des propriétés hydrauliques a partir des mesures géophysiques.
Ainsi, des mesures CPT/SMR sont effectués dans un premier temps sur I’ensemble de la région d’étude
afin de couvrir toute la plage possible de valeurs des paramétres géophysiques et des essais hydrauliques
ciblés sont ensuite effectués avec parcimonie & des endroits stratégiques selon les réponses CPT/SMR
obtenues. Les mesures hydrauliques ainsi acquissent bonifies les mesures CPT/SMR et leur nombre
restreint permet de réduire considérablement le temps de caractérisation associé aux essais hydrauliques.
De plus, parce que I’emplacement des sondages CPT/SMR est choisis selon I’étude de la géologie et les
levés géoradar réalisés précédemment, les sondages peuvent fournir plus de détails pertinents a propos de
I’hétérogénéité des propriétés hydrauliques par rapport a une approche conventionnelle utilisant
seulement des essais hydrauliques dans des puits ou sur des carottes de sédiments. Les sous-sections
suivantes présentent donc 1’application de la démarche d’acquisition de données illustrée a la Figure S.3

en vue de la caractérisation de I’hétérogénéité des propriétés hydrauliques de ’aquifere de St-Lambert.

2.2 Géologie régionale et du site de St-Lambert

La démarche d’acquisition des données proposée a été appliquée & une région d’étude située a St-
Lambert-de-Lauzon, 3 30 km au sud de Québec, au Canada (Figures S.4a-b). Comme I’illustre la Figure
S.4c, la région d’étude englobe un sous-bassin hydrographique de 12 km’ entourant un site
d’enfouissement sanitaire déclassé dans le but d’évaluer la migration et I’atténuation d’un panache de
lixiviation. Les récepteurs potentiels du panache émis par ’ancienne décharge sont des ruisseaux qui
délimitent la région d’étude au nord, & I’ouest et au sud (Tremblay es al. 2013). La limite a 1’est
correspond 2 une ligne de partage des eaux souterraines déterminée a ’aide de la carte piézométrique de

la région d’étude.
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Figure S.3 Processus général d’acquisition séquentiel des données pour la caractérisation de I’hétérogénéité des
propriétés hydrauliques de I’aquifére de St-Lambert (S: friction; T: résistance en pointe; D: constante diélectrique; R:

L’une des premicres étapes du processus de caractérisation de 1’aquifére consistait 4 faire 1’analyse des
photos aériennes et des sédiments exposés dans les sabliéres afin de définir le milieu sédimentaire de la
région d’étude. La connaissance du milieu sédimentaire est particuliérement utile pour apprécier
Iarchitecture des sédiments et les tendances spatiales dans la variation de texture des sédiments, qui
peuvent fournir des renseignements qualitatifs important a propos de I’hétérogénéité des propriétés
hydrauliques (Heinz ez al. 2003). Tel que décrit par Bolduc (2003), la géologie de surface de la région
d’étude (Figure S.4b) est composée principalement de sables et de silts d’Age Quaternaire récent qui ont
été déposés durant le retrait de la mer de Champlain, laquelle fut un bras de I’océan Atlantique occupant
la vallée du St-Laurent au temps de la derniére déglaciation. Plus particuliérement, la sédimentation au
site de St-Lambert a été contr6lée par des courants littoraux qui ont redéposés dans des environnements
littoral et sous-littoral les sédiments provenant du paléo-delta de la riviére Chaudiére. Ceci est indiqué a la
Figure S.4c par la diminution de la granulométrie des sédiments suivant I’axe sud-ouest et par
Porientation sud-ouest nord-est de plusieurs crétes de plages (Lamarche et Tremblay 2012). Les crétes de
plage et les barres de sable associés sont principalement composées de sable moyen a fin alors que des
sédiments plus fins, tel que les silts, se retrouvent dans les zones de plus faible énergie entre les crétes

(Reading 1996). Les lithofaciés riche en silts sous les sables littoraux ont été déposés dans des
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environnements sous-littoraux au front du littoral, tandis que ceux inter-stratifiés avec des sables (CPT24)

ont été déposés dans les crétes et les lagons aux arrieres du littoral durant la régression marine.
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Figure S.4 Localisation générale de la région d’étude (a-b), avec la carte des sédiments Quaternaire de surface (c) pour le
sous-bassin englobant I’ancien site d’enfouissement avec la localisation des levés géoradar, des sondages CPT/SMR et les
puits d’observation utilisés pour la caractérisation de I’aquifére. La direction générale de déposition des sédiments
composant I’aquifére est assumé perpendiculaire a orientation du paléo-rivage dans un environnement littoral. La ligne
blanche pointillée représente la séparation entre la zone plus sableuse et la zone silteuse (tel que montré sur la section A-
A’ aux Figures S.4 et S.12). La carte Quaternaire a été modifiée de Lamarche et Tremblay (2012).

La granulométrie des sédiments de 1’aquifére varie du sable fin jusqu’au silt trés fin (silt argileux) avec

des distributions granulométriques allant de mal a trés mal trié. La granulométrie des sédiments et leur tri
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est le résultat de deux processus sédimentaires, a savoir le transport par saltation et par suspension, qui se
produisent simultanément dans un milieu littoral (Reineck et Singh 1980). Le degré de trie des sables et
des silts au site de St-Lambert peut donc donner des valeurs de K relativement plus faibles
comparativement a4 des sédiments beaucoup mieux triés, tel que retrouvé par exemple dans les
environnements deltaiques. Comme le montre la Figure S.5, des transitions granulométriques marquées
causés par des variations rapides d’énergie de sédimentation sont aussi souvent observés sur les sections
de sédiments exposés dans les sabliéres. La superposition de couches de sable et de silt qui en résulte peut
aussi créer des conditions aquiféres semi-confinées en raison des contrastes de K associés aux différents
sédiments. Dans chacune des couches, des transitions latérales marquées ou transitionnelles peuvent

également étre anticipés selon le niveau d’énergie ayant pu exister le long du littoral de la mer de

Champlain.

Figure S.5 Photo d’une coupe dans les sédiments montrant un contact transitionnel vertical allant d’un sable sec i un silt
humide. La localisation de la coupe est montrée 4 la Figure S.2c.

2.3 Levés géoradar

Dans cette étude, le géoradar fut choisi comme outil d’exploration pour définir I’architecture de 1’aquifére
de la région d’étude en complément 3 la géologie régional. Le géoradar est une technique géophysique
rapide et bien établie servant a ’acquisition non-destructive de données stratigraphiques des sédiments
(Van Overmeeren 1998; Schmelzbach ef al. 2011). Le géoradar utilise des ondes électromagnétiques a
hautes fréquences transmises dans le sol, ou elles se propagent en s’atténuant, et éventuellement sont
réfractées et réfléchies a la surface du sol pour étre mesurées par un receveur qui enregistre le signal
électromagnétique en fonction du temps (Davis et Annan 1989). Les variations de la teneur en eau, de la
fraction argileuse et de la granulométrie déterminent les coefficients de réflexion des différents

matériaux. La résolution verticale des structures sédimentaires est de 1’ordre d’un quart de longueur
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d’onde qui correspond, pour les antennes de 100 MHz utilisée dans le cadre de cette étude, a environ

0.20 m (Tableau S.1).

Tableau S.1 Sommaire de ’acquisition des données de caractérisation (terrain et laboratoire).

Résolution Longueur
Type de levé Instrument Configuration verticale £ totale
de levés
Géoradar Pulse Echo 100 MHz antennes 0.2 20 21 000
CPT/SMR Geotech 605D Systeme acquisition ¢ 535 17 53 509
Vertek
Geotech 605D BiE par
avec tubage métal enfoncement sans 192
Puits sable-filtrant (PVC n.a 25 (longueur
7.72 cm (3 po) e
L 5.1 cm (2 po) crépinée)
diamétre .
diamétre)
(zeg(t:eéh 6t(<)3f:]h) Tubage claire PETG
Sédiments vee beo de 1.5m (3.8 cm (1.5 n.a. 75 95
Magio=Core 0) diamétre)
Sampler P
Essais perméabilité ~ Systéme initiation \
(slug test) multi- pneumatique avec Systéme double 0.15 280 42
. . obturateur
niveaux (Kj) capteur de pression
Perméamétre a Avec le tubage
Essais perméameétre charge variable original sans re-
. 0.15 59 9
(X)) avec capteur de compaction des
pression sédiments
Porosité (n) Foue 4 30 3¢ (=7 Poids mouillé et sec 0.15 43 6.5
jours)
Dlstrlbl{tlc?n Fritsch Analysette Réflexion laser ~0.01 59 06
granulométrique 22
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Habituellement, les amplitudes des réflexions peuvent étre corrélées aux contrastes de granulométries des
sédiments et étre utilisées pour déterminer les zones ayant des conditions hydrogéologiques différentes ou
similaires. Jusqu’a 21 km de levés géoradar ont été acquis dans la région d’étude afin de déterminer la
géométrie des structures internes de 1’aquifére (Figure S.4c et Tableau S.1). Par exemple, la section
géoradar de 100 MHz de la Figure S.6 illustre la stratification générale des sédiments observée dans la
région de St-Lambert (voir I’emplacement de la section a la Figure S.4c). La Figure S.6 montre également
les profils stratigraphiques obtenus a partir des sondages CPT/SMR, dont il est question dans la section
suivante. Bien qu’en général, ces profils n’aient pas été disponibles au moment des levés géoradar, ils

sont présentés ici pour appuyer la discussion.

Plusieurs observations peuvent étre faites a partir de la Figure S.6. Premiérement, la stratification
continue qui se prolonge sur plusieurs centaines de métres, illustrée par les réflexions géoradar continues
inclinées de quelques degrés (entre 3° et 5°) vers I’ancienne mer de Champlain (le fleuve Saint-Laurent
d’aujourd’hui a la Figure S.4b), est caractéristique d’un milieu sédimentaire littoral (Van Overmeeren
1998). Plus précisément, une butte observée dans les réflexions géoradar situées a la distance de 300 m
sur le profil géoradar de la Figure S.6 laisse présumer la présence d’une épaisse créte de plage qui agit
comme un cordon de sable et divise la section géoradar en deux régions hydrogeéologiques distinctes. La
région qui se trouve en avant du cordon de sable (a gauche, vers le point A’) et le cordon lui-méme
montrent en effet une bonne résolution et une grande profondeur de pénétration des ondes
électromagnétiques, qui sont liées aux sables (indiquées par les types de sédiments déduits des profiles
CPT113 et CPT26) ayant une tres faible teneur en matériaux conducteurs comme I’argile. La grande
profondeur de pénétration dans cette zone (la zone sableuse de la Figure S.6) permet également la
reconnaissance d’une couche de till recouvrant le substratum rocheux. En effet, les hyperboles observées
sous les sédiments littoraux sont des caractéristiques géoradar typiques liées aux blocs qui se trouvent
dans le till. Une couche de till, dont la profondeur varie de ’affleurement jusqu’a 22 m, est généralement
présente partout dans la région d’étude et sa faible perméabilité limite 1’échange d’eau souterraine entre
les sédiments littoraux et le substratum rocheux. Au-dela du cordon de sable (a droite, vers le point A),
les sédiments sont plus fins et montrent des couches alternant entre le sable et le silt, comme le laissent
présumer les sédiments déduits des profils CPT116, CPT24 et P17. Les réflexions géoradar dans cette
zone sont également diffuses a quelques endroits en raison de la présence de sédiments ayant une grande
conductivité €lectrique, comme le silt argileux, qui limitent habituellement la pénétration du signal
géoradar. En conséquence, la couche de till ne peut étre identifiée dans cette zone parce que des

sédiments fins limite la pénétration du signal géoradar dans cette séquence littorale. Des autres levés
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géoradar effectués dans la région d’étude (non montré ici), une diminution générale de la profondeur de
pénétration est également observée en avangant vers le sud-est (a droite, en s’éloignant du point A), ce
qui laisse présumer que la granulométrie des sédiments décroit en s’éloignant du rivage (vers les terres)
en raison d’une réduction de 1’énergie des vagues et des courants. Enfin, le niveau de I’eau souterraine
dans ’aquifére se trouve a environ 1 m sous la surface du sol, comme I’indique les niveaux d’eaux
mesurés dans les puits (CPT26, CPT24 et P17). Ce niveau d’eau ne peut cependant étre déterminée a

partir du profil géoradar de la Figure S.6 en raison de sa proximité avec la surface du sol.
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Figure S.6 Levé géoradar paralléle a la direction générale de sédimentation avec les profils de sédiments CPT113, CPT26, CPT116, CPT24 et P17 dérivés des essais au
piézocdne (Cone Penetration Tests, CPT) interprétés selon la classification proposée par Fellenius et Eslami (2000). La section géoradar et les sondages sont montrés a la
Figure S.2¢.
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2.4 Sondages CPT/SMR

Selon le faciés géoradar reconnu précédemment, I’emplacement de 53 sondages CPT/SMR a été choisi
(Figure S.4c et Tableau S.1) pour permettre une interprétation géologique approfondie des levés géoradar
et pour acquérir les propriétés mécaniques et électriques des sédiments qui permettront d’établir des
relations avec les mesures hydrauliques. Les sondages par enfoncement (CPT/SMR) ont été effectués a
’aide d’un systéme de sondage sur chenils Geotech 605-D muni d’un CPT comprenant un dispositif de
mesure de la pression de I'eau interstitielle combiné a une sonde SMR (Figure S.7). Comme I’illustre la
Figure S.8 (lignes rouges) pour ’emplacement du puits P17 (illustré a la Figure S.6), les sondages
CPT/SMR permettent la mesure simultanée de deux propriétés mécaniques et de deux propriétés
électriques des sédiments a des résolutions verticales variant entre 3 et 17 cm (Tableau S.1). Un cone de
15 cm? doté d’un bout conique a 60° a été utilisé conformément aux normes ASTM D3441 (ASTM
2000). Pour les sondages, le cone est enfoncé verticalement dans le sol & un rythme constant de 2 cm/s,
bien que ce rythme doive étre ralenti lorsque le pénétrométre atteint des couches compactes. A Pintérieur
de la sonde CPT, deux jauges de force mesurent de fagon indépendante la résistance a I’enfoncement (7)
de 1a sonde et la friction latérale (S) le long du cone (Lunne et al. 1997). La résolution verticale de T et de
S est de 4 cm et 17 cm, respectivement. Une jauge de pression est également utilisée dans le cone pour
mesurer la pression d'eau interstitielle lorsque la sonde est enfoncée dans le sol. La pression interstitielle
est un indicateur de présence d’argile et a été utilisée pour corriger les mesures de 7. La sonde SMR est
quant-a-elle composée de quatre électrodes branchées directement derriére le pénétrométre (Shinn ef al.
1998). Les deux bagues intérieures espacées de 3 cm servent & mesurer la capacitance du sol. La sonde de
capacitance utilise une fréquence de 100 MHz, réduisant ainsi les effets du type de sédiments sur la
mesure. Lorsqu’elle pénétre le sol, la sonde de capacitance mesure les variations du signal a haute
fréquence qui sont liées & la teneur en eau du sol et ces valeurs peuvent étre convertis empiriquement en
valeur de constante diélectrique (D). La mesure de la résistivité électrique (R) emploie les deux bagues
extérieures de la sonde SMR séparées de 9 cm pour appliquer un courant et mesurer la chute de tension
(configuration pdle-pdle). La sonde fonctionne a une fréquence de 1 000 Hz afin de réduire les effets de

polarisation des sédiments.

Tel que mentionné précédemment, la Figure S.6 montre les types de sédiments déduits des mesures CPT
pour illustrer de fagon plus détaillée la stratigraphie généralement observée dans la région d’étude de St-
Lambert. Les profils lithologiques sont obtenus par la conversion des propriétés mécaniques (7 et S) des

sédiments en utilisant la classification proposée par Fellenius et Eslami (2000). L’interprétation combinée
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des sondages CPT/SMR et des levés géoradar a permis de reconnaitre deux contextes hydrogéologiques
distincts dans la région d’étude, comme indiqué par la délimitation des zones sableuse et silteuse a la
Figure S.6. La limite approximative entre les zones sableuse et silteuse pour toute la région d’étude est
indiquée a la Figure S.4c (ligne blanche pointillée). La Figure S.4c montre également que les sondages
CPT/SMR sont répartis sur I’ensemble de la région d’étude de maniére a couvrir I’étendue compléte des
propriétés mécaniques et électriques. Tel que suggéré a la Figure S.6, les emplacements des sondages ont
aussi été choisi pour caractériser les changements progressifs de texture des sédiments afin de mieux

définir la continuité latérale de I’hétérogénéité de I’aquifere.

=W Cylindre
T Adefriction (5)
Cone de

Figure S.7 Photos de I’équipement utilisé pour la réalisation des sondages CPT/SMR par enfoncement: (a) pénétrométre
(parametres S et T) et sonde SMR (paramétres D et R); et (b) systtme d’enfoncement motorisé sur chenilles (Geotech
605D).
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Figure S.8 Exemple de profils CPT/SMR (lignes rouge), de propriétés hydrauliques (lignes bleues) et lithologique obtenus au puits P17. Les paramétres CPT/SMR sont
la friction (S), la résistance en pointe (7), la constante diélectrique (D) et la résistivité électrique (R). Les conductivités hydrauliques horizontale (K,) et verticale (K,) ont
été obtenues respectivement des essais de perméabilité (slug fests) au puits P17 et des essais au perméamétre sur des échantillons de sédiments. La porosité (n) et la
granulométrie ont été obtenues sur les mémes échantillons de sédiments utilisés avec le perméamétre. Les proportions de sable, silt et argile sont basées sur les courbes
granulométriques et les classes de Wentworth (1922). La localisation du puits P17 est montrée a la Figure S.2¢c.
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2.5 Installation de puits par enfoncement

En s’appuyant sur les mesures CPT/SMR obtenues en temps réel durant les opérations de sondage, 25 des
53 emplacements de sondage ont été choisis pour installer des puits d’observation qui seront utilisés,
entre autres, pour effectuer des essais hydrauliques (Figure S.4c et Tableau S.1). Chacun des puits a été
installé dans le méme trou créé par le sondages afin d’obtenir des données hydrauliques et géophysiques
co-localisées, réduisant ainsi I’incertitude liées a la disparité des intervalles de mesures. Chaque puits
d’observation a également été installé immédiatement a la suite de chaque sondage avec le méme systéme
d’enfoncement (Geotech 605D) afin de réduire au minimum le temps de mobilisation et de

démobilisation de I’équipement.

L’installation de puits par enfoncement a suivi la procédure d’installation par crépine protégée proposée
par ASTM (2004). Cette procédure d’installation n’exige pas |’utilisation de sable filtrant et la crépine du
puits est en contact direct avec les sédiments. Ce type d’installation convient bien aux essais hydrauliques
effectués sur de petits intervalles parce qu’il réduit la formation de court-circuit hydrauliques lors des
tests. La procédure d’installation comprend, en premier lieu, le martelage d’un tubage métallique de
7.72 ¢cm (3 po) de diametre extérieur doté¢ d’une pointe non récupérable sur sa base (Figure S.9). Cette
pointe est utilisée pour éviter I’entrée de sédiments dans le tubage métallique lors de I’enfoncement pour
la mise-en-place. Lorsque le tubage de métal atteint la profondeur désirée, un puits d’observation de 5.1
cm (2 po) de diamétre intérieur (tubes pleins et crépine de PVC) est ensuite inséré a Iintérieur du tubage
de métal, bien appuyé sur la pointe non récupérable. Enfin, le tubage de métal est retiré jusqu’a la surface
pour exposer le puits d’observation a la formation, tandis que la pointe non récupérable reste au fond du
sondage. Notons que les diamétres du tubage de métal et du puits en PVC sont ajustés pour assurer un

effondrement complet des sédiments sur le puits d’observation aprés le retrait du tubage métallique.

Pour la présente étude, des puits d’observation dotés de crépines couvrant la totalité de la zone saturée ont
¢ét€ installés pour permettre la mesure de profils continus des propriétés hydrauliques lors des essais
hydrauliques. La longueur des crépines utilisés dans tous les puits varie de 4.6 4 16.8 m. Chacun des puits
par enfoncement a également été développé de fagon exhaustive aprés leur installation pour nettoyer la
crépine et les sédiments environnants affecté lors des opérations d’installation (Butler 1998; Henebry et

Robbins 2000). Chaque puits a donc été développé par pompage-pistonnage & des intervalles de 0.5 m a
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’aide d’une pompe inertielle de type Waterra dotée d’une bague de développement et ce jusqu’a ce que

plus aucune turbidité ne soit observée dans I’eau pompée (Paradis et al. 2011).

Puits PvC |
{diamelre: 5.1 ¢m)

Figure S.9 Photos d’une installation de puits par enfoncement: (a) tubage de PVC (blanc) inséré 4 Pintérieur du tubage
de métal utilisé pour ’enfoncement A travers les sédiments; (b) pointe perdue placée a la base du tubage de métal pour
éviter I’entrée des sédiments dans ce tubage; et (c) tubage de PVC installé avant le scellement du puits en surface (le
tubage est plein dans sa partie supérieure et crépiné sur la majeure partie saturée en eau de I’aquifére). Voir aussi
Paradis et al. (2011) pour les détails de Pinstallation des puits par enfoncement.

2.6 Echantillonnage des sédiments

En général, aprés chaque sondage CPT/SMR, les sédiments composant I’aquifére ont été échantillonnés a
proximité des sondages (1 & 2 métres). L’échantillonnage a été effectué a I’aide d’un échantillonneur a
piston (échantillonneur Macro-Core de Geotech) permettant la récupération de sédiments a I’intérieur
d’une gaine transparente en PETG de 38 mm de diamétre et de 1.52 m de longueur (Tableau S.1 et Figure
S.10a). Cette méthode a principalement été choisie parce qu’elle préserve la stratification naturelle des
sédiments, un élément fondamental pour I’analyse des structures sédimentaires et pour I’estimation de K,
en laboratoire avec des essais au perméameétre. Les échantillons ont été prélevés avec le méme systéme
par enfoncement (Geotech 605D) que celui utilisé pour les sondages CPT/SMR et les installations de
puits. Ceci permet donc la réalisation d’une série d’opérations de terrain au méme endroit en une seule

mobilisation du systéme par enfoncement. Les intervalles d’échantillonnage ont été choisis en fonction
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des réponses CPT/SMR obtenus en cours de sondage. Plus de 75 carottes ont été prélevés de fagon

sélective avec une récupération des sédiments estimée a 83 %.

" échantilions
de sédiments |
(gain de PETG
fransparente)

Figure S.10 (a) Carottes de sédiments de 1.5 m récupérées avec I’échantillonneur de sol 2 piston; (b) sous-échantillons de
15 ¢cm placés dans des perméamétres a charge variable pour mesurer la conductivité hydrauligue verticale.

2.7 Essais pour mesurer la conductivité hydraulique horizontale

2.7.1 Tests de perméabilité a choc hydraulique multi-niveaux

Les valeurs de K}, telles que celles présentées a la Figure S.8, utilisées pour établir les relations avec les
données CPT/SMR, ont été obtenues au moyen de tests de perméabilité (slug tesis) réalisés a plusieurs
niveaux dans les puits installés par enfoncement. Comme les puits sont dotés de crépines couvrant la
totalité de I’aquifére, des profils continus de K, peuvent ainsi étre obtenus. Comme I’illustre la Figure
S.11, une série de tests de perméabilité multi-niveaux nécessite ’utilisation d’obturateurs pour isoler
successivement chacun des intervalles testés (Sellwood ef al. 2005; Zemansky et McElwee 2005; Ross et
McElwee 2007). Les chocs hydrauliques utilisés pour initier les tests ont été produits & ’aide d’un
systtme pneumatique (Levy et Pannell, 1991), tel qu’illustré & la Figure S.10b, et les réponses
hydrauliques correspondantes ont été interprétées en utilisant la méthode de Bouwer et Rice (1976). Une
description plus détaillée du montage expérimental des essais, de leur réalisation et de leur analyse est

fournie par Paradis et al. (2011). Les tests ont été effectués sur des intervalles de 15 cm afin de réduire
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I’incertitude liée 4 la disparité des échelles entre les mesures hydrauliques et CPT/SMR. Aussi, des petits
intervalles de mesures permettent, pour des aquiféres relativement homogenes, d’approcher ’hypothése
d’isotropie pour K (K,=K,), ce qui permet de simplifier la caractérisation de K. Un total de 280
intervalles choisis selon les mesures CPT/SMR obtenues précédemment a fait ’objet de tests de

perméabilité (Tableau S.1).

Systeme d'initiation
de tests —
pneumatique 1 11

Obturateur

Crépine
systéme
d'initiation

Crépine
du puits

Figure S.11 (a) Systéme d’initiation pneumatique pour les tests de perméabilité (slug fests); (b) systéme a doubles
obturateurs avec crépine pour isoler des intervalles spécifiques dans le puits d’observation; et (c) schéma d’un essai de
perméabilité multi-niveaux.

2.7.2 Débitmétre de puits

Dans le cadre de cette thése, Paradis ef al. (2011) ont adapté I'utilisation du débitmeétre de puits pour les
formations granulaires afin d’améliorer I’efficacité de la caractérisation de Kj,. Comme I’illustre la Figure
S.12, un test de perméabilité au moyen d’un débitmetre comprend la mesure de I’apport d’eau souterrain
4 un puits 4 différentes profondeurs lorsque ce puits est pompé en régime permanent. Ceci permet
d’obtenir un profil vertical de K, selon I’hypothése que K est proportionnel a I’apport d’eau (Hess 1986).

Bien que le débitmétre soit couramment utilisé dans des puits ouverts pour analyser les formations
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rocheuses consolidées, relativement peu d’études ont utilisé le débitmétre dans les formations granulaires

a cause des problémes reliés a la réalisation des essais dans des puits aménagés avec sable filtrant.
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Figure S.12 (a) Photo d’un débitmétre de puits électromagnétique. Le centre du cylindre inférieur est ouvert 2 sa base et
permet P’écoulement vertical de I’eau. Ce cylindre contient la bobine A induction pour la mesure du champ
électromagnétique proportionnel 2 la vitesse d’écoulement de ’eau (Paradis ef al. 2011). Le cylindre supérieur contient le
systéme d’acquisition. (b) Schéma d’un essai avec débitmétre de puits. Le débitmétre est déplacé par paliers successifs
pour I’obtention de la courbe cumulative du débit pompé dans le puits dans I’aquifére présenté en (c).

Dans leur étude, Paradis et al. (2011) ont décrit I’application du débitmétre dans des puits par
enfoncement pour mesurer des profils de K, et délimiter les HF dans les aquiféres granulaires
hétérogenes. La principale adaptation du débitmétre pour les aquiféres granulaires est I’utilisation de puits
par enfoncement sans sable filtrant et dotés de longues crépines, selon Dinstallation décrite
précédemment, pour éviter les courts-circuits hydrauliques qui biaisent habituellement les tests de
débitmetre dans les puits conventionnels (avec sable filtrant). L’effet de I’installation des puits par
enfoncement sur les mesures de K, dans les dép6ts granulaires a tout d’abord été évalué en s’appuyant sur
certaines études géotechniques antérieures indiquant que de telles installations perturbent minimalement
les propriétés mécaniques des sédiments entourant la crépine. Par la suite, des profils de K, de haute

résolution (15 cm) obtenus dans des puits par enfoncement avec un débitmétre et au moyen d’essais de
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perméabilité multi-niveaux ont été comparés pour des intervalles identiques. Pour 119 intervalles testés
dans cinq puits différents, la différence de valeurs de logK, obtenue a partir des deux méthodes est
systématiquement inférieure a 10 % (Figure S.13). De plus, tel que discuté plus loin, un profil de X, avec
le débitmétre est obtenu en une fraction du temps nécessaire pour obtenir le méme profil avec des tests de
perméabilité multi-niveaux. Enfin, une approche graphique permettant I’interprétation des profils de
débitmétre pour délimiter des zones homogenes de K, est aussi proposée, fournissant ainsi une méthode
en vertu de laquelle I’échelle et les contrastes de K dans les aquiféres granulaires hétérogénes peuvent

étre représentés, ce qui facilite la représentation spatiale de I’hétérogénéité des aquifeéres.
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Figure S.13 Comparaison des mesures de conductivité hydraulique horizontale (K,) obtenues avec le débitmétre et les
essais de perméabilité (slug fests) multi-niveaux pour cinq puits a une résolution verticale de 15 cm. La différence dans
les valeurs de logK,, obtenue par les deux méthodes est montrée par rapport a la moyenne des deux types de mesures a
chacun des intervalles. Les intervalles de confiance de 95% (moyenne+1.96 écart-type) montrés supposent une
distribution normale des différences.

2.8 Essais pour mesurer la conductivité hydraulique verticale
2.8.1 Perméamétre de laboratoire

Pour vérifier I’hypothése d’isotropie de K a des intervalles de 15 cm, 59 échantillons de sédiments de
15 cm de longueur ont été choisis dans le but de mesurer K, au laboratoire & I’aide d’essais avec un
perméamétre (Figure S.7 et Tableau S.1). Pour réduire au minimum la perturbation des structures
sédimentaires des échantillons de sol, un perméameétre de laboratoire & charge variable automatisé congu
pour loger directement la gaine de PETG de 38 mm de diamétre comprenant les échantillons de
sédiments a été développé pour déterminer K,, tel qu’illustré a la Figure S.10b. Chaque échantillon
original de sol de 1.52 m de longueur a été subdivisé en sous-échantillons de 15 cm de longueur selon les

intervalles soumis a des tests de perméabilité multi-niveaux. Des duplicata effectués sur plusieurs sous-
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échantillons ont indiqué un niveau élevé de reproductibilité des valeurs de X, et toutes ces valeurs ont été
corrigées pour une température des eaux souterraines de 8 °C, représentative des conditions observées sur
le terrain. Paradis et Lefebvre (2013) fournissent une description plus détaillée du montage expérimental
et de la procédure d’analyse des essais. Comme le montre la Figure S.8, la comparaison des mesures de
K avec celles de K, au méme profondeurs révéle que 1’hypothése d’isotropie a des intervalles de 15 cm
ne tient habituellement pas, avec des valeurs de K, jusqu’a deux ordres de grandeur plus faibles que Kj,.
Ceci indique que K, et K, devraient toutes deux étre estimées pour chacun des intervalles de 15 cm afin
de caractériser K pour la région d’étude et prédire adéquatement 1’écoulement de 1’eau souterraine et le
transport de masse. Bien que les essais avec un perméamétre puissent étre fiables pour estimer K, dans
des conditions favorables, les difficultés liées 4 la collecte et a la manipulation des échantillons de
sédiments peuvent toutefois limiter la capacité a obtenir des estimations fiables de K, dans certaines
conditions plus difficiles, comme avec les sables grossiers (Stienstra et van Deen 1994). De plus, les
essais effectués avec un perméameétre peuvent également prendre beaucoup de temps lorsque plusieurs
mesures sont nécessaires (Klute et Dirksen 1986) et sont donc généralement restreints a un petit nombre

d’échantillons.

2.8.2 Tests d’interférence verticale a choc hydraulique

Diverses méthodes de terrain permettent la mesure de K,, mais K, est rarement mesurée, faute de
disponibilité de tests pratiques applicables sur le terrain. Dans le cadre de I’effort de caractérisation relié a
cette thése, Paradis et Lefebvre (2013) proposent des tests d’interférence verticale a choc hydraulique
pour mesurer efficacement K, sur le terrain. Ces tests sont une adaptation des tests d’interférence entre
puits pour la mesure a un seul puits. Comme I’illustre la Figure S.14, un test d’interférence verticale est
effectué dans un puits unique, entre un intervalle d’observation et un intervalle émetteur, isolé
verticalement au moyen d’un montage composé de trois obturateurs pneumatiques. Un choc hydraulique
est produit dans I’intervalle émetteur et les variations de charges hydrauliques qui en découlent sont

enregistrées dans ’intervalle émetteur et d’observation.
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Figure S.14 (a) Schéma d’un essai d’interférence vertical a choc hydraulique. (b) Réponses hydrauliques types pour
Pintervalle émetteur et Pintervalle d’observation (noter les échelles différentes pour ces deux intervalles).

Dans une étude sur le terrain visant a valider le principe du test proposé, 12 tests d’interférence verticale
ont été effectués séquentiellement dans un puits aménagé dans un aquifére modérément hétérogéne et trés
anisotrope composé de silts et de sables littoraux. Une méthode par enfoncement a été utilisée pour
installer le puits sans sable filtrant et avec une longue crépine afin de permettre la mesure des propriétés
hydrauliques in situ des sédiments et réduire au minimum les interférences entre les €léments de
construction du puits et les essais hydrauliques. Les charges hydrauliques mesurées en fonction du temps
dans VPintervalle émetteur et d’observation des douze essais ont ¢été simultanément inversées
numériquement avec I’algorithme de Bohling et Butler (2001) pour reconstruire les profils hétérogenes de
K, de Danisotropie de la conductivité hydraulique (K,/K;) et de I’emmagasinement spécifique (S;). Les
charges simulées résultant de l’inversion ont été comparées aux charges observées et les propriétés
hydrauliques du modéle comparées aux valeurs de K, et K, obtenues par des tests de perméabilité multi-
niveaux et par des essais en laboratoire avec perméameétre. Comme le montre la Figure S.15, le profil de
K, obtenu au moyen des tests d’interférence verticale suit un patron semblable avec la profondeur a celui
obtenu au moyen d’un perméamétre sur des échantillons de sédiments recueillis sur les mémes intervalles

que les tests d’interférence. Cela démontre que les tests d’interférence verticale a choc hydraulique
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peuvent fournir une base adéquate pour la caractérisation de K, tel que généralement obtenus des

méthodes conventionnelles, et aussi de S; et de K,, ce qui est difficilement possible autrement.
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Figure S.15 Profils verticaux mesurés de K (essais de perméabilité multi-niveaux) et de K, (perméamétre) comparés aux
profils prédit par I’inversion numérique de plusieurs essais d’interférence vertical a choc hydraulique.

2.8.3 Tomographie a choc hydraulique

Un deuxiéme type d’essai pour estimer K, la tomographique a choc hydraulique, a également été élaboré
par Paradis et al. (2014a; 2014b). Comme ’illustre la Figure S.16, la tomographique a choc hydraulique
est une généralisation sur plusieurs puits des tests d’interférence verticale qui comprend la réalisation
d’une série de tests de perméabilité a choc hydraulique entre obturateurs dans un puits émetteur avec
’enregistrement simultané des variations de charges hydrauliques dans ’intervalle émetteur et dans des
intervalles d’observation aménagés dans un puits adjacent. La justification derriére la tomographie
hydraulique est de déterminer les hétérogénéités locales entre les puits qui peuvent passer inapercgues a la
suite d’essais sur un puits unique et de mieux représenter la variabilité spatiale des propriétés

hydrauliques.
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Figure S.16 Schéma d’un essai de tomographie & choc hydraulique entre deux puits. Les réponses hydrauliques a
Pintervalle émetteur et dans les intervalles d’observations sont similaires aux courbes de la Figure S.14b.

L’étude fondamentale de Paradis et al. (2014a) visait a évaluer de maniére quantitative le contenu en
information des variations de charges hydrauliques associées 4 une analyse transitoire d’une
expérimentation de tomographie & choc hydraulique et donc d’évaluer la capacit¢ d’une telle
expérimentation a résoudre ’hétérogénéité des propriétés hydrauliques dans un plan vertical entre deux
puits. Une analyse de sensibilité et de résolution a donc été effectuée a I’aide de données synthétiques
reflétant les caractéristiques de 1’aquifeére littoral de St-Lambert. Les résultats indiquent que la
perturbation des charges induite par un test a choc hydraulique produit des patrons de sensibilité
transitoire distincts dans les intervalles émetteur et d’observation, permettant ainsi la résolution
indépendante de K;, K,/K, et S, dans le plan d’investigation et ne présente qu’une faible interférence des
paramétres au-dela de ce plan (Figure S.17). Ceci est une importante généralisation par rapport aux
approches de tomographie hydraulique actuellement proposées, puisqu’a ce jour la tomographie

hydrauligue n’avait été proposée que pour estimer K.
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Figure S.17 Sensibilités normalisées de la charge hydraulique par rapport aux propriétés hydrauliques pour un intervalle
d’observation dans un aquifére homogéne et anisotrope suite 4 une perturbation hydraulique produite dans un intervalle
émetteur. La configuration expérimentale est similaire a la Figure S.16 avec une distance entre le puits émetteur et
d’observation d’approximativement 8 m. Les indices 1 et 2 référent respectivement aux paramétres a Pintérieur et a
P’extérieur de la région d’investigation comprise entre les puits émetteur et d’observation.

Cependant, la résolution latérale de chacun des paramétres hydrauliques est principalement centrée a
proximité des puits émetteur et d’observation (Figure S.18). Bien que la résolution verticale puisse étre
augmentée en utilisant de plus petits intervalles émetteurs, la résolution latérale ne peut étre augmentée en
utilisant seulement les charges hydrauliques. En effet, le caractére dispersif de 1’équation décrivant la
propagation de la charge hydraulique dans I’aquifére et la géométrie de I’expérimentation sont des
contraintes importantes pour la résolution latérale, méme en utilisant un ensemble dense d’intervalles
émetteurs et d’observation. Ces contraintes ne sont pas dues a I’amplitude de la perturbation hydraulique
qui peut étre générée, mais plutdt a la corrélation élevée qui existe entre les paramétres hydrauliques dans
le plan d’investigation. Ainsi, une analyse transitoire de la tomographie a choc hydraulique permet
uniquement la caractérisation des propriétés hydrauliques hétérogénes a une résolution relativement
grossiére. Pour une définition & plus haute résolution, de 1’information supplémentaire doit étre intégrée

dans le processus d’inversion numérique.
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Figure S.18 Eléments de la diagonale de la matrice de résolution associés avec une analyse transitoire des réponses
hydrauliques pour les intervalles émetteurs et d’observations de 13 essais de perméabilité (s/ug tests). L’analyse est basée
sur la troncation d’une décomposition en valeurs singuliéres avec une erreur relative dans I’estimation des paramétres de
1%. Le niveau de bruit utilisé est de 1x10° m et correspond au niveau calculé avec instrumentation utilisée sur le
terrain.

L’objectif de 1’étude de Paradis et al. (2014b) consistait quant-d-elle a évaluer le potentiel de la
tomographie a choc hydraulique, comme 1’ont démontré Paradis et al. (2014a), dans des conditions
réelles de terrain telle que celle rencontrées pour ’aquifére littoral hétérogéne et anisotrope de St-
Lambert. L’algorithme de Bohling et Butler (2001) a été utilisé pour I’inversion numérique de la
tomographie effectué entre deux puits comprenant 12 tests a choc hydraulique pour un total de 58
intervalles d’enregistrement des variations de charges hydrauliques. L’exactitude des tomogrammes de
Ky, KJK, et S, a été vérifiée au moyen de la simulation d’essais hydrauliques multi-échelles, non utilisés
pour I’inversion, et avec des profils de K, et de K, provenant d’autres essais de terrain et de laboratoire.
Comme D’illustre la Figure S.19, les estimations de K, et de K, obtenus avec la tomographie se comparent

bien aux autres mesures. De plus, les différences entre les charges observées et prédites a partir d’essais

multi-échelles indépendants montrent peu d’erreurs dans les estimations des paramétres hydrauliques.
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Cette étude a donc démontré la capacité de la tomographie a choc hydraulique a définir des champs
hétérogénes de K, K./K, et S; entre puits pour des conditions de terrain hétérogénes et anisotropes. Cette
approche élargit donc les possibilités des méthodes hydrauliques en fournissant des renseignements a
propos de I’hétérogénéité de K, habituellement déterminée par les méthodes conventionnelles, mais aussi

a propos de D’hétérogéndité de K,/K, et S;, ce qui est rarement possible avec les méthodes

conventionnelles.
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Figure S.19 Tomogrammes des paramétres hydrauliques résultant de I’inversion de tomographique t21rl17: (a)
conductivité hydraulique horizontale (X}); (b) anisotropie de la conductivité hydraulique (K,/K}); et (c) emmagasinement
spécifique (§,). Cette figure montre aussi les profils des propriétés hydrauliques prédit par I’inversion pour les puits P21
et P17 ainsi que les profils de K, et K, obtenus respectivement des essais de perméabilité (slug tests) multi-niveaux et des
tests avec perméamétre sur des échantillons de sédiments.
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2.9 Mesures de porosité et analyses granulométriques en laboratoire

A la suite des mesures de K, en laboratoire avec un perméamétre sur des carottes de sédiments, des sous-
échantillons ont été récupérés et saturés afin de mesurer la porosité totale () des sédiments (Figure S.8).
La »# a été estimée en soustrayant les poids sec et humide de chaque sous-échantillon de 15 cm (Tableau
S.1). Pour obtenir le poids sec, les sous-échantillons ont été séchés dans un four a 50 °C pendant plus de 7
jours. Le nombre total de sous-échantillons dont » a fait 1’objet de mesures a été de 43. Les sous-
échantillons ont également été soumis (Figure S.8 et Tableau S.1) a une description géologique et a
I’analyse granulométrique par diffusion de la lumiere laser (Vitton et Sadler 1997) afin de fournir des

renseignements géologiques complémentaires aux mesures hydrauliques et géophysiques.

3 Intégration des données

3.1 Apercu de la méthode d’intégration des données

La méthodologie générale adoptée dans cette étude pour I’intégration des données suit le schéma illustré a
la Figure S.20. Les travaux d’acquisition de données présenté a la Figure S.3 meéne a la collecte d’un
ensemble de données représentatif des conditions hydrogéologiques du site a 1’étude (voir ’encadré
intitulé « Données d’entrainement » a la Figure S.20). Cet ensemble de données comprend principalement
des mesures hydrauliques, comprenant K, K, et n, et les mesures géophysiques des parametres S, T, D et
R. Notons que lors de ’acquisition un effort particulier a été investi pour 1’obtention d’un ensemble de
données hydro-géophysiques co-localisé, c’est-a-dire avec des intervalles de mesures pour chacun des
parameétres aussi prét possible 'un de I’autre. Cet ensemble de données d’entrainement est utilisé pour
définir les modéles d’HF, les relations hydro-géophysiques et les relations hydrauliques a I’aide d’une
approche par machine d’apprentissage (voir I’encadré intitulé « Définition des relations » a la Figure
S.20). Soulignons que la définition des modeles d’HF et des relations hydro-géophysiques entre K, et les
données CPT/SMR sont décrites de fagon détaillée par Paradis et al. (2011; 2014c) et seuls les principaux
résultats sont résumés dans cette synthése. Une fois les modeles d’HF et les relations hydro-géophysiques
définis et validés, les données CPT/SMR (pour lesquelles aucune mesure hydraulique n’est disponible)
sont utilisées pour prédire les HF et K, tandis que les relations hydrauliques sont utilisées pour estimer X,
et n a partir des valeurs de K, (voir I’encadré intitulé « Vérification et prédiction » a la Figure S.20).
Enfin, les distributions spatiales des HF ainsi que de K}, K, et n dans la zone d’étude sont obtenues par

interpolation (voir I’encadré intitulé « Interpolation » a la Figure S.20). Dans le reste de cette section,
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I’application du processus d’intégration des données de la Figure S.20 est illustré pour la section A-A’ de
la Figure S.6. Soulignons que pour les besoins d’illustration de cette synthése, les résultats du processus
d’intégration des données ne sont illustrés que pour la section A-A’, mais que la représentation de
I’hétérogénéité des propriétés hydrauliques pourrait étre fait pour I’ensemble de la région d’étude puisque
les données d’entrainement ont été acquise de maniére a étre représentatives de ’ensemble de cette

région.

3.2 Données hydro-géophysiques d’entrainement

Pour étre comparées adéquatement aux mesures de K, et pour définir des modéles d’HF et des relations
hydro-géophysiques fiables (Isaaks et Srivastava 1989), les données CPT/SMR ont tout d’abord été ré-
échantillonnées sur une grille réguliére et ensuite été remises a la méme échelle verticale que les mesures
de K. En effet, bien que les mesures CPT/SMR aient été prises a un intervalle de temps régulier, la
vitesse de pénétration des sondages n’est pas toujours constante. Les mesures CPT/SMR ont donc été re-
échantillonnées sur une grille réguliére de 2 cm par intégration trapézoidale (Davis 1973). Ensuite,
I'uniformisation & 15 cm des échelles verticales de mesures de chacun des parameétres CPT/SMR
(Tableau S.1) a été réalisée a 1’aide d’une moyenne mobile. Le nombre de mesures utilisées pour faire la

moyenne mobile a été déterminé selon I’échelle verticale originale de chaque parametre CPT/SMR.

Les statistiques descriptives des paramétres hydrauliques et CPT/SMR pour les données d’entrainement
sont présentées au Tableau S.2. Etant donné que la plage de valeurs des paramétres peut varier de
quelques ordres de grandeur pour la plupart des parameétres, une transformation logarithmique a été
appliquée pour rendre leur répartition plus normale, comme ’illustrent les histogrammes des Figures S.21
et S.22. La plage de valeurs de chacun des paramétres est semblable, sauf celle du paramétre D et celle de

n, qui ont des distributions passablement plus étroites que les autres parameétres.

En ce qui concerne les parametres hydrauliques, K, et K, varient de deux ordres de grandeur, tandis que #
varie de moins d’un quart d’ordre de grandeur, tel que couramment observé (Castany 1963; Bear 1979;
Freeze et Cherry 1979). Ceci suggere que la caractérisation de X est plus importante que celle de n parce
que I’étendue des variations de K est en général plus grande que celle de n, et parce que K agit de maniére
a changer 4 la fois la magnitude et la direction du transport advectif, contrairement & », qui ne change que

la magnitude (Koltermann et Gorelick 1996).
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Figure S.20 Processus général d’intégration des données pour la définition de I’hétérogénéité des propriétés hydrauliques, tel qu’appliqué au site de St-Lambert. Les
données CPT/SMR sans mesures de K sont utilisées pour la prédiction de K, ou pour vérifier la précision des relations définies en utilisant une fraction (20%) des
données d’entrainement. Les acronymes sont : S pour friction, 7 pour résistance en pointe, D pour constante diélectrique, R pour résistivité électrique, K, pour
conductivité hydraulique horizontale K, pour conductivité hydraulique verticale, n pour porosité, HF pour hydrofaciés e¢ RVM pour Relevant Vector Machine.

Abréviations: class. (classification), rég. (régression), interp. (interpolation).
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Tableau S.2 Statistiques descriptives des données pour les paramétres hydrauliques (K,: conductivité hydraulique
horizontale (m/s); K,: conductivité hydraulique verticale (m/s); n: porosité totale (fraction du volume)) et CPT/SMR (S:
friction (kPa); T: pression en pointe (kPa); D: constante diélectrique (-); R: résistivité électrique (ohm-m)) utilisés comme
données d’entrainement.

Paramétre Nombre Moyenne Médiane Min. Max. Plage Et;?:- Skewness Kurtosis
logS 280 1.74 1.76 0.15 251 236 0.31 -0.96 2.94
logT 280 3.94 4.00 241 442 201 0.29 -1.44 3.63
logD 280 1.39 1.39 1.24  1.53  0.29 0.06 0.36 0.85
logR 280 2.16 2.16 l.el 3.08 147 0.25 1.09 3.25
logKj, 280 -5.04 505 -6.24 392 232 0.57 0.09 -1.10
logk, 59 -6.40 -6.39  -7.56 -484 272 0.71 0.40 -0.62
logn 43 -0.45 -045  -053 -037 0.16 0.03 -0.09 0.95

Tableau S.3 Matrice de corrélation des données pour les paramétres hydrauliques (K,: conductivité hydraulique
horizontale (m/s); K,: conductivité hydraulique verticale (m/s); n: porosité totale (fraction du volume)) et CPT/SMR (S:
friction (kPa); T: pression en pointe (kPa); D: constante diélectrique (-); R: résistivité électrique (ohm-m)) utilisés comme
données d’entrainement.

Paramétre logS log7 logD logR logK, logK, |logn

logS 1.00

logT 0.70 1.00

logD -0.02  0.16 1.00

logR 0.06 0.40 0.21 1.00

logK, -0.02  0.29 033 0.52 1.00

logk, -0.27 -0.02 -0.09 0.20 0.37 1.00

logn -0.24 -0.19 -025 -029 030 0.59 1.00
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Les graphiques présentés aux Figures S.21 et S.22 ainsi que la matrice de corrélation présentée au
Tableau S.3 illustrent les relations qui existent entre tous les parameétres hydrauliques et géophysiques.
Comme l’indique le Tableau S.3, les corrélations entre K et chacun des paramétres CPT/SMR sont
faibles 4 modérées, sauf dans le cas de S pour lequel la corrélation est nulle. Pour les trois paramétres
hydrauliques entre eux, les corrélations sont modérées et varient entre 0.37 et 0.59. Cette absence de
fortes corrélations entre les divers paramétres hydro-géophysiques laisse donc présumer que la définition
des relations pour prédire I’information hydraulique a partir de mesures CPT/SMR peut étre une tiche
difficile en raison de la non-linéarité des relations liants ’ensemble des données hydro-géophysiques.
Dans la prochaine section, une approche d’intégration des données utilisant des machines d’apprentissage

est proposée pour relever ce défi.

logT (kPa)

logD (-)
o @

logR (ohm m)

logKh (m/s)
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logS (kPa) logT (kPa) logD (-) logR (ohm m) logKh (m/s)

Figure S.21 Matrice de dispersion avec histogrammes pour la conductivité hydraulique horizontale (K;) et les paramétres
CPT/SMR (S: friction; T: résistance en pointe; D: constante diélectrique; R: résistivité électrique) pour les données
d’entrainement. Le nombre d’intervalles co-localisés est de 280 (80% des données sont utilisées pour ’entrainement de la
machine d’apprentissage et 20% pour sa vérification; voir Figure S.20).
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Figure S.22 Matrice de dispersion avec histogrammes pour la conductivité hydraulique horizontale (K}), la conductivité
hydraulique verticale (K,) et la porosité totale (#) pour les données d’entrainement. Le nombre d’intervalles co-localisés
est de 59 pour K, et Kv, et de 43 pour n.

3.3 Définition des hydrofaciés

Pour composer avec la non-linéarité des données d’entrainement, une approche par machine
d’apprentissage a été¢ adoptée. L’entrainement de la machine d’apprentissage, illustrée de fagon
schématique par les carrés rouges de la Figure S.20, est une procédure en trois étapes qui utilise des
algorithmes de classification (non-supervisée et supervisée) et de régression (supervisée) pour concevoir
des prédicteurs pour les HF et K, a partir des données CPT/SMR. La premiére étape du processus
d’entrainement est la définition des HF au moyen d’un algorithme de classification non-supervisé (Dunn
1973; Bezdek 1981; Gustafson et Kessel 1979) en utilisant les mesures co-localisées de K, et de
CPT/SMR. La principale justification pour la classification non-supervisé est que divers matériaux
géologiques peuvent avoir des comportements hydro-géophysiques différents et le regroupement
statistique permet I’amalgame des caractéristiques hydro-géophysiques semblables sans aucune
connaissance géologique préalable. Aux fins de la présente étude, seules les données de K, sont intégrées
dans le processus de classification parce que la quantité moindre de mesures de K, et de » limiterait
I’utilisation de toute les mesures de K, disponibles. Bien que des relations indépendantes pour K, et pour
n pourraient étre élaborées de la méme maniére que pour Kj, une intégration @ posteriori de ces

paramétres est plutdt proposée, tel qu’illustré a la Figure S.20. En raison du caractére non-unique qui
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existe habituellement entre les paramétres hydrauliques et géophysiques (Rubin et Hubbard 2005),
I’exactitude de I’information hydrauliques prédite a partir des mesures CPT/SMR peut souffrir d’une
perte d’information qui est inhérente & la sensibilité des paramétres géophysiques relativement aux
variations des paramétres hydrauliques d’intérét. Ainsi, une procédure systématique a été appliquée pour
la recherche des paramétres CPT/SMR qui sont les plus sensibles aux changements de valeurs de K}, de
maniére & maximiser la qualité des prédictions. Le chevauchement des HF dans I’espace géophysique a
été défini comme critére de sélection pour la recherche de la combinaison de paramétres CPT/SMR avec
la meilleure capacité prédictive. Le nombre d’HF et le type de distance de similitude ont également été
incorporés dans cette procédure de recherche. Comme Iillustre la Figure S.23, les résultats de la
procédure de recherche montrent que la capacité prédictive des paramétres CPT/SMR augmente
généralement avec le nombre de parameétres géophysique utilisés, ce qui laisse présumer que le caractére
non-unique entre K, et les paramétres CPT/SMR est mieux résolu avec un plus grand nombre de
paramétres. Il s’agit 1a d’une caractéristique fondamentale des relations qui lient les paramétres

hydrauliques et géophysiques.
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Figure S.23 Erreur de classification liée 2 la non-unicité des réponses hydrauliques et CPT/SMR pour différentes

combinaisons de paramétres géophysiques et un nombre d’hydrofaciés de quatre. La fléche rouge indique que la
combinaison de paramétres géophysique TDR a été retenue.

La combinaison des paramétres 7, D et R avec 4 HF utilisant la distance de Mahalanobis (Gustafson et
Kessel 1979) s’est avérée la classification avec la meilleure capacité prédictive. Les distributions des

données a I’intérieur des HF pour chacun des paramétres géophysiques et de K, issues de cette expérience
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sont résumées aux Figures S.24a-d. Comme le montre ces figures, les médianes et la plage de valeurs
pour chaque parameétre sont assez distinctes d’un HF & ’autre et ne comportent que quelques valeurs
aberrantes. Les médianes de K, augmentent de maniére progressive de ’HF1 a I’HF4 et comportent de
1égers chevauchements d’un HF a I’autre qui pourraient étre attribués a la complexité des réponses hydro-
géophysiques et a la nature transitionnelle des sédiments littoraux. En outre, chaque HF présente des
profils distincts pour X, et pour les paramétres géophysiques telles qu’attendues des divers sédiments qui
composent ’aquifére puisque ceux-ci peuvent présenter des réponses hydro-géophysiques différentes. Par
exemple, I’HF4 a des valeurs médianes plus élevées pour les paramétres T, D, R et K}, tandis que I’'HF1 a

des valeurs les plus basses pour les mémes paramétres.
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Figure S.24 Distributions des données pour chacun des quatre hydrofaciés résultant de la classification non supervisée
(clustering) avec la combinaison de paramétres CPT/SMR donnant le meilleur potentiel prédictif (a-d). Cette
classification utilise la résistance en pointe (7), la constante diélectrique (D) et la résistivité électrique (R) avec la
conductivité hydraulique horizontale (K,). Les distributions pour la conductivité hydraulique verticale (K,) et la porosité
(n) pour chacun des hydrofaciés sont le résultat d’une intégration a posteriori avec les données CPT/SMR (e-f). Les types
de sédiments pour chacun des hydrofaciés sont basés sur les analyses granulométriques (g). La classification des
sédiments suit la charte de Wentworth (1922): 1’échelle phi est basée sur le logarithme en base 2 avec ’exposant négatif
de la granulométrie en mm et la moyenne granulométrique des sédiments (Mz) évaluée a partir de (phil4+phi50+phi84)/3
d’aprés Krumbein et Sloss (1963). Une valeur de Mz faible correspond a des sédiments grossiers.
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Les distributions de données pour K, et n associé @ posteriors a chacun des HF sont également présentées
aux Figures S.24e-f. Basé sur la médiane, le quantile a 25 % et le quantile & 75 %, les HF pour X, et n
sont habituellement distincts 1’un de ’autre et suivent essentiellement la méme tendance que pour Kj,
sauf dans le cas de I’'HF1. La comparaison de la valeur médiane pour K, avec celles de K, pour chaque

HF indique que I’anisotropie de K varie entre 0.05 et 0.2 pour 'HF1 et I'HF4, respectivement.

Enfin, des analyses granulométriques ont été réalisés pour fournir une interprétation géologique aux HF,
comme [D’illustre la Figure S.24g. Selon la tendance des valeurs minimales et maximales pour la
granulométriques moyennes (Mz) des sédiments, les sédiments plus grossiers sont associés aux HF plus
perméables et poreux. Il importe de noter que le volume de sédiments utilisés pour les analyses
granulométriques est beaucoup plus petit que celui du sous-échantillon de 15 cm et ainsi les valeurs de
Mz peuvent afficher une certaine fluctuation dans un sous-échantillon, ce qui peut expliquer la plus

grande répartition de la granulométrie des sédiments pour I’'HF1.

3.4 Définition des modéles d’hydrofaciés, des relations hydro-géophysiques et
des relations hydrauliques

Bien que le processus de classification non-supervisé ait révélé des associations causales entre les
données hydro-géophysiques, ce type de classification ne peut étre utilisé pour faire des prédictions.
Donc, les HF définis précédemment et les données appartenant & chacun des HF doivent étre utilisés avec
des algorithmes appropriés pour obtenir des modéles prédictifs, tel qu’illustré la Figure S.20. Deux types
de modéle prédictif sont ici utilisés en paralléle. Premié¢rement, les données CPT/SMR pour chacun des
HF avec les étiquettes des HF déterminés durant la classification non-supervisée sont utilisées pour
entrainer un algorithme de classification supervisé de type RVM pour construire des modé¢les d’HF. Ces
modeéles d’HF permettront de faire la reconnaissance des HF basé sur les mesures CPT/SMR seulement.
Deuxiémement, les mesures de K}, et les données CPT/SMR associés a chacun des HF sont utilisées pour
définir des relations hydro-géophysiques propres a chaque HF a I’aide d’un algorithme de régression
supervisé de type RVM. Le choix des RVMs est justifié par leur capacité a produire des relations ayant
une bonne capacité de généralisation avec des ensembles de données restreints et fortement non-linéaires
(Khalil et al. 2005; Camps-Valls ef al. 2006; Samui 2007; Ghosh et Mujumdar 2008). L’idée principale
derriére les RVMs est d’abord d’utiliser une fonction noyau pour linéariser un probléme non-linéaire dans
un espace de données de dimensions supérieures afin de faciliter la résolution du probléme de régression

ou de classification. Par la suite, le probléme linéarisé est résout dans un cadre Bayésien avant d’étre
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finalement renvoyé dans 1’espace de données non-linéaire original (Tipping 2001). I est a noter que pour
ce processus d’entrainement des RVM une approche de validation croisée utilisant I’ensemble des
données d’entrainement a été suivi afin de sélectionner les paramétres optimaux des RVM (ex., fonction

noyau et largeur du noyau). Les détails de cette procédure sont présentés par Paradis et al. (2014c).

Pour tester les performances des modéles et des relations obtenues, les données hydro-géophysiques
d’entrainement ont été divisé en des ensembles d’entrainement et de vérification utilisant respectivement
chacun 80 % et 20% de l’ensemble des données d’entrainement. L’idée étant de simuler les
performances de I’approche proposée tel qu’elle serait appliquée pour prédire les HF et Kj, a partir des
mesures CPT/SMR seulement (voir I’encadré intitulé « Vérification et prédiction » a la Figure S.20). Pour
le processus de vérification, les vecteurs des RVMs pour la classification et la régression ont d’abord été
obtenus en utilisant ’ensemble de données d’entrainement (80%) avec les paramétres d’ajustement
optimaux obtenus au cours de ’entrainement. Les performances prédictives des RVMs ont ensuite été
évaluées en utilisant ’ensemble de vérification. Pour éviter le biais dans le choix de I’ensemble de
vérification, 100 ensembles d’entrainement et de vérification différents ont été choisies au hasard et
appliquées tour a tour. Les résultats du processus de vérification avec les 100 ensembles montrent que le
pourcentage médian d’HF mal classifiés a la suite de la classification supervisée avec la RVM est de
14 % (Figure S.25a). Etant donné que I’erreur de classification supervisé (Figure S.25a) est proche de
I’erreur de classification obtenue lors de la classification non-supervisée pour cet ensemble de paramétres
(Figure S.23), I’erreur de classification avec la RVM peut étre attribuée au caractére non-unique qui
existe entre K, et les données CPT/SMR plutdt qu’au manque de performance de la machine. De plus, le
coefficient linéaire médian de corrélation entre les valeurs sur le terrain et celles prédites de K, obtenues

par la régression supervisée avec la RVM est de 82 % (Figure S.25b).

Bien que les mesures de K, soient habituellement faciles a acquérir au moyen d’essais hydrauliques
conventionnels, chacun des HF devrait idéalement étre également caractérisé par des valeurs de K, et de n
pour mieux comprendre I’écoulement et le transport de 1’aquifére étudié. Ces mesures de K, et de » sont
toutefois difficiles a acquérir a cause des difficultés généralement rencontrées pour la collecte
d’échantillons de sédiments et leur manipulation en vue d’éventuelles mesures en laboratoire, tel que
précédemment discuté. Cela limite par conséquent I’acquisition de volumineux ensembles de données
pour ces parametres et leur intégration statistique direct avec [’ensemble de mesures de K, beaucoup plus

important. Pour ce faire, I’intégration des mesures de K, et de n est faite a posteriori, aprés 1’étape de

classification non-supervisée, par association avec les mesures co-localisées de K, comme [’illustre la
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Figure S.20. Des relations hydrauliques qui lient les mesures de K, et de n & K, ont donc été construites
pour chacun des HF & I’aide de régression de type RVM et un total de huit relations sont donc disponibles

pour prédire K, et » & partir des données de K.
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Figure S.25 (a) Matrice de confusion comparant, avec un ensemble de 56 données de vérification, la classification des
hydrofaciés obtenue par la machine d’apprentissage (RVM) avec la classification originale effectuée par classification non
supervisée (clustering). Les éléments de la diagonale indiquent les observations avec des classifications identiques pour les
deux méthodes (HF1 6/7, 86%; HF2 18/20, 90%; HF3 11/14, 79%; HF4 13/15, 87%; dans Pensemble 48/56, 86%). Les
éléments hors de la diagonale correspondent aux observations mal classifiées par la classification RVM. (b) Comparaison
de la conductivité hydraulique horizontale (K;) mesurée par les essais 3 choc hydraulique multi-niveaux avec les
estimations provenant de la régression RVM. Le méme ensemble de données est utilisé pour (a) et (b).

3.5 Prédiction et distribution spatiale des hydrofaciés et des propriétés
hydrauliques

Une fois la machine d’apprentissage entrainée de maniére optimale, chaque observation CPT/SMR
(vecteur de données pour S, 7, D et R) disponible pour la région d’étude a été converti en information
hydraulique, comme montré aux Figures S.26a-d pour chacun des sondages disponibles le long de la
section géoradar A-A' de la Figure S.6. Toutes les données CPT/SMR ont été ré-échantillonnées et
remises a une échelle commune de 15 cm avant d’appliquer la procédure de prédiction séquentielle pour
estimer les HF, K;, K, et n, comme I’illustre la Figure S.20. Les parameétres CPT/SMR 7, D et R avec 4
HF, comme discuté précédemment dans la section portant sur la classification non-supervisée, ont été
utilisés pour les prédictions. Les résultats de la conversion montrent des profils verticaux distincts pour
les HF et les paramétres hydrauliques pour les zones devant et derriére la barriére de sable, a I’instar de la
tendance observée a la Figure S.6 avec les pseudo profils sédimentaires. De plus, les données CPT/SMR
converties concordent en général assez bien avec les profils mesurés de Kj, K, et n, comme I’illustrent les

Figures S.26b-d pour I’emplacement P17. Prenez note que pour les besoins des prédictions a I’aide de la
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machine d’apprentissage, la totalité des données d’entrainement disponibles a été utilisé pour extraire les
vecteurs des RVMs avec les parametres d’ajustement optimaux obtenus au cours de ’entrainement. Ceci
permet donc de se servir de toute 1’information disponible pour accroitre la capacité de généralisation des
RVMs! Les Figures S.26a-d présentent également les distributions spatiales des HF ainsi que de K}, K, et
n obtenues au moyen de P’interpolation des données CPT/SMR converties. Bien que plusieurs types
d’interpolateurs existent, pour les besoins de cette thése des interpolateurs ont été construits a partir de
RVMs utilisant I’information hydrogéologique (HF, K, K, ou n) provenant des sondages converties et les
coordonnées spatiales des intervalles de mesures, comme ’ont proposé Smirnoff ef al. (2008) pour
I’interpolation utilisant la classification supervisée de type SVM. La Figure S.26a présente la distribution
spatiale des HF le long de la section géoradar de la Figure S.6 obtenue & la suite de I’interpolation
utilisant une RVM pour la classification. Cette interpolation montre nettement la transition entre la zone
sablonneuse (HF1) et la zone silteuse (HF 2 a 4) avec la juxtaposition de 'HF1 plus grossier sur les HF
plus fins, tel qu’on peut le prévoir pour un environnement littoral 4 cause de la dynamique des vagues et

des marées.

Les Figures S.26b-d présentent également les résultats de l’interpolation de Kj, K, ou r utilisant des
RVMs pour la régression. Une machine d’apprentissage différente a été construite pour chacun des
paramétres hydrauliques. Pour préserver les relations entre K, K, et n observées pour I’ensemble des
données d’entrainement (Figure S.22), les mémes paramétres d’interpolation spatiale ont été utilisés pour
tous les RVMs (classification et régression). Comme 1’illustre la Figure S.26b, la zone sablonneuse est
plus homogene et perméable que la zone silteuse. En outre, nous observons une diminution générale des
valeurs de K, plus nous nous approchons du rivage (de A vers A') comme nous pouvons le prévoir avec la
réduction des énergies littorales lorsque nous nous déplagons derriére le barriére de sable. Des
observations semblables peuvent également étre faites pour les Figures S.26¢c-d en ce qui concerne K, et

n, respectivement.

46



7 Direction de . )
A sédimentation > < t 3 Zone silteuse A

0 CPT113 CPT26 CPT116 P17 Hydrotacies

SL107 T =

- 2=
E L
T 4 i
=1 5°
"g 8- Exagération A
& 10 |- verticale

1o L1110 L3} i i F

D il 0 600 800 1000
logkh (m/s)

0
£ 2k B
T 41 " -
g B
.g 6 - e
S 8L | 5.
o
a 10

12 L

° 1000
0 CPT113 CPT26 CPT116 CPT24 P17 logKv (m/s)
; 5

= 12
£
T 4
=
g 6
58
& 10

2

Profondeur (m)

303436 600 800
Distance (m)

gll
3
g
g

1000

Figure S.26 Distributions spatiales (a) des hydrofaciés (HF); (b) de la conductivité hydraulique horizontale (K,); (c) de la conductivité hydraulique verticale (K.,); et de la
porosité (n) pour la section géoradar A-A’ (localisation a la Figure S.4) selon sur Pinterpolation de la reconnaissance des hydrofaciés et I’estimation des propriétés
hydrauliques basée sur les profils CPT/SMR en utilisant ’approche de la Figure S.20. L’intensité des couleurs pour (a) est proportionnel a la médiane de K, pour chacun
des HF de la Figure S.24.
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4 Discussion

4.1 Efficacité des méthodes de caractérisation de la conductivité hydraulique
horizontale

Bien que les bénéfices de 1’adoption du processus d’acquisition et d’intégration des données proposé
puissent étre difficiles a4 quantifier, dans cette section, nous comparons l’efficacité de 1’approche
d’intégration des données hydro-géophysiques pour estimer K, a partir des données CPT/SMR, tel
qu’appliqué dans I’effort de caractérisation présenté dans cette synthése, avec divers essais hydrauliques
conventionnels. Les essais hydrauliques comparés sont des tests a choc hydraulique multi-niveaux, des
tests avec débitmetre de puits et des essais en laboratoire avec perméamétre réalisés sur des échantillons
de sédiments. Ces méthodes ont été largement utilisées dans la région d’étude, que ce soit aux fins de
production ou de recherche, ce qui permet de faire des estimations assez justes du temps requis pour faire
Pacquisition et ’analyse des données. Aux fins de comparaison, une évaluation du temps nécessaire pour
estimer K, a des intervalles de 15 cm le long de 50 profils verticaux d’une longueur de 10 m (500 m au
total) a été fait pour chacune des méthodes. Cette base de comparaison correspond aux caractéristiques
types (nombre total, longueur moyenne et résolution verticale) des sondages CPT/SMR qui ont été
effectués dans le cadre de cette étude (Tableau S.1). Selon les travaux de caractérisation effectués a I’aide
des quatre méthodes choisies tout au long de cette étude, une estimation du temps requis pour
I’acquisition et ’analyse des données a été faite, comme le résume le Tableau S.4 et I’illustre la Figure
S.27. 1l importe de noter que les résultats de cette analyse sont représentatifs des travaux effectués par
notre équipe pour le site de St-Lambert et ces résultats pourraient varier selon le contexte géologique et

I’expérience de 1’équipe sur le terrain pour d’autre étude similaires.
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Tableau S.4 Temps requis pour différentes méthodes afin d’acquérir 500 m de mesures de conductivité hydraulique
horizontale (K;) 2 des intervalles verticaux de 15 cm. Ne considére pas le temps de mobilisation et démobilisation, ni les
tests de contrdle de qualité.

. Temps total pour
Résolutlon @ mps 500 mde K, 215
Méthode verticale SRR cm Commentaires
(m) (heure)
Inclus installation puits (48
1.5 h par h), essais K, multi-niveaux
Sondages CPT/SMR ~ 0.0530.16 10 m de 483 (280 ) dans 8 puits et analyse
sondage des essais (80 h) pour la
définition des relations hydro-
géophysiques
Inclus temps pour atteindre le
7 h par régime permanent du
Débitmétre 0.15 puits de 700 fompazE.CHI Al ysS Hes
10 m données. Temps total inclus
I’installation et le
développement de 8 puits.
Assume 0.5 h par intervalle
Essais perméabilité 0.5 h par pour I’analyse des essais.
(slug tests) multi- 0.15 intervalle 3633 Temps total inclus
niveaux de 0.15m I’installation et le
développement de 8 puits.
1.5 h par , .
Perméameétre 0.15 intervalle 5167 Inclus cempswdeyreparation
de 0.15m

des échantillons et I’analyse.

Travaux complémentaires

Installation et
développement de
puits

Echantillonnage de
sédiments

6 h par
n.a. puits de
10 m

0.5 h par
n.a. carotte de
1.5m

300

167

Inclus 1 h pour installation de
puits et 5 h pour le
développement du puits.

Assume conditions
homogénes a ’échelle de
I’échantillon.
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Tel qu’anticipé, les essais avec perméameétre effectués sur des échantillons de sédiments ont nécessité
plus de temps que toute autre méthode (Figure S.27) en raison de la collecte des échantillons sur le terrain
et de leur préparation en laboratoire (Tableau S.4). De plus, bien que des essais avec perméamétre
puissent étre effectués de fagon continue selon toute la profondeur dans 1’aquifére, en pratique la
récupération des sédiments est souvent partielle et peut empécher la réalisation d’essais pour certains
intervalles. En effet, comme on peut le constater a la Figure S.8, le profil de X, a ’emplacement P17 est
discontinu parce que la récupération des sédiments était souvent incompléte ou 1’état de récupération
souvent non propices a la réalisation d’essais de perméabilité. Il importe de noter également que
I’hypothése d’isotropie de K (K,=K,) devrait étre respectée pour obtenir des estimations valides de K}, &
partir d’essais avec perméametre parce que 1’écoulement induit par ce type d’essai est habituellement
perpendiculaire a la stratification naturelle des sédiments. Comme I’illustrent les profils de K, et de K, de
la Figure S.8, des échantillons de sédiments plus petits que 15 cm auraient donc été nécessaires pour
obtenir des mesures de perméameétre représentatives de K, pour les sédiments de ’aquifére de St-

Lambert.

6000 4

5000 Temps pour acquérir 500 m
de mesures de Kh a
I'échelle de 15 cm

4000 1

3000 -

Heure

2000 1

1000 1

CPT/SMR  Débitmétre Kh Perméametre
multi-niveaux

Figure S.27 Temps total pour acquérir 500 m de mesures de conductivité hydraulique horizontale (K,) a Péchelle de 15
cm pour trois méthodes hydrauliques conventionnelles (débitmétre, essais de perméabilité et perméamétre de laboratoire)
et ’approche hydro-géophysique basée sur I’estimation de K, a partir des données CPT/SMR. Les détails des estimations
de temps sont présentés au Tableau S.4.

Méme si les tests & choc hydraulique multi-niveaux prennent environ 25 % moins de temps (Tableau S.4
et Figure S.27) et que des profils continus de K}, peuvent étre obtenus beaucoup plus facilement qu’avec
un perméametre, cette méthode prend néanmoins beaucoup de temps. Une bonne partie du temps

nécessaire pour effectuer les tests est passée a effectuer les essais hydrauliques eux-mémes,
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particuliérement pour les intervalles moins perméables, de méme qu’a effectuer le développement des
puits essentiel pour obtenir des estimations fiables de K}, (voir le Matériel supplémentaires de 1’étude de
Paradis ef al. 2011). Nous remarquons que 1’estimation du temps requis pour la réalisation des tests a
choc hydraulique est quelque peu surestimée parce qu’elle assume que les puits ne sont utilisés qu’aux
fins d’essais hydrauliques. Du point de vue plus général dans |’acquisition des données, ces puits peuvent
servir a plusieurs fins (ex., géophysique de puits, échantillonnage géochimique) et le temps nécessaire a
I’installation et a ’aménagement de puits doit étre en fait réparti sur ’ensemble des opérations. Pour des
estimations précises de K, au moyen des tests & choc hydraulique sur de petits intervalles, les puits
soumis a de tels essais devraient étre préférablement aménagés sans sable-filtrant pour éviter les effets
néfastes des court-circuit hydrauliques. S’il n’est pas possible de procéder de la sorte, les caractéristiques
(ex., perméabilité, épaisseur) du sable-filtrant devraient au moins &tre déterminées et étre prises en

considération durant ’analyse des essais.

Comme l’illustre la Figure S.27, les tests avec débitmetre offrent une amélioration assez importante du
temps d’acquisition des mesures de K. Aprés que le pompage du puits est atteint un régime stationnaire
(ou quasi-stationnaire), les mesures de débits a 1’aide d’un débitmétre ne prennent habituellement que
quelques minutes par intervalle et un profil complet de K, peut donc étre obtenu assez rapidement
(Tableau S.4). La valeur moyenne de K utilisée pour transposer les mesures du débit en valeurs
individuelles de K}, le long du puits peut également étre facilement obtenue des données de pompage
elles-mémes ou a partir d’un test & choc hydraulique réalisé indépendamment des mesures de débits.
Cependant, la limite de sensibilité d’un débitmétre aux variations de débit peut empécher I’estimation de
K, pour les intervalles avec de trés faibles valeurs de K, (débit trés faible) et seulement des valeurs seuil
peuvent étre obtenues. De plus, I’important rabattement provoqué par le pompage dans des formations de
trées faible K; peut dénoyer certains intervalles dans la partie supérieure de l’aquifére et ainsi
compromettre 1’estimation de K. Tout comme pour les tests a choc hydraulique, les tests avec débitmetre
dans les aquiféres granulaires nécessitent une installation de puits adéquate sans sable-filtrant et un

développement intensif des puits.

Enfin, I’approche hydro-géophysique semble étre celle qui est la plus efficace en termes de temps (Figure
S.27). 11 importe de noter que 1’estimation du temps pour cette approche comprend le temps nécessaire a
I’installation et & 1’aménagement de 8 puits par enfoncement (incluant le développement) et a la
réalisation de 280 tests a choc hydraulique sur des intervalles de 15 cm, tel qu’effectué dans cette étude.

Contrairement aux tests hydrauliques dans les puits (tests a choc hydraulique et débitmetre), une fois que
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les relations hydro-géophysiques ont été définies a 1’aide d’un nombre suffisant de puits, aucun autre
puits n’est nécessaire, et seuls des sondages CPT/SMR sont effectués. Ceci permet de réduire
considérablement le temps total de caractérisation, puisque le temps nécessaire pour effectuer un sondage
CPT/SMR, sans D’installation et ’aménagement de puits, est relativement court (Tableau S.4). La
réalisation de tests avec débitmétre au lieu de tests & choc hydraulique pourraient également réduire
considérablement le temps d’acquisition des données associés a la réalisation des essais hydrauliques
pour 1’approche hydro-géophysique. Cependant, ’intégration des données pour la définition des relations
propres au site exige plus de temps que 1’analyse des tests hydrauliques conventionnels et I’estimation du
temps requis pour 1’analyse des données pour 1’approche hydro-géophysique présentée au Tableau S.4

suppose de toute évidence un certain degré de familiarisation avec les outils statistiques.

Dans un ordre d’idée différent, si les levés géoradar avait été utilisés au lieu des sondages CPT/SMR pour
I’établissement des relations hydro-géophysiques, il aurait été¢ possible d’augmenter considérablement
Iefficacité de la caractérisation de 1’aquifére, puisque pour cette étude, les 21 km de levés géoradar ont
pris environ la moitié du temps nécessaire pour la réalisation des 53 sondages par enfoncement (Tableau
S.1). Méme si la résolution verticale des levés géoradar est plus grande que celle des sondages CPT/SMR,
la meilleure continuité spatiale des levés géoradar permet de mieux définir D’architecture des
hétérogénéités de 1’aquifére. Cependant, la forte atténuation du signal géoradar observé sur un bon
nombre de levés effectués dans la zone silteuse (Figure S.4) masque souvent la présence de lit sableux
inter-digités avec les silts, ce qui limitait I’utilisation des données géoradar aux fins d’estimation des
propriétés hydrauliques dans cette section de ’aquifére. Une autre limitation du géoradar, qui n’est pas
exclusive a la région d’étude cette fois, est que les levés géoradar ne procurent que des renseignements a
propos de la constante diélectrique, ce qui peut affaiblir la capacité prédictive d’une approche hydro-
géophysique basée sur le géoradar en raison du nombre limité de paramétres géophysiques disponibles
pour effectuer des corrélations avec les données hydrauliques. Ceci met en relief, avec comme appui la
Figure S.23, qu'une approche hydro-géophysique basée sur des méthodes géophysiques de surface (ex.,
géoradar, sismique réflexion, levés électrique) ou aéroporté (ex., TDEM), devrait inclure des levés
géophysique de plusieurs types sur la méme section d’aquifére pour obtenir une meilleure conversion des

données géophysiques en propriétés hydrauliques.

De plus, des tests d’interférence verticale a choc hydraulique (Paradis et Lefebvre 2013) pourraient
également accroitre 1’efficacité globale du processus de caractérisation. En effet, les tests d’interférence

verticale nécessite a peu prés le méme équipement et le méme temps de réalisation que des essais a choc

52



hydraulique multi-niveaux conventionnels et fournissent en plus des valeurs de K, des valeurs de KX,
aussi. Donc, 1’adoption de tests d’interférence verticale au lieu de tests a choc hydraulique multi-niveaux,
tel qu’effectué dans cette étude, pourrait augmenter le nombre de mesures de K, afin d’établir un meilleur
ensemble de données d’entrainement et a remplacer les essais avec perméamétre sur des échantillons de
sédiments. Cependant, le temps requis pour I’analyse des données issues des tests d’interférence verticale
peut étre plus long que dans le cas des tests a choc hydraulique multi-niveaux, surtout pour les profils

hétérogénes qui nécessite d’utiliser I’inversion numérique pour I’analyse des données.

Finalement, la tomographie hydraulique tel que proposée par Paradis er al. (2014a; 2014b) pourrait
également étre utilisée pour remplacer les tests & choc hydraulique multi-niveaux dans des puits et les
tests avec perméameétre en laboratoire pour estimer K, et K,. Cependant, la nécessité d’avoir au moins
deux puits rapprochés pour réaliser la tomographie est surement une alternative moins attrayante qu’un
test d’interférence verticale nécessitant seulement un puits. Cette technique est alors certainement plus
intéressante pour acquérir 1’hétérogénéité tridimensionnelle de Kj, K, et S; 4 moyenne échelle pour des
sites relativement restreints. Néanmoins, pour des études hydrogéologiques régionales qui nécessitent
habituellement des valeurs de propriétés hydrauliques sur des volumes importants d’aquifére, la
tomographie hydraulique peut étre un complément intéressant aux essais de pompage généralement
utilisés pour ce genre d’études. En effet, une meilleure connaissance de I’hétérogénéité des propriétés
hydraulique & proximité d’un puits d’essai, en particulier pour des conditions trés hétérogeénes, peut
permettre de mieux comprendre la dynamique observée d’un essai de pompage ainsi que les
caractéristiques de mise-a-1’échelle des propriétés hydrauliques de ce test. La tomographie hydraulique a
choc hydraulique permet également d’obtenir K, et S;, ce que permettent généralement difficilement les
essais de pompage. Notons qu’une couverture tomographique de faible 3 moyenne densité peut €tre

obtenue dans un temps équivalent a celui d’un essai de pompage de duré moyenne.

4.2 Travaux complémentaires a cette thése au site de St-Lambert

En concomitance avec cette étude sur la caractérisation de 1’hétérogénéité des propriétés hydrauliques,
d’autres travaux ont été effectués dans la région d’étude de St-Lambert. Pour renforcer davantage la
confiance envers les distributions spatiales des propriétés hydrauliques interpolées pour la région d’étude,
partiellement illustrées aux Figures S.27a-d, des travaux complémentaires ont ét¢ effectués par Brunet ez
al. (2012) pour contraindre la structure et les valeurs des propriétés hydrauliques des hétérogénéités avec

des profils verticaux de charges hydrauliques mesurées dans des puits. En effet, il a ét¢ démontré que les
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variations de charges hydrauliques mesurées a différentes profondeurs dans l’aquiféfe peuvent indiquer le
degré de continuité latérale d’hétérogénéités observées dans des puits. Bien que divers algorithmes
d’interpolation et de simulation géostatistique peuvent étre utilisés selon le type d’hétérogénéités
géologiques existant (Koltermann et Gorelick 1996; Falivene et al. 2007), le nombre de champs de
propriétés hydrauliques pouvant étre générés peut étre trés élevé, en particulier pour les sites avec peu de
données, et plusieurs d’entre eux peuvent ne pas étre nécessairement représentatifs de la région d’étude.
Dans leur approche, Brunet ef al. (2012) utilise un algorithme de simulation géostatistiques multi-points
(Strebelle 2002) qui est combiné a des algorithmes d’inversion de points pilotes (Doherty et al. 2010) et
de déformation graduelle (Le Ravalec et Mouche 2012) pour contraindre la distribution spatiale de K,
avec des charges hydrauliques mesurées a différentes profondeur dans I’aquifére. Cette approche
qualifiée d’interpolation contrainte permet ainsi de sélectionner les champs de propriétés hydrauliques les

plus plausibles.

En outre, des profils d’dge géochimique de 1’eau souterraine ont été mesurés par Tremblay ef al. (2012)
dans les puits par enfoncement dotés de crépine couvrant la totalité de 1’aquifére en vue de les intégrer
dans un modele numérique pour contraindre le champ de vitesse d’écoulement de 1’eau souterraine dans
I’aquifére de St-Lambert. Par exemple, les champs de K, K, et n présentés a la Figure S.27a-d peuvent
étre utilisés dans un modele numérique d’écoulement pour générer un champ de vitesse qui peut étre
comparé aux profils d’dge mesurés. A I’instar des charges hydrauliques mesurées a différentes
profondeurs dans 1’aquifére, la géométrie des hétérogénéités et les valeurs des propriétés hydrauliques
peuvent étre ajustés de maniére a4 honorer les mesures d’age. Soulignons que cette approche a déja été

mise en application avec succés pour d’autres sites (ex., Murphy et al. 2008).

Comme approche alternative a celle présentée dans cette thése, Ruggeri et al. (2013) ont proposé
Iintégration de levés électrique de surface (ERT : Electrical Resistivity Tomography) avec la résistivité
électrique des sondages CPT/SMR et des mesures de K}, aux puits pour convertir en valeurs de K a haute
résolution des sections d’ERT. Dans cette approche, les levés ERT procurant des mesures continues de
résistivité électrique entre les puits sont utilisés comme grille de fond sur laquelle les mesures de K, aux
puits sont extrapolées, au lieu de recourir a des algorithmes d’interpolation conventionnelles qui utilise
seulement I’information aux puits pour déduire des relations spatiales pour distribuer I’information
hydrogéologique loin des puits. Jusqu’a ce jour, cette approche a été appliquée avec succes pour convertir

un levé ERT effectué dans la zone sableuse (voir la Figure S.4c).
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Enfin, Gloaguen ef al. (2012) ont proposé I’intégration des valeurs de résistivité électrique et de constante
diélectrique des sondages CPT/SMR avec les données géoradar pour faire la conversion des
radargrammes en profondeur. Cette approche a été développée pour mieux estimer la profondeur des
réflecteurs géoradar et pour éventuellement mieux utiliser les données géoradar pour 1’estimation des

propriétés hydrauliques.

5 Résumé et conclusions

Cette synthése a présenté un cadre général d’acquisition et d’intégration des données développé et
appliqué pour la caractérisation de I’hétérogénéité des propriétés hydrauliques a une échelle intermédiaire
(quelques km?), qui se veut une échelle adaptée & la modélisation numérique de 1’écoulement de I’eau
souterraine et du transport des contaminants en relation avec les zones sources de ces contaminants ainsi
qu’a leur récepteurs. Ce cadre a été appliqué pour une zone d’étude de 12 km® en vue d’étudier la
migration et ’atténuation naturelle d’un panache de lixiviat émis par un ancien site d’enfouissement
sanitaire aménagé dans un aquifére granulaire littoral peu profond. L’approche de caractérisation est
basée sur I'utilisation de données géophysiques indirectes a haute résolution et 1’acquisition ciblée de
données hydrauliques directes. Une campagne intensive de levés géoradar a été effectuée afin de fournir
le contexte géologique général pour la sélection optimale des emplacements de sondages CPT/SMR et
I’installation de puits par enfoncement dotés de longues crépines pour la réalisation de tests hydrauliques.
L’approche de caractérisation s’appuie donc sur la conversion de données CPT/SMR en information
hydraulique au moyen des relations hydro-géophysiques développées spécifiquement pour le site a
I’étude a 1’aide d’une approche par machine d’apprentissage. Les parameétres hydrauliques comprenaient
la conductivité hydraulique horizontale (K)), mesurées dans les puits par enfoncement par des tests de
perméabilité avec une résolution verticale de 15 cm, et la conductivité hydraulique verticale (X,) et la
porosité (r) obtenues en laboratoire par des mesures réalisés sur des échantillons de sédiments. Les
paramétres CPT/SMR comprenaient la résistance a la pénétration (7), la friction mécanique (S), la
constante diélectrique (D) et la résistivité électrique (R). Toutes les mesures hydrauliques et CPT/SMR
co-localisées ont été mises a une échelle verticale commune de 15 cm dans le but d’établir des relations
statistiques. L’acquisition d’un ensemble de données d’entrainement hydro-géophysiques représentatif de
I’éventail des sédiments observés dans la région d’étude était basée sur une approche de type générale-

vers-spécifique. Spécifiquement, 1’information sur la géologie régionale et les levés géoradar ont été
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utilisés pour localiser les sondages CPT/SMR, les puits d’observation et les échantillons de sédiments de
fagon a couvrir la plage compléte des réponses hydrauliques et géophysiques. Quatre hydrofacies (HF)
représentant les sédiments et ayant des relations hydro-géophysiques distinctes ont été définis a 1’aide
d’algorithmes de classification (non-supetvisé et supervisé) et de régression (supervisé) pour permettre la
prédiction des HF et de K, a partir des données CPT/SMR. Le peu de mesures de K, et de n obtenues en
laboratoire ont été intégrées a posteriori avec les mesures de la K, co-localisées pour définir pour chacun
des HF des relations hydrauliques propres au site. La conversion des sondages CPT/SMR distribuées sur
I’ensemble de la région d’étude a permis d’obtenir une banque de données importante sur HF, K;, K, et n
afin de mieux définir I’hétérogénéité des propriétés hydrauliques de 1’aquifére de St-Lambert. Un
exemple d’interpolation de I’information hydraulique a été présenté pour une section géoradar pour
laquelle plusieurs sondages CPT/SMR et données hydrauliques directes sont disponibles. Les principales

constatations de cette étude sont résumées ci-dessous.

e Le processus d’acquisition de données de type générale-vers-spécifique permet une collecte de
données rationnelle, systématique et progressive. Ce processus, élaboré et appliqué pour la région
d’étude, a été pensé pour réduire au minimum le nombre de sites de mesures tout en optimisant la
qualité, la portée et la signification des données directes et indirectes recueillies. Par exemple, la
définition d’un modeéle conceptuel hydrogéologique général au moyen de la géologie régionale, des
levés géoradar et des sondages CPT/SMR a permis le repérage d’intervalles significatifs pour les tests
de perméabilité multi-niveaux, ce qui a permis de réduire le nombre d’essais hydrauliques nécessitant
beaucoup de temps de réalisation et a assuré de couvrir I’étendue compléte des réponses
géophysiques et hydrauliques observées pour la région d’étude. Cette approche d’acquisition de
données a fourni un ensemble de données d’entrainement représentatif et complet pour 1’entrainement
de la machine d’apprentissage utilisée pour évaluer les propriétés hydrauliques de 1’aquifere a partir

des données CPT/SMR.

¢ Une approche hydro-géophysique pour caractériser les propriétés hydrauliques hétérogeénes des
aquiféres est passablement plus efficace en termes de temps que les approches d’essais hydrauliques
conventionnelles, qui peuvent rarement fournir la quantité de données nécessaires pour évaluer
I’hétérogénéité d’un aquifére, surtout 2 une échelle intermédiaire de quelques km’. Bien que
scientifiquement il n’y ait aucune limite quant a la quantité de données qui peut étre recueillie sur un
aquifere, des facteurs économiques dictent cependant le plus souvent cette limite, qui dans bien des

cas peut compromettre 1’acquisition du niveau de données nécessaire pour résoudre adéquatement un
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probléme hydrogéologique. Par conséquent, une approche hydro-géophysique, tel que celle proposée
dans cette thése, peut contribuer a atteindre un certain équilibre entre la représentation adéquate de

I’hétérogénéité et les contraintes économiques.

Par le biais de relations hydro-géophysiques spécifiques au site, les données CPT/SMR contiennent
beaucoup d’information a propos de I’hétérogénéité des propriétés hydrauliques de 1’aquifére
granulaire dans la région d’étude. En effet, I’interpolation des données de sondages converties en
information hydraulique montre que les distributions spatiales des HF ainsi que de K, K, et n
reflétent 1’architecture des sédiments de 1’aquifére littoral, ce qui comprend 1’inter-digitation et les

changements spatiaux graduels.

Des relations hydrauliques et hydro-géophysiques bien définies sont essentielles pour utiliser avec
succes les données géophysiques pour la caractérisation des propriétés hydrauliques. Dans le cadre de
cette étude, I'utilisation d’une sonde multi-paramétres, comme la sonde utilisée pour effectuer les
sondages CPT/SMR, a permis de réduire le caractére non-unique des liens qui existent entre les
propriétés hydrauliques et géophysiques en fournissant une série de paramétres géophysiques qui
peuvent &étre corrélés aux divers paramétres hydrauliques. En effet, le succés de la prédiction des
valeurs de propriétés hydrauliques & partir des mesures CPT/SMR augmente avec le nombre de
parametres géophysique utilisés. L’utilisation d’algorithmes tel que les RVMs a également permis de
composer avec la non linéarité des relations hydro-géophysiques et contribué au développement de

relations ayant de bonnes capacités de généralisation.

La quantité et la qualité des données disponibles sont également importantes pour le succés de la
caractérisation d’un aquifére et des efforts ont été consacrés au développement de méthodes
hydrauliques efficaces et permettant de représenter les conditions de XK. A cet égard, ’adaptation du
débitmétre de puits pour les aquiféres granulaires a été proposé pour permettre d’acquérir beaucoup
plus rapidement des mesures de K, qu’avec les tests hydrauliques conventionnels. De plus, la
compréhension approfondie des principes physiques qui gouvernent 1’écoulement de 1’eau souterraine
a aussi permis de développer les tests d’inférence verticale et la tomographie a choc hydraulique. Ces
tests permettent de mesurer K, lorsque 1’hétérogénéité des sédiments a trés petites échelles induit
P’anisotropie de K a 1’échelle de mesure des essais hydrauliques qui ont généralement des limites

pratiques d’expérimentation ne permettant pas la mesure sur de trés petits volumes. Des analyses de
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sensibilité et de résolution des charges hydrauliques par rapport aux variations de propriétés
hydrauliques ont ainsi permis de concevoir des dispositifs expérimentaux et des approches d’analyse
permettant de généraliser les capacités de caractérisation des méthodes hydrauliques
conventionnelles. Les données obtenues a 1’aide de ces nouvelles méthodes hydrauliques, utilisées
comme telle ou pour 1’établissement de relations hydro-géophysiques, contribuent donc a donner des

images plus complétes des parameétres qui contrdlent ’écoulement et le transport dans les aquiféres.

e L’utilisation de puits par enfoncement aménagés sans sable filtrant et enti¢rement crépinés sur toute
I’épaisseur saturée de ’aquifere a été¢ un élément clé pour 1’acquisition de mesures hydrauliques de
qualité et le développement des nouvelles méthodes de caractérisation hydraulique proposées.
D’abord, I’utilisation de puits sans sable filtrant permet la mesure directe des propriétés hydrauliques
des sédiments en contact direct avec la crépine. Aussi, [’absence de sable-filtrant permet de réduire
les effets de dissipation et d’interférence généralement associés a la présence de sable-filtrant qui
altérent souvent les mesures hydrauliques. Ceci, combiné a 1’aménagement de puits enticrement
crépinés, a aussi permis d’effectuer des tests de perméabilité (slug tests) de haute résolution (15 cm)
et de fournir des profils continus de K} pour caractériser tous les types d’hydrofaciés retrouvés dans la
région d’étude. Dans le processus d’acquisition des données décrit dans la présente synthése, les
méthodes par enfoncement ont donc été essentielles pour fournir a la fois des données indirectes
(CPT/SMR) et directes (Kj) 4 haute résolution nécessaires pour évaluer I’hétérogénéité des propriétés

hydrauliques.

Compte tenu de la complexité des systémes aquiféres en général et de la difficulté a les représenter, le
focus général de cette these était le développement de méthodes et d’approches pragmatiques de
caractérisation de I’hétérogénéité des propriétés hydrauliques pouvant mener a une meilleure
compréhension des processus d’écoulement et de transport dans les aquiféres. Bien que les méthodes
utilisées et les relations définies dans I’effort de caractérisation présenté soient propres au site de St-
Lambert, le cadre d’acquisition et d’intégration des données est quant-a-lui général par rapport a ses
principes de base. Ainsi, ce cadre pourrait étre élargi 4 d’autres contextes hydrogéologiques en utilisant
des méthodes de caractérisation hydraulique et géophysique similaires ou différents selon le cas. Bien que
les méthodes et les approches proposées dans cette thése puissent nécessiter un certain changement dans
les pratiques et présentent un certain niveau de complexité dans la maitrise des outils, une des prémisses
de cette thése est que ’approche d’homogénéisation des conditions hydrogéologiques, qui a guidé bon

nombre d’études hydrogéologiques, a peut étre atteint sa limite. Des études détaillées basées sur des
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données significatives (quantité et qualité) de caractérisation et de suivi sont nécessaires. A cet égard, 4 la
lumiére des résultats de caractérisation présentés pour le site d’étude de St-Lambert, ce site peut sembler
étre un cas particulier de complexité de I’hétérogénéité. Cependant, la caractérisation détaillée d’autres
sites pourrait révéler que le site de St-Lambert est une régle plutét qu'une exception et que pour faire face
avec confiance aux enjeux environnementaux et sociétaux grandissant reliés aux ressources en eaux
souterraines, un changement de paradigme est peut étre nécessaire au niveau de la caractérisation des

aquiféres.
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Résumé

Pour bien comprendre les processus d’écoulement et de transport, la modélisation numérique des aquiféres
devrait €tre basée sur une distribution spatiale réaliste de la conductivité hydraulique (K). Cette propriété est
cependant rarement définie adéquatement a cause de la difficulté des méthodes de caractérisation en général
a acquérir suffisamment d’information. Pour des puits ouvert au roc, des mesures de débit sur de courts
intervalles le long d’un puits en pompage a 1’aide d’un débitmétre électromagnétique ont démontré leur
efficacité pour définir des profils verticaux de K. Peu d’études ont cependant porté sur I'utilisation du
débitmetre dans les aquiféres granulaires, et les tests réalisés dans ces milieux avec des puits aménagés avec
sable-filtrant ont montré que les mesures obtenues sont parfois erronées. Cet article présente une application
du débitmétre dans des puits aménagés par enfoncement pour 1’obtention de profils de K dans un aquifére
granulaire hétérogéne ayant des valeurs faibles 4 moyennes de K (10-6 to 10-4 m/s). L’effet de
I’enfoncement des puits sur les mesures de K dans les aquiféres granulaires est d’abord étudié et indique que
de telles installations minimisent I’erreur sur ’estimation de K. Aprés ’installation et le développement de
puits entiérement crépinés, ceux-ci sont ensuite utilisés pour valider des profils de K obtenus par des
mesures de débitmétre & haute résolution (15 cm) avec des profils dérivés d’essai de perméabilité par choc
hydraulique sur des intervalles identiques. Pour les 119 intervalles testés provenant de 5 puits différents, la
différence dans le logarithme des valeurs de K obtenus par les deux méthodes est systématiquement en-
dessous de 10%. Finalement, une approche graphique pour I’interprétation des profils de débitmétre est
proposée pour définir des intervalles correspondant a des hydrofacies distincts, donnant ainsi une méthode
pour représenter les contrastes d’échelle et de magnitude de K dans les aquiféres granulaires hétérogenes.
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Abstract

Numerical hydrogeological models should ideally be based on the spatial distribution of hydraulic
conductivity (K), a property rarely defined on the basis of sufficient data due to lack of efficient
characterization methods. Electromagnetic borehole flowmeter measurements during pumping in uncased
wells can effectively provide a continuous vertical distribution of X in consolidated rocks. However,
relatively few studies have used the flowmeter in screened wells penetrating unconsolidated aquifers, and
tests conducted in gravel-packed wells have shown that flowmeter data may yield misleading results. This
paper describes the practical application of flowmeter profiles in direct-push wells to measure K and
delineate hydrofacies in heterogeneous unconsolidated aquifers having low-to-moderate X (10 to 10 m/s).
The effect of direct-push well installation on K measurements in unconsolidated deposits is first assessed
based on previous work indicating that such installations minimize disturbance to the aquifer fabric. The
installation and development of long-screen wells are then used in a case study validating K profiles from
flowmeter tests at high resolution intervals (15 cm) with K profiles derived from multi-level slug tests
between packers at identical intervals. For 119 intervals tested in 5 different wells, the difference in log K
values obtained from the two methods is consistently below 10%. Finally, a graphical approach to the
interpretation of flowmeter profiles is proposed to delineate intervals corresponding to distinct hydrofacies,
thus providing a method whereby both the scale and magnitude of K contrasts in heterogeneous
unconsolidated aquifers may be represented.

Keywords: Borehole Flowmeter, Direct-Push Wells, Hydraulic Conductivity, Unconsolidated Aquifers,
Heterogeneity.
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1 Introduction

It is generally recognized that the hydraulic conductivity (K) heterogeneity of an aquifer controls
groundwater flow and solute transport. Failure to adequately account for this heterogeneity is also known to
be one of the main causes of remediation failures (de Marsily ef al., 2005). In heterogeneous aquifers, the
spatial distribution of hydraulic properties may be complex and numerous direct and indirect estimates may
be required to develop a realistic understanding of the hydrogeological system (Ouellon et al., 2008).
Although the spatial definition of aquifer heterogeneity has to rely in large part on the use of indirect data,
often acquired from surface geophysical surveys (Rubin and Hubbard, 2005), numerous direct
measurements are also required to define the properties of individual lithologic units (hydrofacies) having a
distinctive range of hydraulic conductivities (Frei ez al., 2009). Therefore, a practical means of adequately
quantifying the spatial distribution of hydraulic properties under the constraints of a limited amount of time
and resources is essential as part of a hydrologic characterization program aimed at identifying and defining

aquifer K heterogeneity.

Borehole flowmeter measurements obtained during pumping can efficiently determine the vertical
distribution of X in fractured rocks (Morin ef al., 1988; Molz et al., 1989; Hess et al., 1992; Hanson and
Nishikawa, 1996; Paillet, 1998; Crisman ef al., 2001). However, previous studies have suggested that head
losses along the flowmeter can have important and detrimental effects on its use to determine K profiles
(Boman ef al., 1997; Dinwiddie ef al., 1999; Ruud ef al., 1999). These head losses are exacerbated when a
packer or diverter is used to force water in a well through the flowmeter. The major effects of head loss are:
(1) possible bypass flow around the packer if the well is gravel packed (Dinwiddie et al., 1999); (2) flow
redistribution with meter position (Dinwiddie et al., 1999), and (3) hydraulic isolation in the vicinity of the
pump caused by flow behind casing and through the gravel pack above and below the pump in an

unconfined aquifer (Boman et al., 1997).

In an attempt to evaluate and reduce head losses, Arnold and Molz (2000) showed that the use of a 2.54-cm
diameter electromagnetic (EM) flowmeter reduced head losses by a factor of 16 when compared with a
1.27-cm diameter probe. Ruud ez al. (1999) and Armold and Molz (2000) also proposed the use of an EM
flowmeter without a packer or flow diverter (centralized configuration). In this adaptation, flow is allowed
to bypass the flowmeter along the well screen. Clemo (2010) found that changes in inflow to the wellbore

caused by blank casing joints could also affect the ratio of flow through and around the flowmeter.
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Mathematical corrections that account for head losses have been proposed by Zlotnik and Zurbuchen (2003)
for a packer configuration, and by Clemo (2010) for a centralized configuration. However, further
refinement is needed in both cases to develop a practical model that is reliable for field use under a variety

of flow conditions and casing sizes.

In consolidated aquifers, flowmeter measurements are generally conducted in open boreholes; in
unconsolidated aquifers, these measurements have to be made in screened wells (Morin, 2006). Installation
of screened wells with conventional methods (i.e. rotary or auger drilling) involves filling the annulus
between the screen and borehole wall with a sand or gravel pack. Because a sand or gravel pack is
comprised of material different from the adjacent geological unit, its presence causes either a reduction or
an increase in K surrounding the screened interval of a well compared to that of the host material. For
example, Young (1998) recommended the use of gravel packs rather than back-fill material for wells
installed in heterogeneous granular aquifers to avoid a reduction in K around the most permeable material of
the formation. However, it has been recognized by many authors (Rehfeldt ez al., 1992; Boman et al., 1997;
Dinwiddie et al., 1999; Ruud et al., 1999) that flowmeter measurements conducted in gravel-packed wells
may yield misleading results due to the combined effect of head losses produced by the flowmeter and an
annulus of high-permeability material surrounding the screen that allows some flow to bypass the
instrument. Partly due to the potential impact of the gravel pack typically used in conventional well
installation, flowmeter applications in unconsolidated aquifers have been restricted mainly to the
characterization of dominant flow pathways (Young, 1995) or coarse-grained materials (i.e. Hess ef al,,

1992; Morin, 2006; Li et al., 2008).

The objective of this study is to effectively extend the application of the borehole flowmeter to the
characterization of granular aquifers. Continuous, high vertical-resolution K profiles are generated that are
deemed better suited to the description of K heterogeneity than are the point measurements provided by slug
tests, the most common source of K data (Butler, 1998). As discussed in this paper, direct-push well
installation without sand pack was chosen as a means of 1) obtaining continuous long screens, 2)
minimizing head losses by selecting a well diameter only slightly larger than the flowmeter to ensure a tight
fit and eliminate the necessity for a packer or a diverter, 3) avoiding flow bypass related to sand packs, and
4) minimizing the disturbance to the surrounding formation. This study also investigates the validity of

flowmeter measurements by comparison against slug tests.
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The selected study area is composed of an unconsolidated heterogeneous aquifer exhibiting a low-to-
moderate K range (10° to 10™ m/s); this type of hydrogeologic environment has not commonly been
characterized with borehole flowmeters. High vertical resolution (15 ¢m) K profiles derived from both
flowmeter measurements and multi-level slug tests between packers provided 119 K measurements over
duplicate intervals in 5 different wells. In the study area of St-Lambert (Figure 1.1a), Quebec, Canada, these
5 wells and their tested intervals were selected to provide a representative sampling of K across the range of
hydrofacies determined to be typical for this region based on data profiles from Cone Penetration Tests
(CPTu) (Lunne et al., 1997) and Soil Moisture Resistivity (SMR) measurements (Shinn ef al., 1998). The
potential impact of skin effects related to direct-push well installation was assessed in the field using slug
interference tests. Finally, a graphical interpretation method using flowmeter profiles is introduced for the
purpose of defining K values across depth intervals corresponding to distinct hydrofacies. This method also
proved to be useful in enhancing the precision of K values determined across low-permeability intervals
where individual flowmeter measurements may not have the resolution to quantitatively resolve the

differential flow and the corresponding X value from an adjacent interval.
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Figure 1.1 (a) Location of the St-Lambert study area. The boundary of the study area corresponds to the sub-watershed
surrounding the St-Lambert sanitary landfill. Only the locations of the wells used in this study are shown (P01, P03, P10, P16
and P17). (b) Location of well P17 and nearby observation wells that were used for multi-well pumping and interference
tests.
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2 Methods

2.1 Site Description

The study area is located 40 km south of Quebec City, Canada and encompasses a 12 km” sub-watershed
surrounding a sanitary landfill (Figure 1.1a). The aquifer is composed primarily of surficial Quaternary
sediments 5-t0-20-m thick that were deposited and reworked by the Champlain Sea (Bolduc, 2003). These
sediments consist mostly of fine-to-medium sand, but sediments can range from coarse sand to clayey silt.
Based on regional geological data and more than 25 CPTu/SMR soundings, the hydrostratigraphy of the
aquifer is controlled by the distinctive structure of a spit that formed in a littoral environment. This feature is
defined as a narrow finger-like ridge of sand formed by the longshore movement of sediment at the mouths
of estuaries that extends from land into open water. This depositional environment leads to the presence of a

wide range of sediment types.

Vertical profiles of K and hydraulic head measured as part of this study indicate generally semi-confined
conditions, the result of alternating sand and silt layers related to the formation of the spit (Figure 1.2). The
water table is 1 to 2 m below ground surface and, from bottom to top, sediments are associated with three
distinctive chronostratigraphic phases (Figure 1.2). The first phase is the deposition of marine clayey silt,
which occurred when the Champlain Sea level was at an elevation of approximately 180 to 200 m asl
(above sea level); the present elevation of the study area is approximately 120 m asl. The second phase
corresponds to the formation of the spit itself, when sea level was roughly at the present-day elevation of the
site. In this sequence, sediments coarsen upward (silt to sand) to a maximum and then reverse and fine
upward (sand to silt). This general sedimentary sequence was observed in all CPTu/SMR soundings of the
study area. Finally, phase 3 is represented by a spatially discontinuous clayey silt unit at the top of the

sediment sequence, which is related to the eventual retreat of the Champlain Sea.
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Figure 1.2 Hydrostratigraphy of the St-Lambert site as illustrated by the well P17 cone penetration test (CPT). Soil textures
are defined according to the Fellenius and Eslami (2000) CPT soil classification chart. Also shown are tip stress measured
with the CPT, and static hydraulic head recorded prior to slug tests conducted between packers. Numbers to the left refer to
sediments deposited during three chronostratigraphic phases described in the text.

2.2 Direct-push well installation and development

Direct-push monitoring well installation is a rapid and economical procedure. Like conventional wells,
these wells provide representative groundwater samples and a means of obtaining geophysical and
hydrogeological measurements (USEPA, 2005). Direct-push installations also offer advantages over
conventional installations in unconsolidated formations: they reduce disturbance to the surrounding
formation, eliminate drill cuttings, and avoid gravel-packs so that sediments are in direct contact with the
screen. In this study, the wells used for K measurements were installed with a direct-push rig (Geotech
605D) following the protected screen standard technique (ASTM, 2004). Figure 1.Sla illustrates the
installation steps and Figure [.S1b depicts the tubing cross-sectional dimensions. A 76-mm (3-in OD,
outside diameter) metal casing with an expendable bottom point is first hammered into the ground to the
desired depth. Then 52-mm (2-in ID, inside diameter) (60-mm OD) fully-screened PVC tubing is inserted

inside the metal casing before the outer metal casing is withdrawn. The width of the annulus between the
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OD of the metal casing (corresponding to the borehole diameter) and the OD of the PVC screen is
approximately 8 mm. The slot aperture in the PVC screen was selected to be 0.024 cm (0.001 in) based on
the lower range of sediment particle-size distributions sampled in the study area. The inside diameter of the
PVC tubing (52-mm ID) was selected to allow a tight fit between it and the flowmeter, thus eliminating the
need for a flow diverter or packer. Special care was taken when installing the wells to ensure they were
vertical and straight. Because of the small size tolerance between casing and tool, a slight bend in the casing
or deviation from vertical was found to prevent the flowmeter from entering the well. Inclination sensors on

the direct-push rig facilitated the installation of vertical wells.

In addition to proper installation, it is critical that direct-push wells be developed thoroughly to obtain
representative measurements of hydraulic properties (Butler, 1998; Henebry and Robbins, 2000). For
example, a poorly developed well can underestimate K due to the presence of fine sediments clogging the
screen or formation. Consequently, an aggressive development program is necessary to correct for the
inherent disturbance that occurs during the installation process (e.g. sediments smearing). In this study, the
development was realised by pumping-surging operations performed with an inertial pump (Waterra)
equipped with a foot valve and a surge block having a diameter slightly smaller than the inside diameter of
the screen tubing. The foot valve was moved systematically along the screen at 0.5 m intervals and each
interval was pumped until turbidity was no longer observed in the discharged water. The evolution of K at
different stages of well development was also monitored for selected wells and intervals to assess the

effectiveness of well development operations (Figure 1.S2a and 1.S2b).

2.3 Assessment of skin effects from interference tests

Drilling operations and/or well construction can change the K of the material surrounding a borehole and
produce either a reduction (low-K skin) or an increase (high-K skin) in K. However, the direct-push well
installation method offers a potential advantage over conventional well-installation methods in
unconsolidated aquifers because it may reduce disturbance to the formation and eliminate drill cuttings and
gravel-pack. Nevertheless, it is important to both assess the representativeness of K values measured in

direct-push wells and determine whether a skin effect from sediment deformation exists.

For the identification of well skin, Butler and Healey (1996) proposed a hydraulic experiment where repeat

slug tests with varying effective radius of the well casing are performed in conjunction with a ratio method
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derived from Hvorslev (1951) technique. However, this approach only distinguishes low-X skin when the

difference in skin to formation K exceeds more than an order of magnitude.

To evaluate skin produced by direct-push well installation, interference slug tests were performed between
closely spaced direct-push wells (see Figure I.1b for well locations). Results were examined using the
analytical solution of Hyder er al. (1994), which yields estimates of both the aquifer and the skin material
K’s, as well as the specific storage (S;). For these tests, one well was used to induce hydraulic perturbation
and the other was used as an observation well. Slug tests were performed using a pneumatic method and
hydraulic responses were monitored in both wells. Two kinds of interference tests were conducted: (1) on
fully screened wells, and (2) between isolated intervals (60.96 cm) with injection and observation intervals

at the same vertical position.

2.4 Electromagnetic borehole flowmeter

The borehole flowmeter measures vertical flow in a well at various depths to determine the inflow to the
well across specific intervals. This instrument has been used in numerous studies to identify permeable
intervals and measure the vertical distribution of horizontal K surrounding the well (Hess, 1986; Morin et
al., 1988; Molz et al., 1989; Rehfeldt er al., 1992; Paillet, 1998). Data analysis presumes the aquifer to be
perfectly layered so that the K of each tested interval is proportional to the measured additional flow coming
from that interval. The product of the interval thickness and its K value is a fraction of the average

transmissivity (7) of the entire well (Molz et al., 1989).

For this study, the vertical flow measurements at each station were made with an electromagnetic (EM)
flowmeter (Century Geophysical Corp.; Model 9721). During testing, the perturbation created by the
borehole fluid passing across a magnetic field generated inside the probe is proportional to the average
vertical velocity of the water (Young and Pearson, 1995). The flowmeter is 1.4 m long with a sensor-
housing outside diameter (OD) of 51 mm, and the measurement barrel dimensions are 42 mm OD and 25.4
mm inside diameter (ID) with a trumpet-shaped entryway. Among the different types of flowmeters
available, the EM flowmeter was chosen for its low detection limit, its large dynamic range of measurement
(0.05 to 40 L/min), and its relative ease of operation. Impeller flowmeters or heat-pulse flowmeters may

prove to be more appropriate for other types of applications.
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Generally, when conducting flowmeter tests in large-diameter wells, a diverter or a packer is attached to the
flowmeter to force all flow through the instrument’s sensor. This arrangement may produce a sharp change
in fluid velocity that creates head losses and affects accuracy (Boman et al. 1997; Dinwiddie et al. 1999;
Ruud et al. 1999). To avoid this situation, the diameter of the slotted PVC tubing used for the wells (52 mm
ID) was deliberately chosen to allow the flowmeter to fit inside it with only a small clearance to minimize

flow bypassing the tool and head losses due to velocity disturbances.

Applying the flow nozzle equation (Foley, 1997) to the flowmeter wellbore hydraulics, the head losses are
proportional to the difference between the inverse of the fourth power of the radius of the flowmeter and the
inverse of the fourth power of the radius of the well. Thus, for a 25.4-mm ID flowmeter used inside a 52-
mm ID well, the head loss across the flowmeter associated with the maximum flow rate employed in this
study (19 L/min) is approximately 1.9 mm. Therefore, we assume head loss to be negligible, with fluid
making a smooth and laminar transition as it flows through the sensor. Probe calibration was also performed
in the field using the same PVC tubing; the correlation between volumetric flow measured at the surface
and that measured downhole with the flowmeter was accurate and linear across the range of pumping rates

used for this study.

Before pumping each well, measurements were made to confirm the state of ambient flow. Within the
resolution specifications of the EM probe, no evidence of ambient flow was found at the test site.
Flowmeter measurements during pumping were made every 15.24 cm (6 in). For brevity, these intervals are
heretofore referred to simply as being 15 cm long. Pumping was performed using a centrifugal pump at
volumetric flow rates ranging between 4 to 19 L/min. The testing strategy involved selecting a pumping rate
sufficient to produce measureable flow above the detection limit of the tool, while also minimizing
drawdown in the well to preserve a saturated upper section of the aquifer and retain a longer interval
accessible to flowmeter measurements. Flow measurements were obtained once steady-state conditions
were approached. Pumping rate and hydraulic head were continuously monitored to ensure stable conditions
throughout the entire flowmeter operation. Also, pumping rates and, consequently, borehole fluid velocities
were slow enough to avoid turbulent conditions. Running flowmeter tests in a 10-m long screen at 15-cm

intervals took approximately 4 hours.
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2.5 Multilevel slug tests

When a slug test is conducted between packers that isolate (or straddle) a particular screened interval of a
well, it is usually referred to as a multilevel slug test (e.g., Sellwood ef al., 2005; Zemansky and McElwee,
2005; Ross and McElwee, 2007). For this study, inflatable packers were fabricated over 25.4-mm ID PVC
tubing, and threads on the tubing allowed the use of variable screen lengths between packers. An air line
connected to an air compressor at the surface was attached to the packers to inflate them to the desired
pressure. The dual-packer assembly was also connected by a 25.4-mm ID PVC riser pipe to the surface,
within which water levels were monitored during the slug test. A rigid tape was attached near the top to

accurately locate the depth of the straddled interval.

Slug tests were performed using a pneumatic method to induce an initial lowering of the water level (Levy
and Pannell, 1991). For this purpose, a wellhead assembly was attached to the top of the riser pipe. This
device contained an airtight adapter that allowed a transducer cable to pass and a ball valve to rapidly
release pressure. An air compressor was also connected to the wellhead assembly to increase air pressure in
the riser. A precision digital air-pressure gauge was used to accurately set the desired initial hydraulic head

change for the slug test and to verify air pressure stabilization before initiating the slug test.

Multilevel slug tests were conducted at 15-cm intervals located at elevations coincident with the intervals
tested by the EM flowmeter. Varying and successive head changes were imposed at some intervals for
quality control and to verify data repeatability (Butler ef al., 1996). Because tested wells were extensively
developed, intervals were randomly selected for quality control. Slug tests performed in a 10-m long screen
at 15-cm intervals took approximately 40 hours. A total of 227 K estimates were obtained from multilevel

slug tests.

The K values were estimated from slug tests using the interpretation method of Bouwer and Rice (1976), a
method applicable to data collected in partially or completely penetrating wells under either unconfined or
confined conditions. The ratio of the screen length to the screen radius used in this study is within the range
of geometric conditions allowed by the method. This Bouwer and Rice (1976) straight-line method is also
valid within the recommended head change range (0.20 to 0.30 m) proposed by Butler (1996) to produce

reasonable estimates of K for varying values of aquifer storage.
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3 Results and discussion

3.1 Potential impact of skin effects

To assess the potential impact of skin effects on estimates of X, interference slug tests were performed
between fully screened direct-push wells (Figure 1.1b) and between isolated intervals. Figure 1.S3 illustrates
an example of the curve-fitting exercise used to estimate aquifer and skin hydraulic parameters. Initially,
aquifer hydraulic properties were adjusted based on the observation well response (both aquifer and skin
hydraulic parameters being the same). Proper matching of the injection well response then defines the K
skin parameters. In this example, S; values used for aquifer and skin were the same. Observation well
response is less sensitive than that of the injection well to skin properties, although both well responses are
sensitive to aquifer properties. This distinction improved our ability to match both the aquifer and the skin

hydraulic properties.

Table 1.1 provides results of adjusted aquifer and skin hydraulic properties applying the solution of Hyder et
al. (1994) for different pairs of wells or intervals. For all the tested wells and intervals, the skin is
systematically slightly more permeable than the aquifer, and the aquifer-skin X ratio ranges from 0.36 to
0.86. For the interference tests between intervals, a good match between theoretical and observed curves is
achieved if S, is assumed to be constant. However, this assumption yields less satisfactory results for
interference tests conducted on fully screened wells and S, aquifer values were increased from initial
estimates. This discrepancy may be explained by the fact that no packer was used in the observation wells.
Although the diameter of the wells is small (2.54 cm), wellbore storage might have affected the response in
the observation well. Physically, wellbore storage in the observation well will create a delay and a reduction
in the amplitude of the hydraulic response that may be interpreted as a high S; value for the aquifer.

Nevertheless, a small increase in K around wells may be observed from both kinds of interference tests.

These results are consistent with those of Ngan-Tillard et al. (2005) who applied high spatial resolution X-
Ray computed tomography scans to visualise the local deformation patterns caused by cone penetration in
calibration chamber filled in with fine grained sand. Tomography results showed that a dilating zone having
the shape of a sphere was formed ahead of the cone tip before being penetrated by the cone. Friction along
the cone shaft did not generate visible density changes. The final dilating zone consisted of several coaxial

cylinders of different density, all having a rounded tip. The dilated zone in direct contact with the cone has
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an external diameter of up to 2.6 times the cone diameter. It corresponds to an average increase in porosity
of 4.4%. Within this zone, a thin zone characterised by a very high dilation can be discerned. Its increase in
porosity is 7.2%. Around these zones, a zone affected by a light dilation (2.3% porosity change) is found

and its boundaries are approximately 5 times the cone diameter.

If K is assumed to be related to sand porosity, then an increase in porosity of 5% for fine sand may result in
a K increase of approximately 15 to 50% [refer to Figure I.8 of Koltermann and Gorelick (1995) for fine
sand mixed with clay or silt at 0% of weight fraction of fines]. That porosity change cotresponds roughly to
the average porosity increase observed by Ngan-Tillard et al. (2005) for the dilated zone. For example, for a
K value of 7x10® m/s for natural aquifer material, the anticipated high-K skin created around the screen
with a direct-push well could range from 8x10 to 1x10”° m/s. Consequently, this change in K around the
direct-push well is small compared to the K of the gravel pack (in the range of 1x 10? m/s to 110 m/s) that
is generally used with conventional wells (Driscoll, 1986). Whether this increase is the result of dilating
material during direct-push well installation or well development operations cannot be resolved.
Nevertheless, the, impact of skin effects on K measurements in direct-push well is expected to be small.
Ngan-Tillard et al. (2005) also shown that increasing sand density results in a significant increase in the
extent of the dilation zone and the change in porosity that occurs around the cone. Then both the extent and

magnitude of the high-X skin around a pushed tubing can be expected to change following sediment density.
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Table 1.1 Hydraulic properties of aquifer and skin estimated from interference slug tests performed on wells and isolated
intervals (wells shown on Figure L.1b). Screen length for well P17 is 10.61 m and is 7.62 m for all other wells. Interval lengths
for injection and observation wells are 61 cm and 30 cm, respectively. When present, number following well name refers to
the depth of the top of the screen interval.

Aquifer Skin ]
Injection Observation l;(aa/tll:
Well Well K, S, K, S5, s
(m/s) (/m) (m/s) (/m) O]
Interval

P21:3.97 P17:4.43 6.38x10°  2.03x10°  L.11x10°  2.03x107° 0.57
P21:4.58 P17:4.43 3.92x10°  221x10°  9.41x10°  221x10° 0.83
P21:5.80 P17:5.95 8.35x10°%  1.79x10°  1.10x10°  1.79x10° 0.76
P21:6.41 P17:6.71 8.74x10°  1.83x10°  240x10°  1.83x10° 0.36
P21:7.02 P17:7.47 9.58x10°  2.50x10°  1.74x10°  2.50x10° 0.55

P21:7.63 P17:7.47 5.03x10® 1.21x107 1.20x107 1.21x10° 0.42

Average 7.00<10°  1.93x10°  1.42x10°  1.93x10° 0.58
Full Screen
P21 P17 777x10° 275107 1.17x10°  6.21x10° 0.66
P21 P18 6.76x10°  3.85x<10°  1.07x10°  1.10x10° 0.63
P21 P19 7.42x10°  3.08x10°  1.07x10°  1.10x10° 0.69
P21 P20 6.46x10°  3.78x10°  1.80x10°  6.21x10° 0.36
Average 7.10x10°  3.37x10°  1.28x10°  8.61x10° 0.59
P18 P17 9.76x10°  3.53x10°  1.14x10°  1.80x107° 0.86
P18 P18 9.76x10°  2.33x10°  1.14x10°  1.01x10° 0.86
P18 P19 9.76x10°  3.19x10°  1.14x10°  1.01x10° 0.86
P18 P21 9.02x10°  4.82x10°  1.14x10°  1.60x10° 0.79
Average 9.58x10°  3.47x10°  1.14x10°  1.36x10° 0.84
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To further assess the impact of the high-K skin on K aquifer estimates, results obtained from various
analytical methods applied to the response of a single well are compared to those obtained when an
observation well is available to estimate skin hydraulic properties. Table 1.S1 and Figure 1.S4 display values
of K estimated from conventional slug-test interpretation methods (Hvorslev, 1951; Bouwer and Rice, 1976)
as well as the method of Hyder et al. (1994) without and with skin taken into account. Neglecting high-K
skin results in an average overestimation of aquifer K of approximately 1.5 to 1.8. This overestimate is in
general agreement with the work of Hyder et al. (1994) and indicates that, for an aquifer/skin ratio of 0.15 to
0.5 (a K increase of 15 to 50%), the resulting K obtained by a slug test with the Hvorslev (1951) method will
be slightly overestimated [see Figure 1.7a of Hyder et al. (1994) for a skin radius twice the radius of the
well]. Interestingly, these authors also report that, for an aquifer/skin ratio of 5 (instead of 0.5), the resulting
K estimate without an observation well would be roughly 10 times less (instead of slightly >1). Thus, the
formation of a high-X skin around a well has less impact on the estimate of K than a low-K skin having a

similar magnitude of aquifer/skin K ratio.

3.2 Estimation of average K from flowmeter data analysis

To estimate a K profile along a well, flowmeter data analysis requires a value of the average K (or total
transmissivity) over the entire well. This value is usually obtained from an independent hydraulic test, such
as a slug test or a single well pumping test (drawdown or recovery interpretation). However, it is also
possible to obtain the average K value of the well concurrently with flowmeter operations, as the general
procedure for flowmeter measurements requires steady-state (or quasi steady-state) conditions to be
established prior to obtaining flow data. During initial transient conditions, pumping rate and drawdown
records can be used to estimate the average K of the well, instead of relying on an independent hydraulic
test. Moreover, the availability of individual and average K values estimated at the same time and under the
same conditions is more likely to provide a representative K profile from flowmeter measurements than the
use of an independent test performed under different conditions (e.g., variations in the total saturated

thickness of the aquifer).

Young (1998) suggested the Cooper-Jacob straight-line (CJSL) method (Kruseman and de Ridder, 1990) be
used to estimate the average K for proper analysis of flowmeter data. However, in a heterogeneous aquifer
having low-to-moderate X, it may be difficult to estimate this property from short-duration pumping tests.
To illustrate this point, Figure 1.S5a presents the drawdown and temperature measured during a flowmeter

test in well P18. Well P18 is located close to well P17 (Figure 1.1b) and was used only to estimate average
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K from flowmeter data. Flowmeter results from well P18 were not included in the comparative analysis with
slug test data due to their similarity with those from adjacent well P17. Matching the Theis solution to early
drawdown measurements suggests the presence of leakage because observed late drawdowns are lower than
those predicted by the Theis solution and the value of S; required to yield a reasonable match is greater than
0.7. This response indicates that more water is reaching the well cone of influence than is predicted for a
confined aquifer. A generally improved match to observed drawdowns is obtained with the Moench (1985)
solution for leakage from an aquifer top. Hydraulic conductivity estimated by this method for well P18 is
1.3x10”° m/s (see Table 1.2), a magnitude consistent with K values averaging from 9.58x10° to 1.14x10°
m/s determined by interference tests (see Table 1.1). Similar indications of leakage are observed for all the
wells tested throughout the study area (not shown). As no stream is within a radius of less than 100 m from

any tested well, leakage originating from this source cannot explain the observed behaviour.

Table 1.2 Aquifer parameters derived from the interpretation of drawdown data measured in well P18 (Figure 1.S5) during
pumping related to flowmeter tests. Results are interpreted using the solutions of Moench (1985), Theis, and Cooper-Jacob
(Kruseman and de Ridder, 1990), where 7 is transmissivity, K is hydraulic conductivity, S, is specific storage, and
parameters B’ and b’ are related to leakage properties and follow the definition of Hantush (1960).

Type C T K S /B’ B’/r
e Curve
(m/s)  (m/s) e ") (m)
Moench (1985) (Lea
() Seaisd 9.8x10°  1.3x10° 83x10* 0.0086  0.23
Case 1-Top
Theis (Confined) s .
53x10°  7.0x10° 0.74 - -
Early Data Fit
Theis (Confined)
Same parameters as 9.8x10°  1.3x10° 83x10* - -
Moench

Cooper-Jacob straight line

4 5 .5
(CISL) 1.5x10 2.1x10 3.5x10 - -

Temperatures of pumped water recorded as a function of time during flowmeter testing (Figure 1.S5a) and
the static temperature profile measured before pumping (Figure 1.S5b) further support the occurrence of
aquifer leakage. Pumped water temperature measured at well P18 during the flowmeter test increased from

9.4 to 10.6 °C (Figure 1.S5a). This rise is consistent with leakage from the aquifer top because the
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temperature profile measured several days before pumping showed that the top of the aquifer was warmer
(approaching 15 °C) than at the depth where drawdown and temperature were directly measured (Figure
L.S5b). This suggests that leakage originating from the warm sand at the aquifer top gradually infiltrated
through the underlying silt layer, thus leading to the observed temperature increase at the logger position.
Temperature data indicate that steady-state conditions that balance flow from the aquifer with leakage from

the top are eventually reached at the end of the test.

In the case of a heterogeneous aquifer, such as the one being considered in this study, choosing the correct
analytical model is critical to the estimation of average K. For the example above, the application of the
CISL method would result in an overestimation of K (2.1x10” instead of 1.3x10” m/s, see Table 1.2).
Applying an average K based on an incorrect analytical and conceptual model can result in the correct
relative vertical distribution of X but the incorrect magnitude of K (Hanson and Nishikawa, 1996). Aquifer
conditions should thus be established to ensure the selection of an appropriate well-test solution. In addition,
monitoring the temporal change in water temperature during pumping may provide an effective diagnostic

indicator of leaky conditions in shallow heterogeneous aquifers.

A possible cause for concern in this analysis is the validity of the assumption of quasi-horizontal flow when
using the interpretation method of Molz et al. (1989) with leaky conditions. As discussed by Molz and
Melville (1996), the assumption of strictly horizontal flow applies only in the immediate vicinity of the
well, not throughout the aquifer. Aquifer leakage, which is assumed by Moench (1985) to occur mainly in
the vertical direction, does not disturb the predominantly horizontal flow in evidence throughout the tested

aquifer even though it does affect the rate and distribution of drawdown.

3.3 Comparison of flowmeter and slug-test data

To demonstrate the usefulness of the EM flowmeter for characterizing K variability in unconsolidated
aquifers, high-resolution profiles of K obtained from EM flowmeter tests were compared with
corresponding profiles determined from multilevel slug tests. Five wells were selected for this purpose and a
total of 123 intervals having a constant vertical resolution of 15 cm were tested by both methods (Table 1.3).
Wells were selected such that tested intervals represented a wide distribution of K. For the flowmeter
method, the tested interval corresponded to the distance between two successive vertical displacements of
the probe; for the multilevel slug method, the tested interval was the inner distance between the ends of the

two packers inflated against the screen. To avoid a systematic bias in the comparison of discrete K values
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derived from each method separately (next section), the average K value used in the analysis was the one

determined from slug tests.

Table 1.3 Well descriptions and average aquifer parameters used for comparison of flowmeter and multilevel slug tests.

Data Set: 15- cm Intervals with Multilevel

K Measurements from Both

Methods Slug Tests

Number Total T K
Well of Length )

Intervals (m) (msec) (m/sec)
P01 28 4.42 2.5x10*  5.7x107
P03 41 6.55 3.6x10*  5.5x10°
P10 16 2.59 2.2x10°  8.4x10°
P16 12 1.98 6.8x10° 3.4x107
P17 22 427 3.3x10°  7.7x10°¢

Descriptive statistics of the logarithm of X (log K) measured by multilevel slug tests and by EM flowmeter
tests are presented in Table 1.4. The table lists data obtained from all intervals tested over the study area and
estimated by both methods, as well as the overlapping intervals used for direct comparison of results. For
the log K distribution that includes all data, the range of log K values obtained from slug tests is wider than
that from the flowmeter tests. The maximum values in the range are approximately the same for both
methods, whereas the minimum value is higher for flowmeter tests. This lower limit for the flowmeter is
restricted by the resolution of the tool used for this study under the pumping rates employed; it corresponds
to a minimum detectable value for K of approximately 1.6x10°® m/s for a 15-cm measurement interval.
Multilevel slug tests are not constrained by such a limitation. However, slug test duration (corresponding to
drawdown recovery) with the configuration used in this study could persist for over 20 min when K values
were as low as 1.6x10™ m/s. A flowmeter interpretation scheme is proposed later to provide representative
K values for low permeability intervals that vertically span numerous 15-cm flowmeter measurements. For
the data subset used for comparison of methods, the mean values of log K for both techniques are slightly
different (Table 1.4), even though the average K value for the entire well (derived from multilevel slug tests)

was used to determine interval K values from flowmeter data analysis. The difference in the mean is related
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to the occurrence of null measurements (below detection limit) for the flowmeter, which were not used in

the comparison.

Figure L.3a shows the differences between log K values derived from the multilevel slug tests and the EM
flowmeter tests against their mean. According to Bland and Altman (1999), this type of graph is an effective
way of displaying data when: (1) the range of variation in the measurements is large in comparison with the
differences between the methods, and (2) there is an increase in variability of the differences as the
magnitude of the values increases. Since slug test and flowmeter measurements are both subject to
uncertainty, the mean K values computed from the two methods are used as a best estimate. Figure I.3a and

Table 1.4 are used to assess the “equivalent” nature of slug tests and flowmeter measurements.

For 123 intervals tested in five wells, the mean difference in log K is 0.0077 with 95% limits of agreement
between 0.44 and -0.43 as shown in Figure I.3a. Thus flowmeter and slug estimates of K are similar on
average despite computing an average K that includes the sections with null measurements. The differences
between log K values obtained from flowmeter and slug tests also form a normal distribution, as revealed by
a kurtosis-skewness distance probability equal to 0.58 (Table 1.4). The systematic error can also be
determined by the rank correlation between the absolute differences and the average in Figure 1.4a. The

Spearman rank correlation coefficient is 0.14, meaning that the error is statistically random.

Figure 1.4a further illustrates the similarity between flowmeter and slug test methods (coefficient of
determination R* = 0.78). Consequently, due to the high correlation between both methods and the
reasonably large sample size, the confidence intervals for the limits of agreement are narrow. For example,
by converting the difference between log K on the vertical axis of Figure 1.3a to a percentage of their
average (Bland and Altman, 1999), the 95% limits of agreement become 9.6 and -9.4% (with a mean of
0.17%).

Finally, to further demonstrate the relation between flowmeter and slug test measurements, the profiles of K
obtained by both methods at well P03 are compared in Figure 1.3b. These data depict similar trends, though
flowmeter measurements generally oscillate around the slug test values and display a greater variability.
This behaviour may simply be a manifestation of the probe design and calibration specifications. Because

vertical measurement intervals are so thin (15 cm), the individual flow rates determined for each of these are
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generally small compared to the broad resolution range of the probe. For example, individual flow rates
measured for this study fell between 0.05 to 0.73 L/min (with an average of 0.31 L/min), whereas the
accuracy of the flowmeter is 0.02 L/min. Larger tested intervals would presumably produce a smoother

profile.

Table 1.4 Descriptive statistics of log K (m/s) data derived from multilevel slug tests and borehole flowmeter measurements.
Statistics are derived from all tested intervals in the study area as well as from common intervals tested by both methods.
Also shown are statistics related to the differences in log K between slug tests and borehole flowmeter measurements. The K
values from flowmeter and slug tests were estimated following Molz et al. (1989) and Bouwer and Rice (1976), respectively.

Kurtosis-

Number skewness

Method . Mean SD Range Max Min Skewn. Kurt. distance
of tests

(K-S Prob.)’

All data used for aquifer characterization

Slug Test 227 475  0.54 209 392 -6.02 -0.62 -0.63 0.11(<0.001)

Flowmeter 141 -4.67 042 195 379 579 -0.70 -0.18 0.10(<0.001)

Subset used for comparison

Slug Test 123 -4.58 043 1.80 -393 -573 -0.72 -0.41 0.13(<0.001)

Flowmeter 123° -4.59 046 195 379 -574 -0.67 -0.23 0.102(0.003)

Ditference (Slug - Flowmeter)

Difterence 123 0.0077 0.22 1.39 0.71 -0.67 -0.0018 0.58 0.058(0.38)

a: comparison intervals for the flowmeter include 7 null values not considered in the statistical analyses.
b: K-S prob is for kurtosis-skewness probability.

SD: Standard-deviation

Skewn.: Skewness

Kurt.: Kurtosis
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deviation). (b) log K profile at well P03.
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Figure 1.4 Comparison of K data obtained from multilevel slug tests and flowmeter tests: (a) at 15-cm vertical intervals and
(b) for selected intervals corresponding to specific hydrofacies (see Figure 1.5).

3.4 Hydrofacies definition from a cumulative flow curve

Our results demonstrate that the flowmeter can effectively measure K at a vertical resolution as small as 15
cm. However, this degree of resolution may not always be viable or even necessary, especially when a
hydraulic-testing program encompasses broader objectives such as the integration of field data into a
regional numerical model. In addition, the spatial correlation among high-resolution K data may be difficult
to establish when well density over the study area is low. Under such conditions, it would be beneficial to
identify and distinguish larger vertical intervals having relatively homogeneous X (corresponding to
hydrofacies) before interpolation or zonation between wells is attempted to define the hydrostratigraphy.
From this perspective, the following method is proposed to distinguish individual hydrofacies using

borehole flowmeter measurements (Figures 1.5a to 1.5d):
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e Convert the cumulative flow values directly measured with the flowmeter into a curve of cumulative flow
percentage. This is done by normalizing flow values by the sum of all values over the screen length

independently for each well;

» Define hydrofacies from marked breaks in the slope of the cumulative percentage flow curve. This is done
graphically and each line between breaks corresponds to an individual hydrofacies unit. Because changes
in flow rate slope are related to variations in X, a break in the slope corresponds to a change in hydrofacies

identified by its distinct K;

e Calculate the particular K for each hydrofacies from the difference in flow percentage at each break
following the method of Molz et al. (1989). Care must be taken to use the appropriate average K, and the
same method should be used for all wells. This ensures a uniform scaling of X values and avoids

misinterpretation when comparing wells.

An example of this graphical technique is illustrated in Figure 1.5a, where straight lines are drawn between
each break in the cumulative flow curve. For the profile shown, five hydrofacies are delineated and
numbered. The slope of the straight line associated with each hydrofacies unit is related to K, and an average
K value is calculated from the difference in flow values at each break. The resulting hydrofacies and their K
values are presented in Figure I.5b. In Figures 1.5¢ and 1.5d, this method is applied once again to well P17,
but using a vertical resolution of 60.96 cm (24 inches) instead of 15 cm. In this lower-resolution profile,

contrasts in K are less pronounced and the aquifer is reduced to three hydrofacies.

Hence, it is important to acquire borehole flowmeter measurements at a high enough vertical resolution to
delineate individual hydrofacies units. However, this approach requires a compromise between the scale of
the heterogeneity and the flow detection limit of the probe. If the vertical intervals defined in the testing
program are too large, the spatial variability in K will not be adequately represented. For instance, for the
range of K observed across the study area, a resolution of 15 cm proved to be an efficient choice. For more
homogeneous aquifers (i.e., fewer breaks in the cumulative percentage flow curve of Figure 1.5), larger
intervals may be satisfactory and could be used to reduce the testing time. For less permeable aquifers, a

testing program with larger intervals could be implemented to avoid too many measurements below the
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detection limit of the flowmeter. Operationally, it takes much less time (by a factor of roughly 5 to 8) with
the flowmeter method to perform the same measurements as with the multilevel slug test method in

sediments having a low-to- moderate range of X as encountered at this study site.
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Figure 1.5 Application of the cumulative flow-curve interpretation method. The figure shows calculated K (grey blocks) and
cumulative transmissivity profiles (equivalent to cumulative flow, red line) using two vertical resolutions of flowmeter
measurements at well P17: (a) K estimates for intervals at a vertical resolution of 15 cm (b) K estimates for intervals
corresponding to hydrofacies units based on intervals with a steady slope of the cumulative flow curve shown in (a); (¢) K
estimates for intervals at a vertical resolution of 61 cm; (d) K estimates for intervals corresponding to hydrofacies units based
on intervals with a steady slope of the cumulative flow curve shown in (c). Black dashed lines are the constant-slope sections
of the cumulative flow curves over intervals for which K values are estimated.

As an alternative to calculating K for each hydrofacies, the average of individual 15-cm measurements can
be used. However, using the cumulative curve to estimate hydrofacies K is particularly useful when null K
values are obtained due to the flowmeter sensitivity range. Null values are averaged into the cumulative
curve and can thus provide a representative K value for low-permeability hydrofacies as long as thicknesses

span a few measurement intervals. This approach of using entire hydrofacies intervals to estimate K yields
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more representative values than those based on individual 15-cm intervals; these latter estimates will
overestimate K because low K values (non detected flow) cannot be determined and are thus not used in
computing the average. However, when there are no null values, using the average of the individual
intervals or using entire hydrofacies intervals should be roughly equivalent because the average error
between K values estimated from flowmeter and slug tests is randomly distributed as shown on Figure I.3a.
As expected, using the difference in flow to calculate K for each hydrofacies provides a more smoothed
estimate of X than that derived for each individual tested intervals. This is illustrated in Figures 1.4a and
1.4b, where flowmeter results are compared to those obtained from slug tests between packers; R for K
values associated with hydrofacies is 0.91 whereas R* determined from 15-cm intervals is 0.78. For
hydrologic studies concerned with general flow behavior, average values obtained for each hydrofacies may
be sufficient to understand the groundwater system; for studies examining transport, the variation of K

within each hydrofacies as provided by the individual estimates may be more relevant.

4 Conclusions

The objective of this study was to develop a practical and verifiable approach for the application of the
borehole flowmeter in the hydrogeologic characterization of heterogeneous unconsolidated aquifers.

Important conclusions and observations resulting from this effort include the following:

¢ To be useful, K measurements derived from the borehole flowmeter or multilevel slug tests must initially
rely on proper well installation and extensive well development. In unconsolidated aquifers, wells installed
by the direct-push technique should be favored over conventional methods (i.e., hollow-stem auger, mud-
rotary) that use backfilled material (natural or gravel-pack). The direct-push method minimizes disturbance
to the aquifer fabric and is more suitable for hydrogeologic studies that employ downhole measurements.
However, care should be taken in installing direct-push wells to ensure a firm contact between the
sediments and the screen. For example, in this study the distance between the outer casing radius and the
outer casing screen was designed to be as thin as possible. Moreover, this kind of installation may be more
appropriate in non-cohesive soils (e.g. gravel, sand) than in cohesive soils, where the hole created to
accommodate the well may not collapse. As a consequence, voids may remain around the screen that will
create a water reservoir around the screen that will favored hydraulic short circuits between tested

intervals.
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e The borehole flowmeter is a practical tool for quantifying the spatial variability of X in unconsolidated
sediments. Values of K measured with a borehole flowmeter are found to be equivalent to those obtained
from multilevel slug tests. This equivalence remains as long as flow velocity is above the flowmeter
detection limit. Sufficiently fast velocities can be obtained if the material is relatively permeable (> 10°
m/s as in this study) or by increasing the well diameter in lower permeability material. Furthermore, this
method is more time and cost efficient compared to slug tests performed at the same vertical resolution,

provided the detection limit of the probe is not exceeded.

A proposed graphical-interpretation method is introduced that is based on the cumulative transmissivity
curve constructed from flowmeter data. This technique is useful in distinguishing among individual
hydrofacies and delineating the units at scales (1) that are computationally manageable for regional aquifer
modeling and (2) that effectively represent the relative K contrasts of heterogeneous unconsolidated
aquifers. However, to avoid the loss of hydrogeologic spatial details, borehole flowmeter measurements
should be carried out at a relatively high sampling resolution (near 15 cm for this study). The choice of
vertical resolution should be based on a balance between the detection limit of the borehole flowmeter and

anticipated degree of aquifer heterogeneity.

The testing strategy of obtaining borehole flowmeter measurements in direct-push wells provides a reliable
and cost-effective means of delineating hydrofacies in unconsolidated heterogeneous aquifers. Moreover,
the results of this study extend the range of applicability of the flowmeter, conventionally restricted to

fractured-rock and sand-and-gravel aquifers, to aquifers having low-to-medium X.
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Figure L.S1 Direct-push well installation without gravel-pack. (a) Three-step installation procedure: metal casing hammered
into the ground; PVC tubing slotted over saturated zone inserted inside the metal casing before its withdrawal; protection
tubing placed around the sealed top of blank PVC tubing. (b) Casing and tubing dimensions showing the approximately 8-
mm-wide annular space between the PVC tubing and borehole wall to be filled by sediments.
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Figure 1.S2 Hydraulic response to well development following different pumping-surging configurations. (a) Normalized
drawdown as a function of time for slug tests performed at observation well P6 following different pumping-surging
configurations. (b) Apparent hydraulic conductivity evolution for selected discrete intervals within observation well P16.
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Figure L.S3 (a) Observed drawdown during interference slug test at injection well P21 and (b) expanded view of late-time
drawdown at well P21 and observation well P17. Symbols refer to measurements and lines to adjustments to the solution of
Hyder et al. (1994). Derivative curves (not shown) were also used to improve curve fitting.
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Figure 1.84 Hydraulic conductivity derived from slug tests using four analytical solutions.
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Figure L.S5 a) Drawdown and groundwater temperature measured during a flowmeter test in well P18. Early-time
drawdown data are matched to the Theis solution for confined aquifers and the entire data record is matched to the solution
of Moench (1995) that considers leakage from the aquifer top. For comparison, the Theis solution is also shown using the
hydraulic parameters determined from the Moench solution (Table 1.2). b) CPT-derived hydrostratigraphy, borehole fluid
temperature profile, and well installation for well P18 (see Figure I.1b for location).
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Table 1.S1 Hydraulic conductivity values derived from slug tests using four different analytical solutions. Hydraulic
conductivities estimated for each interval from Hyder ef al. (1994) with skin are reported directly from Table L1. K values
for full screen are averages for each injection-observation combination presented in Table 1.1. When present, number
following well name refers to the depth of the top of the screen interval.

Hydraulic Conductivity (m/s)

Well
Hyder et
oF :::l“;iii Hvorslev  al. (1994) 2%;;;;
Interval (1976) (1951) w'stli‘i‘l’l“t with skin

Interval

P21:3.97  820x10°  1.08x10°  1.03x10°  6.38x10°
P21:458  6.54x10°  7.95x10°  7.83x10°  6.82x10°
P21:5.80  8.72x10°  1.04x10°  9.58x10°  9.58x10°
P21:6.41 1.92x10°  226x10°  2.09x10°  1.10x10°
P21:7.02  1.51x10°  1.77x10°  1.66x10°  7.97x10°

P21:7.63 9.62x10® 1.11x10° 1.01x10°  5.03x10°

Full Screen

P18 9.64x10°¢ 1.17x10° 1.12x10°  9.58x10°

P21 8.44x10° 1.15x10° 1.02x10°  7.10x10°®
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ARTICLE I1

SINGLE-WELL INTERFERENCE SLUG TESTS TO ASSESS THE
VERTICAL HYDRAULIC CONDUCTIVITY OF
UNCONSOLIDATED AQUIFERS
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Résumé

La connaissance de la conductivité hydraulique et de son anisotropie pour les matériaux composant les
aquiféres est essentielle pour une bonne compréhension de 1’écoulement de 1’eau souterraine et du
transport de contaminants. Plusieurs méthodes in situ existent pour déterminer la composante horizontale
de la conductivité hydraulique (Kj), mais la conductivité hydraulique verticale (K,) est cependant
rarement mesurée faute de méthodes appropriées. Cet article propose des tests d’interférence verticaux
par choc hydraulique, une adaptation des tests d’interférence entre puits pour un seul puits, pour la
mesure in situ de K,. Chacun des tests est réalisé entre un intervalle d’injection et d’observation isolés
verticalement le long d’un puits par trois obturateurs. Un choc hydraulique est d’abord produit dans
I’intervalle d’injection et les rabattements induits dans les intervalles d’injection et d’observation sont
ensuite enregistrés. Pour une démonstration du concept, 12 tests d’interférence verticaux ont été réalisés
séquentiellement le long d’un puits entiérement crépiné aménagé dans un aquifére modérément
hétérogene et trés anisotrope composé de silt et de sable littoraux. Le puits utilisé a été aménagé par
enfoncement de fagon a ce que les sédiments en place recouvrent la zone crépinée et en évitant ainsi
’utilisation de sable filtrant. Les puits aménagés par enfoncement permettent donc la mesure directe des
propriétés des sédiments en place avec un minimum d’interférence avec les éléments de construction du
puits. Les rabattements mesurés dans les intervalles d’injection et d’observation des tests ont été analysés
par modélisation numérique inverse pour reconstruire les profils hétérogénes de K, K, et
d’emmagasinement spécifique. Les résultats ont été vérifiés en comparant les rabattements mesurés avec
ceux prédits par la modélisation ainsi qu’avec des mesures in situ et de laboratoire de K, et K,. Les
résultats indiquent que le profil de K, obtenu par tests d’interférence verticaux est similaire au profil
obtenu de mesures en laboratoire a I’aide d’un perméamétre sur des échantillons de sédiments pris dans
les mémes intervalles que les tests d’interférence. Ceci démontre donc que les tests d’interférence
verticaux par choc hydraulique sont efficaces pour la mesure in situ de K, a I’échelle du puits.
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Abstract

Meaningful understanding of flow and solute transport in general requires the knowledge of hydraulic
conductivity and its anisotropy. Various field methods allow the measurement of the horizontal
component (Kj), but vertical hydraulic conductivity (K,) is rarely measured, for lack of practical field
tests. This paper proposes vertical interference slug tests, an adaptation of inter-well interference slug
tests to a single well, for the efficient field measurement of K,. The test is carried out in a single well
between a stress and an observation interval that are vertically isolated with a three-packer assembly. An
instantaneous pressure pulse is induced in the stress interval and resulting drawdowns are recorded in
both the stress and the observation intervals. In a proof-of-concept field study, 12 vertical interference
tests were carried out sequentially along a fully-screened well across a moderately heterogeneous and
highly anisotropic aquifer made up of littoral siits and sands. A direct-push method was used to install the
well, which was completed without sand-pack to allow the natural collapse of sediments in the thin
annular space around the screen. Direct-push wells allow the measurement of in situ hydraulic properties
of sediments and minimize well construction interferences with hydraulic tests. Drawdowns measured in
stress and observation intervals of multiple tests were simultaneously inverted numerically to reconstruct
heterogeneous profiles of K, hydraulic conductivity anisotropy (K,/K}), and specific storage (S;). Results
were validated by comparison of observed versus predicted drawdowns and with field and laboratory
measurements of K, and K, made along the tested well. Results indicate that the profile of K, values
obtained with vertical interference slug tests follows a similar pattern with depth than the profile with lab
measurements made with a permeameter on soil samples collected in the same intervals as the
interference tests, which demonstrates that vertical interference slug tests could provide an efficient
method for the field measurement of well-scale K, values.

Keywords: Vertical hydraulic conductivity, Interference slug test, Heterogeneity, Anisotropy, Inverse
modeling, Direct-push well
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1 Introduction

Vertical hydraulic conductivity, K,, values are commonly obtained from laboratory permeameters on
vertical soil samples collected in the field (Wenzel, 1942). Permeameter tests can be carried out either on
the original sample, if relatively undisturbed, or on a repacked sample. The difficulties in the
experimental procedure related to soil sample collection and manipulation for certain geological units
might, however, limit the capability to obtain estimations of hydraulic parameters from laboratory
measurements (Stienstra and van Deen, 1994). Field tests involving undisturbed volumes of investigation
would thus provide a more suitable basis for the estimation of both K}, and K,, even though under suitable

conditions permeameter tests can represent a reliable method to estimate K.

Permeameter tests may also be time consuming when many measurements are needed (Klute and
Dirksen, 1986). Permeameter tests are thus mostly restricted to a small number of samples and seldom
used extensively as part of routine hydrogeological characterizations; its application being mostly
restricted to scientific demonstrations (Johnson ez al. 2005; Sudicky ef al., 2010). Furthermore, in the

case of permeameter tests, they only provide K, estimates for the shallow unsaturated parts of aquifer that
are accessible at soil surface. Thus, there is a need for an efficient K, measurement method that can apply

in observation wells that reach deeper units.

The restriction imposed by soil sample collection and manipulation for laboratory measurements often
requires the use of field tests, instead, to estimate hydraulic parameters. Kabala (1993) proposed the
dipole-flow test for the direct measurement of both Kj, and K,. In the dipole-flow test, two chambers are
isolated in a well with inflatable packers. During the test, water is pumped at a constant rate from one
chamber to the other, which generates a circulation of water in the aquifer next to the well. Pressure
transducers are installed in the chambers to monitor head changes. Steady state and transient analysis of
the dipole-test have been used to estimate aquifer properties (Kabala, 1993; Xiang and Kabala, 1997,
Zlotnick and Ledder, 1996; Zlotnick and Zurbuchen, 1998; Zlotnick et al., 2001). However, the solution
for both K}, and K, only using head changes is non-unique. To resolve this non-uniqueness, Hvilshoj et al.
(2000) proposed an inverse numerical multilayer model constrained with pressure responses in the dipole
and in adjacent piezometers. Sutton et al. (2000) also proposed to combine a steady-state dipole flow test
with the use of a tracer to measure the travel time of the circulation loop between the two chambers. For
larger scale evaluation of K, Goltz e al. (2008) proposed to extend the dipole-flow test to chambers

isolated into distant wells. Tandem circulation wells tests are carried out with or without tracers.
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Although the dipole test has become a proven method, for most hydrogeological studies the logistics
involved in such a test restricts it from becoming a routinely used characterization method. In the
petroleum industry, vertical pulse interference tests are used to estimate K, (Burns, 1969; Hirasaki, 1974;
Onur et al., 2004; Sheng, 2009). In a vertical pulse interference test, the stress interval and the
observation point must be vertically separated in a single borehole. Inflatable packers can achieve such a
separation. The stress interval is a partially penetrating screen where a constant pumping rate is
maintained for the duration of the test. The transient pressure data at the stress interval and at the
observation point are recorded for the analysis. However, most analytical solutions available for the
analysis of vertical pulse interference tests are based on superposition of point source or line source
solutions (Burns, 1969; Hirasaki, 1974; Sheng, 2009). Point and line source solutions are not valid for
early-test times as the wellbore storage is neglected (Satter et al., 2007). As wellbore storage acts to
negatively influence test results, the pumping time has to be long enough to dissipate the wellbore storage
effects. In shallow aquifers, middle to long-term pumping may be subject to outer boundary conditions,
which may lead to erroneous interpretation of the test (Kruseman and de Ridder, 1990). As used in the
petroleum industry, vertical pulse interference tests are thus not suitable to be used for routine

hydrogeological characterization.

As an effective alternative to existing laboratory and field tests, this paper proposes a field method to
measure K, a hydraulic parameter that is difficult to obtain in practice with existing methods. The
proposed vertical interference slug test is an adaptation to a single well arrangement of the inter-well
interference slug test (Audouin and Bodin, 2007; Belitz and Dripps, 1999; Brauchler et al., 2007;
Brauchler et al., 2010; Liu and Butler, 1995; Novakovski, 1989; Spane, 1996; Spane et al., 1996). The
proposed test involves a conventional slug test carried out between two isolated screened intervals of a
single well using a three-packer assembly. An instantaneous hydraulic pulse is initiated within a stress
interval and pressure responses are measured in both the stress and the observation intervals. Vertical
interference slug tests are deemed effective because they extend the characterization potential of
multilevel slug tests, which measure essentially Kj, to also measure K, and S; using a similar field-testing
effort. Only an observation interval, for instance, has to be added below a conventional multilevel slug

test assembly.
Testing in direct-push wells without sand packs around screens is also proposed to reduce problems

related to well construction on hydraulic responses. Direct-push installations offer advantages over

conventional installations in unconsolidated formations: they reduce disturbance to the formation,
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eliminate drill cuttings and avoid sand packs, sediments being instead in direct contact with the screen.
This installation method also facilitates the installation of wells that are fully screened across the entire
aquifer thickness, thus providing continuous profiles of hydraulic properties or geochemical groundwater

conditions (ASTM, 2010; USEPA, 2005).

Two alternative field-testing and data interpretation approaches are proposed depending on the level of
heterogeneity of the tested aquifer vertical interval: 1) based on assumptions of hydraulic conductivity
anisotropy (K,#K,) but vertical homogeneity of the tested aquifer interval, a curve matching procedure
can be used to estimate K, and K, as well as specific storage (S;) for individual tests; and 2) when
heterogeneous aquifer conditions are considered, the same parameters (K, K, and S;) can be derived from
the sequential testing of multiple intervals along a well and the simultaneous numerical inversion of all

data obtained from these multiple tests.

This paper reports the results of a field-based proof of concept study aiming to assess the capability of
single-well vertical interference slug tests to provide representative measurements of in situ hydraulic
parameters, especially K,, at the well-scale. The paper is organized as follows. In Section 2, a sensitivity
analysis is done with an analytical model to understand the effects of aquifer properties and field test
conditions on vertical interference slug test responses. Insights gained from the sensitivity analysis will
help to design vertical interference slug tests to produce the best dataset. Hydraulic short-circuits and skin
effects around a well that may affect vertical interference slug tests are discussed in Section 3, so we may
identify these effects in the field data and correct it for a more accurate interpretation. Section 4 describes
the methods used and results obtained from a field application of the proposed test in a heterogeneous and
anisotropic unconsolidated aquifer. In order to assess the validity of results, Section 4 compares observed
drawdowns to predicted values obtained from inverse modeling. Validation of results is also based on
comparisons of estimates of Kj and K, obtained from vertical interference slug tests with measurements
of K} obtained from high-resolution multilevel slug tests and laboratory permeameter K, measurements
on soil samples. The potential application of vertical interference slug tests is discussed in Section 5, and

the key findings of this study are summarized in Section 6.
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2 Sensitivity analysis of vertical interference slug tests

To assess the effects of aquifer parameters on the responses of vertical interference slug tests, a sensitivity
analysis was carried out with a semi-analytical model. The sensitivity study aims to assess if these
changes in responses hold the potential to resolve the effects of each individual hydraulic properties, and
thus provide a means to measure these properties based on test data. A sensitivity analysis on key test and

wellbore parameters is also presented to help in the design of vertical interference slug tests.

For the sensitivity analysis, we used the Kansas Geological Survey (KGS) model developed for the
interpretation of cross-well slug tests under both confined and unconfined conditions (Butler, 1995;
Hyder et al., 1994; Liu and Butler, 1995). The phenomenon of interest is the head 4 response, as a
function of radial distance from the well r, elevation z and time t, produced by an instantaneous pressure
disturbance into the screened or open section of a well. The KGS model accounts for Kp, K,/Kj, and S; of
the aquifer, wellbore storage in the stress well, and the presence of a well skin around the stress well. As
illustrated on Figure II.1, the KGS model presumes that the well skin of radius ry extends over the full
thickness of the aquifer. The skin has transmissive and storage properties that may differ from the
formation as a whole. Hydraulic parameters are assumed uniform within both the skin and the aquifer,

although the components of hydraulic conductivity (K, and Kj) may differ.

Equations (1)-(9) of Hyder et al., (1994) describe the flow conditions of the system considered for the
KGS model. The partial differential equation representing the flow of groundwater in response to an
instantaneous change in water level at a well screened in an aquifer is the same for both the skin and the

aquifer and can be written as

azh, 1 0h, K, azhi S, ok,
+——L+ == — M
or* ror |K,|oz2 |K, |or

where h; is the head in zone i [L]; S,; is the specific storage of zone i [1/L]; K,; and K};are the vertical and
horizontal (or radial) components, respectively, of the hydraulic conductivity of zone i [L/T]; ¢ is time [T];

r is radial direction [L]; z is vertical direction (depth) [L] with z=0 at the top of the aquifer and increases

downward [L]; i is the designator, for » <7, , i=1, and for » 27, i=2; and ry is the outer radius of the

skin [L).
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The initial conditions involving equal heads /4, and A, in zones 1 and 2 whose depths z are between 0 and

the total thickness of the aquifer can be written as
hl(r,z,0)=h2(r,z,0)=0 v, <r<oo O0<z<b )
H(0)=H, (3)

where ry is the stress interval radius [L], b is aquifer thickness [L], H is level of water in the well [L], and
H, is the static water column height above the observation interval, equal to the level of water in the well

at =0, [L].

The outer boundary conditions are the following:
hy(o0,z,t)=0 t>0 0<z<bh @)

oh,(r,0,¢) _ oh,(r,b,t)
oz oz

=0 ¥, <r<oo t>0 )

whereas the inner boundary conditions at the stress interval are the following:

l d +L,
L_SLJ h(r,,z.)dz = H{t) >0 (6)
oh, ( ) ¢ z<dg,z>d,+L,  t>0
2mr K Mz_ 2 ,
wirnl or m_cd%t(t) ds>z<ds+Ls (50 (7

where d; is distance from the top of the aquifer to the top of the stress screen [L]; L, is stress interval

length [L]; r. is radius of well casing[L].

In order to ensure continuity of flow between the skin and the formation, auxiliary conditions at the skin-

formation boundary (r=r) must also be met:

114



Wrg.zt)=My(ry,z,t)  0<z<b >0 8)

oh(r., ,z,t
K, 1(5]; ):Khz

oh, (rsk , z,t)
ar

0<z<h t>0 ®

Note that the KGS model assumes that wellbore storage effects can be neglected in the observation
interval. To obtain test data with minimal wellbore storage effects, the observation interval should be
straddled with packers (Sageev, 1986). If need be, wellbore storage in the observation interval could also
be considered using the superposition approach of Novakowski (1989) and Tongpenyai and Raghavan
(1981).

(a) direct-push well (b) sand-packed well (c) nested well
Hre Hrc
v
E .
Aquitard
A Fy FY ! I
H
o ? E do He
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[ sand-pack
Il seal
i packer
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h i s, 4
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Figure I1.1 Well arrangement and definition of parameters for a vertical interference slug test in a hypothetical confined
aquifer: (a) between two intervals isolated using a three-packer assembly in a direct-push well fully screened across the
aquifer (as used in the field study reported in this paper); (b) the same configuration as (a) but in a sand-packed well with
inter-spaced bentonite seals in the sand pack to prevent hydraulic short-circuiting; and (c) between two piezometers of a
nested well. Symbols used for parameters are defined in Table IL.1.

For homogeneous and anisotropic aquifer conditions, the KGS model can thus be used to simulate the
responses of a single-well vertical interference slug test for the three types of test configurations
illustrated in Figures II.1a-c. For this sensitivity analysis, the KGS model is used to simulate conditions

representative of a direct-push installation with fully-screened well (Figure II.1a). Further details about
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test configuration are provided in Section 3.3. Test parameters (and their symbols) applying to these
conditions are illustrated in Figure II.1a and defined in Table II.1. For the fully-screened configuration, a
three-packer assembly was used to isolate a stress (transmitter) interval, in which an instantaneous head
change was induced, from an observation (receiver) interval. Following that pulse, changes in heads with
time were recorded in both the stress and observation intervals. Further details about field operations are

provided in Section 4.

Table II.1 Aquifer and borehole parameters used for the base case in the sensitivity analysis with the KGS model. The
vertical distance (corresponding to depth) is increasing downward and its origin (zero value) is the top of the aquifer
(Figure I1.1).

Aquifer properties

Horizontal hydraulic conductivity (K}) 13107 m/s
Specific storage (S;) 1x10%* m™
Hydraulic conductivity anisotropy (K,/K;) 0.1
Aquifer thickness (b) 12m

Stress interval parameters

Static water column height (H,) 4.56 m
Depth to top of interval (d;) 3.95m
Interval length (L) 0.61 m
Inside radius of well casing (#.) 0.0127 m
Inside radius of screen (7,;) 0.0254 m
Well coordinates (R;) Om

Observation interval parameters

Static water column height (H,) 548 m

Depth to top of interval (d,) 5.18m

Interval length (L,) 0.30m
Inside radius of screen (7..,) 0.0254 m
Well coordinates (R,) 0.0254 m
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2.1 Aquifer parameters effects

The shape and amplitude of the hydraulic responses in both the stress and observation intervals during a
vertical interference slug test is determined by diffusivity. The diffusivity is the ratio of K (K}, and K,)
over S;. To better understand the role of each component of the diffusivity on pressure pulse propagation,
the values of individual hydraulic parameters were varied one at a time, while holding all other properties
and parameters constant. The base case used for the sensitivity analysis is for the aquifer parameters, test
well/aquifer configuration listed in Table II.1 and shown in Figure II.1a. Simulations were made for the
base case and compared to simulations with lower and higher values of K}, S; and K,/Kj. Semi-log plots
of dimensionless drawdown (H/H,) versus time presented in Figure I1.2 illustrate the results of the
sensitivity analysis. As expected, varying hydraulic parameters causes significant changes in the shape

and amplitude of the predicted hydraulic responses in both the stress and the observation intervals.

The influence of K on the slug interference response in both the stress and the observation interval is
illustrated in Figure II.2a. As shown, K}, significantly controls the timing of slug test head responses in
both the stress and observation intervals. The stress interval exhibits the typical progressive drawdown
recovery of slug tests, with faster recovery for higher Kj. The dimensionless drawdown response in the
observation interval has the form of a pulse that is more delayed in time for lower Kj. For a constant
value of S, the relationship between K, and drawdown response time is thus inversely proportional, with
higher K} associated with faster propagation of the head pulse. Horizontal hydraulic conductivity,
however, exerts no effect on shape and amplitude of the drawdown response in the stress and observation

intervals.

In contrast, Figure I1.2b shows that S; significantly influences the amplitude and shape of the response in
the observation interval. Specific storage also affects the arrival time of the initial head response and the
peak amplitude of the pulse. Lower values of Sy are associated with larger head responses and faster head
propagation. In contrast to the large variations of responses in the observation interval, the responses in
the stress interval only show a slight delay at early-test times for differing values of S;, whereas late-test

times are not affected by changes in S; for the test assembly used in the sensitivity analysis.

Figure I1.2¢c shows the effects of K,/K}, on slug test response in the stress and observation intervals. As for

S, changes in K,/K}, exert a pronounced effect on the amplitude and shape of the head response in the
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observation interval. Lower values of K,/Kj}, are associated with smaller head responses and slower head
propagation. Hydraulic conductivity anisotropy also affects the arrival time of the head pulse peak.
Comparison of Figures I1.2b and 2.2¢ for the observation interval shows that K,/Kj, effects are quite
similar to those caused by S;; the effect of increasing K,/Kj, by one order of magnitude is similar to the
effect obtained from decreasing S; also by one order of magnitude. Figure II1.2c shows that K,/K}, also
slightly affects the response in the stress interval in a way that differs from the effect of Ss. Figure I1.2b
shows that S; mostly influences drawdown for early-test times, whereas K,/Kj, effects are exhibited at
late-test times. The distinct effect of Sy and K,/K; on the drawdown response obtained in the stress

interval thus offers a means of distinguishing differing values of these two aquifer properties.
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Figure 1.2 Dimensionless drawdowns H/H, versus time in the stress (S-shaped curves) and observation (bell-shaped
curves) intervals considering the influence of hydraulic parameters on vertical interference slug test responses: (a) effect
of horizontal hydraulic conductivity (K,); (b) effect of specific storage (S,); and (c) effect of hydraulic conductivity
anisotropy (K,/K,). On these graphs and those of Figures I1.3, I1.4 and ILS, the plain line, bold line and dashed line
represent the responses for the base case, for a high value and for a low value relative to the base case, respectively. The
scale of H/H, for the observation interval is not the same as the scale used for the stress interval in (a) and (b), as well as
in Figures IL.3, I1.4, IL5, I1.6, I1.9 and I1.13.

2.2 Test and wellbore parameters

A sensitivity analysis was also carried out to evaluate the effects of selected test and wellbore parameters.
The base case used for the comparison of responses is the same as the one presented in Section 2.1 for the
sensitivity analysis of aquifer parameters (Table II.1). Parameters considered in this sensitivity analysis
included 1) stress interval wellbore storage, 2) stress and observation interval distance, and 3) skin

horizontal hydraulic conductivity (Kj").

Figure II.3a shows test responses in the stress and observation intervals for different wellbore storage

values obtained by varying the radius of the stress well casing (r.), while holding constant the radius (r.s)
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and the length of the stress screen (L;). As discussed by Brauchler et al. (2007), Figure I1.3a shows that
large wellbore storage values, which correspond to a larger volume of water injected or withdrawn for the
slug test, greatly increase the peak amplitude and duration of the head response in the observation
interval. In practice, the peak amplitude in the observation interval may be quite small for conditions of
high hydraulic conductivity anisotropy, which may limit the accuracy of the measured response. In order
to obtain an accurately measurable head response in the observation interval, the volume of injected water
(or wellbore storage) should be as large as possible, which may be obtained by using either a large stress

well casing radius or a high initial water displacement.

Figure I1.3b shows the effects of the distance between stress and observation intervals on the hydraulic
response in these intervals. A shorter distance between stress and observation intervals leads to earlier
head peak arrival time and longer duration head response having higher amplitude. The maximum
distance to ensure accurate head measurements in the observation interval is difficult to quantify because
of the combined effects of hydraulic properties, the magnitude of initial water displacement, and the
sensitivity of the pressure transducers used. For the range of aquifer properties used in this sensitivity
analysis, a stress-observation distance of up to 1 m with an initial water displacement of 1 m is expected
to produce a maximum head displacement in the observation interval of approximately 1 cm, which is
considered sufficiently accurate for quantitative interpretation considering common pressure transducer

accuracy.

As indicated in Figure I1.3c, vertical interference slug test responses in the observation interval are more
sensitive to low-K skin than high-K skin. For this sensitivity analysis, K,/Kj and S; for the skin and the
aquifer were assumed to be the same. A high-K skin slightly reduces the peak arrival time and increases
the peak amplitude in the observation interval. Low-K skin effects are in the opposite direction but with
more pronounced effects for the same magnitude of change in Kj". These simulations indicate what could
be observed for interference slug tests carried out in wells having various levels of development. A high-
K skin could result from an over-developed well around which most of the fine material is removed by
the development, whereas a low-K skin could result from a partially clogged screen. Figure IL.3c thus
shows that over-development would not significantly affect a vertical interference slug test response,
whereas poor development would seriously deteriorate the response if skin effects cannot be modeled in
the data inversion. The high-K skin may also correspond to the effect of a sand pack. In this perspective,
Figure II.3c suggests that the installation of a relatively thin sand pack around the screen of a
conventional well would provide interference slug test data leading only to a slightly over-estimated K,.

For instance the simulation with a K}’ one order of magnitude higher than the K}, of the formation and a
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skin radius ry twice the radius of the well r,, will produce a change in K, of less than 10%, holding S;

constant.

2.3 Considerations for test analysis and design

As previously shown, S; and K,/K}, have similar effects on the shape and amplitude of the head response
obtained from an interference slug test in the observation interval. For instance, for a given value of Kj,
various combinations of S; and K,/K), values can provide nearly identical head responses in the
observation interval. To fully discuss the implications of results shown in Figures I1.2b and 2.2¢, Figure
I1.4 shows results obtained from combinations of S; and K,/K}, values leading to the same responses in
the observation interval. Contrary to the identical observation interval responses, the stress interval
responses, which have the same overall shape, are however translated on the time axis for the same
combinations of Ss and K,/K} and the same value of Kj,. This translation of head responses in the stress
interval is due to the fact that S; and K,/Kj, act at different times on the stress interval response; S; acting
on early-test times (Figure I1.2b), whereas K,/K}, affects mostly late-test times (Figure I1.2c). Then to
distinguish unique combinations of K}, Ss and K,/K}j with vertical interference slug tests, it is necessary

to integrate the measurements obtained from both the stress and observation intervals into the
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Figure IL3 Influence of various borehole-aquifer test configurations on vertical interference slug test responses in the
stress and observation intervals: (a) effect of wellbore storage; (b) effect of vertical distance between stress and
observation intervals; and (c) effect of skin horizontal hydraulic conductivity (K,’) - the radius of the skin is two times the
radius of the screen (ry = 2r,, = 2r,,) (anisotropic conditions for the aquifer and the skin were assumed to be identical, i.e.
K, /Ky'=0.1).
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Figure I1.4 Sensitivity analysis of responses for various combinations of specific storage (S;) and hydraulic conductivity
anisotropy (K,/K,) for a fixed value of horizontal hydraulic conductivity (K,). This analysis shows that hydraulic
properties for vertical interference slug test can be resolved by integrating the responses obtained in the observation and
stress intervals in the interpretation.

The Figure IL5 illustrates the effects of the stress interval aspect ratio on the vertical interference slug test
responses. The aspect ratio is defined as the screen length (L,) over screen radius (rys). The aspect ratio
and K,/K}, appear in the same dimensionless parameter in the KGS model. A smaller aspect ratio leads to
a greater proportion of slug-induced vertical flow in a homogeneous formation. By varying the aspect
ratios and K,/K} values, the Figure I1.5 shows that smaller aspect ratios (smaller stress interval length)
lead to larger K,/Kj effects on the stress interval response. A small aspect ratio should thus be used to

obtain test data facilitating the estimation of K, from vertical interference slug tests.
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Figure I1.5 Sensitivity analysis of responses for various combinations of hydraulic aspect ratio (L/r,,): (a) 4.8; (b) 24; and
(c) 120. For a screen interval radius of 2.54 cm, those aspect ratios correspond to stress interval lengths of 0.12 m, 0.61 m
and 3.05 m, respectively. An aspect ratio of 24 was used for the sensitivity analysis of Figures I1.2, I1.3 and I1.4 as well as
for the field application reported in this paper.
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3 Hydraulic short-circuit effects

Multiple tests over different parts of an aquifer in the same well can greatly improve aquifer
characterization. Multiples tests can also provide indications as to whether test responses are
characteristic of the aquifer or are affected by poor well installation. Skin effects that can alter the

responses of vertical interference slug tests were illustrated in Section 2.2.

Another kind of well construction bias that can affect hydraulic responses, in particular with vertical
interference tests carried out in direct-push wells, are hydraulic short-circuits. For this study, hydraulic
short-circuits are defined as preferential flow paths that have been created by the incomplete collapsing of
sediments around a screen during direct-push well installation and development. Two kinds of hydraulic
short-circuits were observed during field experiment reported in this paper: static short-circuits (SSC) and
dynamic short-circuits (DSC). “Static” refers to the fact that the transmissivity of the short-circuit is
constant throughout the duration of the test, as opposed to “dynamic”, for which the transmissivity is

decreasing during the course of the test.

It should be mentioned that DSC could be modeled only with a porous-elastic model, which is beyond the
scope of this study. Short-circuit effects are instead illustrated with vertical interference slug test datasets
from the forthcoming field program reported in this study, so that such effects can be recognized and

accounted for during the analysis (type-curve matching or numerical inversion).

3.1 Static hydraulic short-circuits (SSC)

From a hydraulic viewpoint, a SSC may have similar effects as high-K skin (Figure 11.2c). However, a
SSC may have greater effects on hydraulic responses because preferential flow paths are not necessary

filled with sediments and thus constitute a direct connection between the stress and observation intervals.

As shown in Figure II.6a, a major SSC may be detected when the response in the observation interval
have a similar shape than the theoretical curve but a much higher than expected amplitude response. For
this test, the amplitude of the response in the observation interval is approximately half the amplitude
recorded in the stress interval (H/H,=0.5). This is far more than the amplitude recorded for other tests in
the same well (H/H,~ 0.01-0.03). As an additional insight on the occurrence of a SSC, the hydraulic

response in the observation interval could not be reproduced with the KGS model without modeling a
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skin with low S; and high K. As the real skin hydraulic parameters are unknown for this case, it was not
possible to estimate aquifer parameters from this test. The more cohesive clayey silt present at the base of
the well (Figure I1.7a) may have prevented the collapse of the formation on the well screen, thus

explaining the presence of such a large SSC.

It should be noted that a smaller SSC could also affect vertical interference tests and that their presence
may be harder to diagnose. As for a high-K skin, a K, over-estimation would be obtained from data

affected by the presence of a SSC.

3.2 Dynamic hydraulic short-circuits (DSC)

Unlike SSC, the transmissivity of a DSC is pressure-dependent of the stress response and thus decreases
with time after the initiation of the head change at the beginning of a vertical interference slug test. This
is the most common type of test bias observed in the study presented in this paper. It is hypothesized that
even though sediments might have completely collapsed around the screen during direct-push well
installation and development, the sediments in contact with the well screen might have lost some of their
stiffness. Sediments such as clayey silt may have been compressed over their limit of elasticity by the
casing used to install the direct-push well. As a result, when a large head change is applied in the stress
interval, the sediment in contact with the screen are then more easily deformed and thus allow the head
difference to propagate along the well. As the head change in the stress interval decreases, sediments

gradually recover their original shape and the pressure propagation along the well is reduced accordingly.

A dataset showing a typical DSC response (observation in Figure I1.6b) was analyzed in more details to
explain the effects of a DSC on field data. The effects of a DSC can be recognized by the deviation of the
hydraulic response for early-test times, compared to the theoretical response that would be obtained
without any DSC effects (full red line in Figure 11.6b). This theoretical curve was obtained with the KGS
model based on a match to observed peak amplitude and late-test times data (seée Section 4.4.2).
Measurements for early-test times are above the theoretical response (H/H, of 0.066 instead of 0).
Specifically, observed drawdowns in the observation interval decreased for the first 3 seconds, stabilized
for 2 seconds and then increased until the peak amplitude was reached. This suggests that a DSC affects
the response in the observation interval only for the first 3 seconds and that over this period both DSC

and aquifer responses are superposed to produce the observed response.
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To better understand the dynamics of a DSC, modeling was done with the KGS model of the hydraulic
response produced by a high-K skin (or SSC) having an equivalent effect on the initial drawdown
measured (at 1 sec) in the observation interval (long-dashed line in Figure I1.6b). The high-K skin
response was modeled by adjusting the skin hydraulic parameters to fit the first drawdown points
observed in the observation interval, while keeping the aquifer parameters the same as those estimated in
Section 4.4.2 (or plain red line in Figure 11.6b). Measured drawdowns in the observation interval are
actually well below the calculated response that an equivalent high-K skin would produce. It appears that
we cannot reproduce the characteristic shape measured in the observation interval (decreasing then

increasing drawdowns), which is affected by DSC, by assuming a constant skin transmissivity.

Since a DSC cannot be modeled with the KGS model, the DSC response was empirically represented. As
it is expected that the variation in transmissivity of a DSC is pressure-dependent of the stress interval
response, an exponential decay function was thus used to model the drawdowns induced by the DSC.
Two exponential models were fitted (Figure I1.6¢): the exponential decay was fitted with the first 3
seconds of the observation interval response, which are only affected by the DSC (DSC3sec in Figure
I1.6b); the stress interval response for the entire test duration was rescaled to the first drawdown measured
in the observation interval (DSCend in Figure I1.6b). For scenario DSC3sec the head effect of the DSC is
completely dissipated after 96 seconds, whereas for scenario DSCend the DSC effects last for the entire

duration of the test (700 sec). The latter scenario may be considered as a worst-case scenario.

To illustrate the DSC effects on K, estimates, the observed drawdowns in the observation interval were
corrected for the two pressure scenarios (Figure I1.6b). The drawdown induced by the DSC was
subtracted from the observed drawdown in the observation interval. With the scenario DSC3sec, only
early-test times are affected without changing significantly the peak amplitude and late-test times
drawdown. For scenario DSCend, peak amplitude is somewhat reduced as well as drawdown for late-test
times. For this scenario, the K, that was initially estimated at 1.2x 107 m/s with the original data is now
reduced to 9.5x10"° m/s with corrected data (DSC3end). It can be concluded that for the magnitude of
DSC observed in this study, we may expect a slight over-estimation (26%) of K, with vertical
interference slug tests. In addition, the implication for test analysis is that measured drawdowns in
observation intervals can be corrected, as previously done, or early-test time data affected by DSC can be

ignored in the analysis.
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Figure 11.6 (a) Example of a major static short-circuit (SSC) detected in the observation interval as see by the very high
amplitude response. (b-¢) Sensitivity analysis to simulate the effects of a dynamic hydraulic short-circuit (DSC) in the
observation interval. Figure (b) shows the observed dimensionless drawdowns H/H, in the stress interval (t8) and
presumed exponential decays of the initial H/H, values in the observation interval (r8), which are related to a DSC, based
on the observed decay over the first 3 seconds (DSC3sec) and a worst-case scenario with decay lasting until the end of the
700 seconds observation period (DSCend). These calculations are also reproduced in Figure (c), which shows H/H, in the
observation interval for several cases: the actual measurements (#8), measurements corrected using the calculated DSC
exponential decays (DSC3sec and DSCend), and simulated responses using the KGS model without DSC effect (KGS) and
using a constant high-K skin that does not dissipate dynamically.

3.3 Considerations for well design

A vertical interference slug test can be conducted using several different test assembly configurations
(Figures Il.1a-c). Figure Il.1a illustrates tests carried out in the same fully-screened well with a three-
packer assembly used to isolate two intervals. The section between the upper two packers is used as the
stress interval, while the section between the lower two packers is the observation interval. This assembly
can then be used to test a single homogeneous interval or moved sequentially vertically down the well to
test the entire screen length. In non-cohesive soils (e.g., gravel, sand), fully-screened direct-push wells
(Paradis et al., 2010) or hammer-driven wells (Morin et al., 1988) installed without sand-packs are best
suited to measure natural hydraulic properties of the formations. During well installation, however, care
should be taken to minimize the risk of hydraulic short-circuits. Open boreholes in rock formations may

also be tested with such a test configuration.

For cohesive or semi-cohesive soils (e.g. clayey silt), where the natural collapse of the sediments onto the
screen well is uncertain, a sand-packed well (Figure II.1b) with inter-spaced bentonite seals placed to
prevent short-circuiting may be a better alternative in such formations (Butler et al., 1994; Ptak and
Teutsch, 1994). To obtain continuous profiles, the locations of the seals should be carefully selected to

isolate each stress interval from the observation interval along successive testing positions. An alternative
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might be to test only homogeneous intervals along the well. In this case, seals should be used to separate

the homogeneous intervals and for each interval another seal should be used to avoid short-circuits.

Depicted in Figure IL.1c is another configuration that can test a single interval between two isolated
piezometers in a nested well. With this arrangement, the bentonite seal between the screens prevents
hydraulic short-circuits. In nested wells, either piezometer can be used as a stress or an observation
interval. This configuration is restricted to cases for which the stress and the observation intervals are in
the same homogeneous and anisotropic layer. If long screens are installed, a packer should be used to

reduce the length of the stress interval in order to get a small aspect ratio.

It is not recommended to conduct vertical interference slug tests in conventional wells without any special
considerations for the installation of the sand pack. The radius and the permeability of the sand pack must
be designed properly to avoid the sand pack from completely hiding the hydraulic response of the aquifer.
Sand pack parameters can then be integrated into the model (analytical or numerical) to estimate aquifer
parameters. In addition to reducing the risk of creating a skin around the well screen, well development
operations should make sure to unclog the screen, but over-development that can remove too much fine

sediment should be avoided.

4 Field test examples

4.1 Study site

To demonstrate the potential use of vertical interference slug tests to estimate K,, a field study was
designed and carried out to 1) apply the field testing procedure, 2) generate data to be interpreted using
two approaches depending on the level of heterogeneity of the tested interval, and 3) validate hydraulic
parameter estimates derived from interference slug tests by a comparison with results derived from a high
resolution K depth profile measured with multilevel slug tests and K, laboratory permeameter
measurements using soil samples. The field test was conducted in a direct-push well installed into an
aquifer composed primarily of surficial Quaternary sediments that were deposited and reworked by the
Champlain Sea (Bolduc, 2003). The aquifer is located in Saint-Lambert-de-Lauzon along the St.
Lawrence River, 40 km south of Quebec City, Quebec, Canada (Paradis et al., 2010). Considering
regional geological data and more than 25 cone penetration tests (CPT) with soil moisture resistivity

(SMR), the hydrostratigraphy of the aquifer was found to be controlled by the sedimentary architecture of
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a spit that formed in a littoral environment. At this site, the spit has a range of grain textures from fine
sand to clayey silt (Figure 11.7a). Sediment samples often show rapid transitions in grain-size over less
than a decimeter. Vertical profiles of hydraulic conductivity and hydraulic heads indicate semi-confined
conditions, which result from alternating sand and silt layers. The water table is generally 1 to 2 m below
the ground surface. A till layer overlying bedrock and varying in depth from surface outcrop to 22 m acts

as a hydraulic barrier at the base of the aquifer.
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Figure I1.7 (a) Hydrostratigraphy of the test well shown by cone penetration test (CPT) data translated into soil textures
(according to the Fellenius and Eslami (2000) CPT soil classification chart). (b) Hydraulic conductivity data at a vertical
resolution of 15 ¢cm measured by multilevel slug tests (K,) and permeameter tests on soil samples (K,) over the same
intervals. (c) Locations of tested intervals (61 cm) by vertical interference slug tests. (d) Numerical grid used for data
inversion. In the test location numbers, ¢ stands for transmitter (stress interval) and r stands for receiver (observation
interval),

4.2 Direct-push well and sediments core sampling

A single test well was installed using a direct-push rig and the protected screen standard technique
(ASTM, 2004). After well installation and development, the sediment was continuously sampled at a
location 1 m away from the well using a piston-rod sampler hammered with a direct-push rig (Paradis et
al., 2010). This method allowed for the recovery of 8 cores over the thickness of the aquifer (38 mm-
diameter and 1.52 m-long inside a transparent polyethylene teraphthalate (PETG) liner, 83% overall

recovery).
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4.3 Multilevel slug tests and laboratory permeameter tests

Multilevel slug tests were used to establish a K} profile along the well. Multilevel slug tests involve the
use of packers to isolate a screened interval of a well to conduct a slug test (e.g., Butler, 1998; Ross and
McElwee, 2007; Zemansky and McElwee, 2005). A total of 60 K} estimates were obtained from
multilevel slug tests at 15 cm interval (Figure I1.7b). Paradis et al. (2010) provide a more a detailed

description of the test assembly and procedure.

As proposed by Johnson ef al. (2005), an automated falling head laboratory permeameter was set up by
instafling pressure transducers at the base of multiple falling head devices (reservoir) and recording
changes in hydraulic head with time with the pressure transducers. To estimate K, values of soil samples,
permeameters were designed to accommodate the 38 mm-diameter PETG liner containing soil samples
with varying length. This was done to reduce sample manipulation in order to minimize disturbance of
original sediments. Each 1.52 m-long sample were subdivided into 15 cm-long subsamples. The
subdivision was coincident with the test intervals used in the multilevel slug tests and vertical interference

slug tests.

Subsamples were then compacted at a pressure corresponding to the sampling depth with a hydraulic
press. Occastonal voids in the subsamples were locally repacked to avoid a hydraulic short-circuit along
the sample sleeve. Each falling head device was placed over a subsample saturated with water at room
temperature to initiate a test. The rate of decline of the water level in the reservoir was then used to
calculate K, using a solution based on Darcy’s law (Fetter, 2001). The total number of subsamples tested
with falling head permeameter was 34 (Figure I1.7b). Duplicate tests (2 to 3) that were conducted on
numerous subsamples indicated a high degree of reproducibility (coefficient of determination of 78 %).
All K, values were temperature-corrected to a groundwater temperature of 8 °C representative of field

conditions (Sudicky et al., 2010).

4.4 Vertical interference slug tests

For this study, inflatable packers were built over 2.54 cm inside-diameter polyvinyl chloride (PVC)
tubing (Figure II.8a). Threads on the PVC tubing allowed the use of variable screen lengths between
packers. An airline was attached to the packers and connected at the surface to an air compressor to

inflate the packers to the desired pressure (510-620 kPa). The dual-packer assembly was also connected
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by a 2.54 cm inside-diameter PVC riser pipe to the surface, within which water levels were monitored
with a pressure transducer during the slug test. A rigid tape was attached near the top to accurately locate
the position of the straddled interval. The arrangement of screens used for this study is shown in Figure
I1.8. The screens corresponding to the stress and observation intervals are 61 cm and 30 cm-long,
respectively, while the separation between the bottom of the stress interval and the top of the observation
interval is 61 cm. Vertical interference slug tests were made at 61 cm intervals at elevations coincident

with the intervals tested by the multilevel slug tests and the permeameter tests.
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Figure IL8 Picture (a) and (b) schematic representation of the vertical interference slug test assembly used for the field
experiment.

Once packers were inflated, to facilitate test interpretation, a trend-monitoring period was continued until
stabilization of pressure transducers (pressure interval 0-10 m; minimum accuracy and resolution 0.5 cm
and 0.00006 m, respectively) located within the stress and the observation intervals as well as the air

pressure applied to the packers.
After this period, slug tests were carried out using a pneumatic method to induce the initial lowering of

the water level (Levy and Pannell, 1991). For this purpose, a wellhead assembly was attached to the top

of the riser pipe that contained an airtight adapter that allowed a transducer cable to pass and a ball valve
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for an instantaneous release of pressure. An air compressor was also connected to the wellhead assembly
to increase air pressure in the riser. A calibrated digital air pressure gauge was used to accurately set the
desired initial hydraulic head change for the slug test and to verify air pressure stabilization before
initiating the slug test. For each test, the initial drawdown was as high as practical to produce a response
in the observation interval that is larger than the head resolution of the pressure transducer. The initial

head induced for all tests with this device ranged from 1.06 to 7.78 m (Table I1.2).

Table I1.2 Summary of vertical interference slug tests carried out along the well. Prefix 7 is for transmitter (stress
interval) whereas r is for receiver (observation interval). *: values for data recorded in the observation intervals. The
scaling factor is used in the Levenberg-Marquart algorithm to account for the discrepancy between stress and
observation head responses.

Early time

Initial head . Maximum .
: Maximum Scaling data
in stress observed 3
Test # S observed amplitude factor interval
(m) H/Ho (-)* (p ) (stress/obs.) removed
m (second)*
tlrl 1.06 0.005 0.005 0.1/0.001 0
t2r2 1.49 0.002 0.003 0.1/0.001 0
t3r3 1.15 0.002 0.003 0.1/0.001 0
t4r4 2.79 0.012 0.034 0.1/0.005 0
t5r5 3.59 0.028 0.099 0.1/0.005 0
t6r6 3.65 0.004 0.015 0.1/0.005 70
t7r7 4.25 0.011 0.045 0.1/0.005 25
t8r8 4.83 0.010 0.049 0.1/0.005 25
t9r9 4.44 0.032 0.142 0.1/0.005 10
t10r10 6.85 0.021 0.144 0.1/0.005 8
t11rl1 7.05 0.066 0.468 0.1/0.005 20
t12r12 7.78 0.425 3.306 - -
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A total of 12 vertical interference slug tests were carried out to measure K, along the well (Figure IL.7c).
Vertical interference slug tests were conducted systematically at successive 61 cm interval to obtain data
over the entire well screen length. Figure I1.9 shows recorded data for the 12 tests whose duration was a
maximum of 45 minutes. As summarized in Table I1.2, drawdowns measured in observation intervals
were often quite small ranging from 0.30 to 46 cm. This emphasizes the importance of designing a slug
test device able to induce a large stress on the aquifer combined with the need to use very sensitive
pressure transducers. As with any slug test, varying and repeated head changes were imposed for quality

control and to verify repeatability (Butler ef al., 1996).

Testing of a single well by vertical interference slug tests can be carried out at any depth increment
without extracting the test assembly from the tested well. Therefore, testing time for a specific well
depends on testing time for a single interval, which includes several steps: repositioning the test
assembly, inflation of packers, waiting for pressure stabilization within tested intervals by following real-
time transducer measurements, running tests with several hydraulic heads, and deflation of packers. The
duration of the various steps involved in vertical interference slug tests can vary, but in moderate
hydraulic conductivity silts and sands, a single interval can be tested in less than 60 minutes. This time
decreases for more permeable formations. For a measure of hydraulic properties over a different scale, the
test assembly can be modified after removing the assembly outside of the well. Modification, under field

conditions, can usually be accomplished within a few minutes by simply exchanging the middle packer.

4.4.1 Analysis by inverse modeling for heterogeneous cases

To handle the heterogeneous and anisotropic conditions observed along the study well, we analyzed
vertical interference slug test data using the Ir2dinv (linear and radial 2D inversion) code developed by
Bohling and Butler (2001). The program consists of a two-dimensional finite-difference flow model
coupled with a Marquardt-Levenberg regularization of a least-squares estimation of hydraulic parameters.
The code uses a logarithmic transformation of radial coordinates to transform the radial flow problem into
Cartesian coordinates (axis symmetric). The linear problem is then solved on a rectangular grid, with
regular grid increments in the vertical and transformed radial directions. The basic hydraulic parameters
used in the model are K3, K,/K}, and S;. A separate zonation of the model grid can be specified for each
parameter to simulate complex aquifer conditions, and each parameter can be defined as known or
unknown on a zone-by-zone basis. The code allows for simultaneous analysis of head responses from any
number of tests, each represented by different sets of initial and boundary conditions. In addition, the

program considers wellbore storage and the placement of packers in wells.

131



0.03

1 A P b L e 0031 0.03 1
= : \ E
or o r2 o3
0.8 |- predicted 08| —— predicted 0.8 — predicted
T
9 0.02 0.02 0.02 ?
g o6 06 06| \ 2
& s
F \ \ g
I 04 0.4 0.4 \ 3
T 0.01 0.01 ) 0.01 &
=1
0.2 0.2 | 0.2
qﬂm spamiiingy et
0% i L = 0= L = ) . i)
10° 10 10° 109 10" 0 0 m? 10’ 10' 10° 109
Time (sec) Time {sec) Time (sec)
1 - e ——— 003 1 S v 0,03 1 pemm oo 7 0.03
2 oord 015 o 16
0.8 — firedictod 08 | —pradicted | 08 | p;éd:;;éii
I
2 - 0.02 0.02 40.02 ;
g o6 0.6 0.6 - -
2 Y
z §
I 04 0.4 0.4 | 3
2 0.01 0.01 1001 2
3
0.2 02 0.2
0 \ dp o ~
10° 10’ 107 0 Tof 10° 1o’ 10° TS P 10 107 10?
Time {sec) Time (sec) Time (sec)
1 d 003 1 . 1003 1 — — 0,03
4 -] =
0.8 — predicted 08+ predicted 0.8 — pracficied
X
P 1 0.02 0.02 0.02 ?
g 06 0.6 06 - =
" —
— o
= 4
2 o4 04, 3
3 3 0.01 0.01 001 &
>
0.2 - 0.2 -
o e . [
107 10' 10" 105J 10’0 0 mp
Time (sec) Time (sec) Time {sec)
003 1 ; 01 : 1
< 112
a M ° rM2
08 —— petlcies| 008 0.8 | 108
2 0.02 §
2 0.6} 10.06 0.6 | 106 =
% | ~
z §
é’ 0.4 0.04 0.4 104 2
z £ 0.01 g
o =J
€
0.2 002 0.2 [ o 402
ol
P 10 ? 10° 10' 107 10° io?
Time (sec) Time (sec) Time (sec)

Figure I1.9 Vertical interference slug test responses measured (symbols) and predicted by inversion (curves). Graphs
show each of the 12 stress interval responses (grey circles) along with the responses from observation intervals (black
circles). Grey squares with a circle inside correspond to data that were not used in the inversion due to apparent DSC
effects (see Figure IL.6). Scales of observation interval responses are not the same as those of other tests for ¢I7 and ¢12
(larger scale).
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1.1.1.1 Numerical grid

The domain used for the inversion was composed of variable-size rectangular elements and measured
9.45 m x 121.5 m (Figure IL.7d). A simulation grid with 14 cells of dimensions ranging from
approximately 0.021 m to 55 m was used along the transformed radial axis and 62 cells of 0.1524 m
thickness were used along the vertical axis. The grid was adjusted to fit the locations of the packers used

during the field experiment reported in this paper.

The grid was thereafter subdivided into 16 layers with a thickness of 61 c¢cm, which correspond to the
length of the stress interval used for the tests (Figure 11.7d). The comparison of the first two stress interval
responses (¢/r] and ¢2r2) with previous slug tests carried out earlier for another study suggests that a low-
K skin is present. The first column of cells adjacent to stress intervals t1 and t2 were then simulated as a
skin with imposed values of 1x10® m/s, 1 and 1x10° m" for K, K,/Kj, and S, respectively. Values of
hydraulic parameters of these 16 layers were not constrained during the inversion except for the cells

skin.

The discretization used here places the outer boundary of the model about 90 m (at node location) from
the tested well, so that this boundary has negligible effect on transient head simulations within the time
frame of the slug tests and on the corresponding simulations. The imposed boundary conditions were no
flow for the outer and the bottom boundaries and constant head for the top boundary (unconfined
conditions). The initial head condition was assumed to be at steady-state prior to each slug test and a
dimensionless drawdown initial value of 1 was applied at the stress interval topmost cell to simulate the
slug test. Packers used to isolate the stress and the observation intervals were modeled as infinitely

impermeable (K;=K,=1x10"° m/s).

To account for the influence of wellbore storage on slug test responses, wellbore storage effects were
simulated for each stress interval (inner boundary). This was accomplished by specifying large values of
K}, and K, for the stress interval cells, a S; value of 1 for the upper cell and a S and a value of 0 for the
remaining cells. Large values of hydraulic conductivity were used to indicate an infinitely conducting
wellbore. The S; value of 1 was used to indicate that the hydraulic stress, which is applied to the topmost
cell, would translate directly into the wellbore, whereas the Ss value of 0 was used to represent the
relative incompressibility of water. For the observation intervals, no wellbore storage effects were

simulated because all observation intervals were straddled with packers (Novakowski, 1989).

133



1.1.1.2 Inverted dataset

Eleven of the twelve vertical interference slug test datasets presented in Figure I.9 were inverted to
produce heterogeneous profile of K3, K, and S; along the well (stress and observation intervals for each
test shown in Figure I1.7b). Test t/12r12 was not used in the inversion due to a strong evidence of the
presence of a hydraulic short-circuit acting for the entire duration of the test. This test was carried out in
the lower portion of the aquifer where clayey silt is mostly present. The cohesiveness of that sediment
might have prevented the collapse of the formation on this section of the direct-push well (Figure I1.7a).
For each of the 11 slug tests, both stress and observation responses were simultaneously inverted. To
account for the scale discrepancy between stress and observation responses, a weighted regression was
carried out. The scaling factors of the Levenberg-Marquardt algorithm associated with each stress and
observation responses were then adjusted according to the relative amplitude of the various responses

(Table 11.2).

All original 1 sec-interval measurements were used for the inversion, except early measurements affected
by DSC (Table 1.2 and Figure I1.9). It should be noted that a DSC could not be modeled with the current
code, which explains why early data had to be removed. A total number of 23670 points were then

inverted.

1.1.1.3 Results

Predicted drawdowns from the inversion are compared to observed values in Figure I1.9 as well as final
K, K, and S; profile along the well in Figures I1.10a-c, respectively. The inverse model was run for the
first eleven slug tests listed in Table II.2 until the convergence criterion was met, which occurs when the
difference between predicted and observed normalized drawdowns is less than 1x10~. All test data were
included in the inversion simultaneously and started with uniform Kj, K,/K, and S; fields (Ki=1x107
m/s, K,/K;=0.01 and S,=1x10" m™). No constraint was imposed on the inversion, except the low-K skin
adjacent to stress intervals ¢/ and ¢2 that was simulated as an isotropic layer with K and S; values lower
and higher than the values of the formation, respectively (Kj’ = K,” = 1x10° m/s and Sy’=1x10” m™). For
instance, the clogging of the formation by sediment in place reduces the K of the formation, whereas the
non-compact nature of the skin allows the storage of more water under a unit change in hydraulic head.
Lower K’ value or higher S;” value of the skin did not significantly change the hydraulic responses. The

duration of the simulation was 4000 s to give enough time to reproduce all field tests. The inversion was
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done on a OSX (64-bit) operating system running on an Intel Quad Core i7 processor operating at 2.2

GHz with 8 GB of RAM. The total computational time for inverting the data was 201 min.
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Figure I1.10 Vertical profiles of observed logK, (from slug tests) and logK, (from cores) along the well with corresponding
profiles predicted by the simultaneous numerical inversion of multiple vertical interference slug tests.
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Figure I1.11 Scatter plot of predicted versus observed dimensionless drawdowns (H/H,) for the 12 vertical interference
slug tests. Separate scatter plots are shown for the stress intervals (a) and the observation intervals (b). The dotted line is
a reference 1:1 line indicating a perfect match and the solid red line is the linear regression of data.
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To examine the quality of the numerical inversion, predicted and observed drawdowns are first compared
for the 11 inverted tests in all stress and observation intervals (Figures IL.11a and IL.11b, respectively).
Examination of Figures II.11a and II.11b reveals that the data tends to closely fit the perfect fit 1:1 line
with a slope (m) of 0.997 and 0.969 and a R’ of 0.998 and 0.971 for all stress and observation intervals,
respectively. As presented in Figures II.11a and I1.11b, the inversion captures the general behavior of the
drawdown data and only a few tests present large scatter and bias (Figure I1.9; Table I1.3). For instance,
the slope m between observed and predicted drawdowns for individual tests are ranging from 0.954 to
1.072 (stress) and 0.370 to 1.238 (observation), whereas R? values go from 0.998 to 1.000 (stress) and
0.741 to 0.999 (observation) (Table I1.3). The fit for stress intervals is generally better than for
observation intervals because observation responses are more sensitive to well construction (Figure I1.3¢),

Ss (Figure I1.2b) and K,/K}, (Figure I1.2¢).

The validity of predicted K} and K, values was assessed by comparing K and K, profiles along the well
to available K}, values from multilevel slug tests and K, measurements from permeameter tests (Figure
I1.10a and I1.4). The K}, profile obtained from vertical interference slug tests follows the same general
trend as K, values measured with multilevel slug tests. Values for zone number 1 and 13 to 16 should be
excluded for this comparison because they were not tested. Kj values from interference tests measured
over a screen length of 61 cm are shifted toward higher K}, values obtained with multilevel slug tests at 15
cm interval. This is in accordance with the principle of parallel flow, which implies that upscaled Ky
values are weighted toward the most permeable layers (Freeze and Cherry, 1979). Nevertheless, predicted
K}, values are still systematically slightly higher than multilevel slug test values. This bias is explained by
the fact that K} values obtained with multilevel slug tests were estimated with the Bouwer and Rice
(1976) method assuming isotropic conditions. For instance, neglecting K,/Kj, ratio generally results in K

underestimation that is proportional to the K,/Kj, ratio (Zlotnik, 1994).

The predicted K, values by inversion presents also a profile similar to the measured K, values with
permeameter tests (Figure IL.10b and Table 11.4). The predicted values tend toward smaller K, values
obtained with permeameter tests, which follows the serial flow principle. In opposite to the parallel flow
principle, upscaled K, values are weighted toward lower K, values. Excluding zones 1, 2 and 14 to 16
that were not constrained vertically by interference tests, the only discrepancies with permeameter tests
are for zones 4 and 5. For these zones, predicted values are more than one order of magnitude lower than
laboratory measurements. Two hypotheses have been explored to explain those differences. First, the

widening of the hole during direct-push operations to install the well might have favored the creation of a
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skin around the screen. This might have occurred especially in the first meter of the saturated zone where
sediments from upper layers might have filled the void around the screen. In addition, the development
operations might have been not efficient for the first two meters due to the dewatering of the well caused
by pumping. However, all skin modeling attempts failed to improve the fit between predicted and
laboratory K, values for zones number 4 and 5. The only skin modeling that was efficient was for zones

number 1 to 3, where the presence of low-K skin was evident.

Table I1.3 Validation statistics for observed and predicted drawdowns for each vertical interference slug test used in the
inversion. R? and m stand for coefficient of determination and slope of the linear regression curve, respectively. The root-
mean-square error (RMS) is presented in percentage of the maximum head recorded in the respective stress interval.

Stress Interval Observation Interval
Test
R m RMS (%) R’ m RMS (%)
tirl 0.999 0.954 1.58 0.949 0.961 0.036
t2r2 0.998 1.072 1.77 0.773 0.697 0.047
t3r3 1.000 1.005 0.39 0.741 0.370 0.044
t4rd 1.000 0.972 0.52 0.994 1.009 0.056
t5r5 1.000 0.961 0.69 0.999 1.052 0.072
tér6 1.000 1.006 0.53 0.995 1.238 0.032
t7r7 1.000 0.984 0.47 0.999 0.814 0.053
t8r8 1.000 1.008 0.20 0.986 1.129 0.065
t9r9 0.999 1.045 0.70 0.993 0.819 0.120
t10r10 1.000 1.032 0.46 0.974 0.845 0.200
tlirll 1.000 1.034 0.62 0.999 0.994 0.077
t12r12 - - - = & .
All Tests 0.998 1.002 0.88 0.986 0.981 0.082

The other explanation is from the experimental procedure related to permeameter tests in the laboratory,

especially those related to samples collection and manipulation. The major challenge with permeameter
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tests on minimally disturbed samples (or non-recompacted samples) is to collect cores that do not contain
any voids or preferential flow paths. The two most important factors that control the quality of core
recovery are sediment cohesiveness and grain size. Generally, loose sediments with large grain size, such
as coarse sand and gravel, are not favorable to the collection of good cores. Specifically for this study, the
quality of recovery for the core collected between elevations 114 to 116 m was very poor. It is expected
that a coarse sand layer of about 30 cm at elevation 115 m affected the quality of the core. This sand
layer, which is indicated by high K}, values in Figure I1.10, was only partially recovered and left a hole in
the core. Many permeameter tests on subsamples of this core were thus rejected because K, values were
much higher than K} values estimated with multilevel slug tests on the same intervals. Despite K, values
for other subsamples that were not rejected for this core because they appeared to be valid, we may

suspect by association that K, values between elevations 114 to 116 m are overestimated.

For the S; profile, there are no independent measurements to compare with. The modeled profile however
shows a general decrease with depth (Figure II.10c and Table I1.4). This can be related to an increase of
the overburden load with depth, which reduces the elastic property of sediments and thus their specific

storage capacity.

Finally, examination of Figure I1.12 reveals that the dimensionless variances in the estimates of Kj are
consistently lower than those for K,/K}, and S, indicating that there is greater confidence in the estimates
of Kj relative to the estimates of the other two hydraulic properties. The dimensionless variances
represent the uncertainties relative to the estimated parameter values. Dimensionless variances are scaled
by the parameter estimates themselves and thus are not influenced by the differing magnitudes of the
estimates (Bohling and Butler, 2001). All variance profiles show similar general trend with important
variance increase in the uppermost and lowest zones, where no interference tests were done. Excluding
the shallowest and deepest zones (zone number 1 and 14 to 16), the average of the logarithm of the

dimensionless variance for K} is -1.10, whereas it is 0.09 and 0.62 for K,/K}, and S;, respectively.

Moreover, K,/K; and S; variances have similar magnitude, but the S variance profile presents some
zones (4 and 8) with values that depart from the main trend. Those zones correspond to the same zones
depicted in Figure I1.10c, where S; values are much higher than the average value. As a result, there is
thus less confidence in estimated S values for those zones. The similarity in K,/K}), and S; variance
profiles is related to the fact that K,/Kj and S; have similar effects on observation responses in vertical

interference slug tests (Figures I1.2b and I1.2¢). Moreover, K,/K}, and S; variances are higher for the few
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last interference tests (zones 11 to 13), which also correspond to the tests with the poorest match between

predicted and observed drawdowns (Figure 11.9).

Table I1.4 Summary of hydraulic tests used to estimate vertical hydraulic conductivity (X,). Interval length for vertical
interference slug test is 61 cm. Permeameter and multilevel slug tests hydraulic conductivity is upscaled to 61 ¢cm.

Lab' Multilevel Slug Test Vertical Interference Slug Test
Test

K, (m/s) K (m/s) K, (m/s) K (m/s) K, (m/s) S, (m™)
tirl 9.4x1077 1.8x10°° 1.7x10°® 5.7x10° 4.5x10°® 2.2x10°
t2r2 1.1x10°® 7.4x10°® 2.6x10°¢ 3.0x10° 4.0x107 3.9x107
t3r3 7.5x107 3.2x10°® 2.8x10° 7.1x10°¢ 3.6x10°8 1.0x107
t4rd 9.1x107 8.9x10° 8.4x10°¢ 2.1x10° 1.3x10°8 1.1x10°
t515 2.9x107 6.2x10°° 2.7x10°® 1.6x107 3.0x107 7.0x10°
t61r6 8.3x10® 2.1x10° 1.5x10° 1.3x10°¢ 1.1x107 8.5%10°®
t7r7 6.1x107 3.6x10°¢ 2.4%10° 9.9x10° 1.0x107 1.0x107
t8r8 5.1x10°® 1.1x10° 1.1x10° 2.1x10° 8.5x10® 3.6x10°°
1919 1.4x107 1.4x107° 1.3x10° 2.8x10° 6.6x10°® 1.8x10°®

t10r10 5.0x107 1.4x107 1.3x107 2.7x10° 9.4x10°7 1.8x10°¢

t11rll 4.6x10°8 5.5%10° 3.7x10°® 9.5x10°® 1.1x10° 1.0x107

t12r12 8.1x10® 3.8x10°° 3.7x10° 1.9x10°¢ 9.3x10® 1.0x107

1: Laboratory data from permeameter measurements on soil samples.
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Figure I1.12 Vertical profiles of dimensionless variance along the well for hydraulic parameters predicted by the
inversion: (a) horizontal hydraulic conductivity (K,); (b) hydraulic conductivity anisotropy (K,/K3); and (c) specific
storage (S;).

4.4.2 Analysis by type-curve matching for homogeneous cases

For homogeneous and anisotropic aquifers, a type-curve matching procedure with the KGS model can be
used to interpret vertical slug test data. The test analysis procedure involves the simultaneous match of
both stress and observation interval responses to resolve K,/Kj, S5 and Kj. Aquifer parameters for the
entire test assembly length (from the top of the stress interval to the bottom of the observation interval)
must be reasonably assumed homogeneous, else both stress and observation responses could not be

matched together. Such analysis is thus restricted to homogeneous and anisotropic cases.

This procedure was applied to the interpretation of data from test #8#8, which is a relatively homogeneous
but anisotropic interval along the well (Figures I1.7 and II.10). The match between observed head
responses and the KGS model is depicted in Figure II.13. It is important to note that skin hydraulic

properties are not modeled in this analysis and that the material around the screen is considered
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undisturbed. For this test, the early-test times dimensionless head data in the observation interval suggest
the influence of a high-K skin or a DSC. As the dynamic short-circuit speeds up mainly early-test times,
the data match was done for late-test times data measured from and beyond the peak amplitude of
dimensionless head in the observation interval. The value of K,/K}, obtained for interval t8r8 was 0.0061
for an estimated K, value of 1.2x107 m/s. In comparison, the K, value obtained by inversion for this

interval (zone number 9) was 8.5x 10 m/s.

Type-curves for K,/K}j, values one order of magnitude above and below the best match are also shown on
Figure I1.13 to indicate the sensitivity of hydraulic responses to K,/Kj. As discussed in the sensitivity
analysis, we observe that K,/Kj mainly influences late-test times in the stress interval and modify the
slope of the curve without changing the response at early-test times. A small modification of this slope
results in a large change in the amplitude and arrival time of the dimensionless head in the observation
interval. These observations combined with a complete and an accurate measurement of hydraulic
responses in both the stress and the observation intervals as well as the careful design of a small aspect

ratio for the stress interval allow the resolution of distinct effects and values for K,/K}, Sy and K.
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Figure I1.13 Observed vertical interference slug test response in the stress (#8) and observation (r8) intervals compared to
the data match (solid lines) obtained with the KGS model for test 18r8 assuming homogeneous aquifer conditions. Dashed
lines are KGS model responses obtained using K,/K, values that are 10 times lower and higher than the best match value
(0.0061).
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4.4.3 Equivalent vertical hydraulic conductivity from multilevel slug tests

A simple procedure to estimate K, from field measurements is by invoking the serial flow principle on K,
values obtained from high-resolution multilevel hydraulic tests carried out along a single well (Freeze and
Cherry, 1979). As an example, we calculated an equivalent K, for the multilevel slug tests carried out at
15 cm interval (Table 11.4). It is assumed that 15 ¢m interval from multilevel slug tests are isotropic and
homogeneous at this scale. We thus applied a harmonic mean on the four (when available) 15 cm
intervals comprised within each 61 cm interval of the vertical interference slug tests. The comparison in
Table 11.4 of rescaled multilevel slug tests with K|, values with permeameter and vertical interference tests
shows a discrepancy of up to two orders of magnitude in K, estimates. This is in agreement with the
depositional environment of the study area, where fine centimeter-scale transitions in grain-size were
often observed in sediment samples. For instance, as multilevel slug tests induce predominantly
horizontal flow patterns, the presence of thin horizontal low hydraulic conductivity layers does not
significantly reduce Kj (parallel flow), whereas these layers essentially control the flow in the vertical

direction (serial flow) and then lead to low K, values for permeameter and vertical interference slug tests.

To be useful for K, estimation, the vertical resolution of the multilevel slug tests should have been as
small as the heterogeneity of the sediments (approximately 1-10 cm). For the study site, this situation
would not have been practical with multilevel slug tests. The HRK tool proposed by Liu et al. (2009)
could be however an interesting alternative. This tool, which is the coupling of a direct-push permeameter
(Butler et al., 2007; Lowry et al., 1999) with a direct-push injection logger (Dietrich et al., 2008), has the

potential to measure K} at a vertical resolution of approximately 1.5 cm.
5 Summary and conclusions

This paper explored the use of vertical interference slug tests for the efficient measurement of K, at the
field scale. The test is carried out in a single well between a stress and an observation interval that are
isolated vertically with a three-packer assembly. Similar to inter-well interference slug tests, an
instantaneous pressure pulse is induced in the stress interval and resulting drawdowns are recorded in
both the stress and the observation intervals. In a field proof-of-concept study, twelve vertical
interference tests were carried out sequentially along a fully-screened direct-push well in a moderately
heterogeneous and highly anisotropic silts and sands littoral aquifer. The direct-push well was completed

without sand-pack by the natural collapse of sediment around the screen in order to minimize well
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construction interferences with the tests. The simultaneous numerical inversion of multiple tests was done
to reconstruct heterogeneous profiles of Kj, K,/Kj; and S;. For a homogeneous section of the aquifer a
semi-analytical model was also applied. Results of the numerical inversion and the semi-analytical model
were compared with permeameter tests carried out in the laboratory to measure K, on sediment samples
and with high-resolution multilevel slug tests to measure K}, at a fine scale. The key findings of this study

are summarized below:

e Vertical interference slug test responses measured in both a stress and an observation interval contain all
the information needed to resolve the values of K, K,/K;, and S,. The design of a stress interval with a

small aspect ratio is however essential as well as the acquisition of high-quality drawdown data.

e Vertical interference slug test responses measured between isolated intervals along the same well may be
affected by well construction. Well construction effects, such as hydraulic short-circuits, can however be
detected and taken into account during the analysis. Direct-push wells, such as the one used in this study,
seem suitable to carry out vertical interference slug tests in comparison to less well-adapted sand-packed

wells.

e In a moderately heterogeneous and highly anisotropic aquifer, it is possible to analyze vertical
interference slug tests using inverse modeling that accounts for wellbore storage effects. In such an
environment, however, a sequential field-testing scheme should be followed where stress and observation
intervals overlap. The simultaneous inversion of multiple tests yields K, K,/K), and S, values at discrete

intervals along the well, as well as their uncertainties.

¢ For cases for which the aquifer can be considered homogeneous at the scale of the vertical interference
test assembly, a type-curve matching procedure with a semi-analytical model can also be used to resolve

K3, K,/K;, and S, values.

e Vertical interference slug tests hold the potential for K, measurement under really challenging field
conditions, Results of this study indicate that K, values obtained with vertical interference slug tests are in
agreement with permeameter tests conducted for the same tested intervals. Such a direct measurement is
far more interesting than the calculation of an equivalent X, from high-resolution multilevel slug tests
assuming isotropic conditions at vertical resolution as low as 15 cm. Such a calculation for the tested well
did not show a good correlation with both vertical interference slug tests and permeameter data,

suggesting that K,/Kj in the study aquifer can be quite high, even over a relatively small vertical scale.
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In a practical sense, the vertical interference slug test is an extension of the single well multilevel slug
test. It requires only the addition of an observation interval at the bottom of a multilevel slug test
assembly. Vertical interference slug tests are however an improvement over conventional multilevel siug
tests because they can provide not only Kj, but also K,/K}, and S, from a single test, and thus contribute to

provide the data required for meaningful understanding of flow and transport in aquifers.
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Résumé

Il a été démontré que la propagation des charges hydrauliques en réponse a un essai de perméabilité a
choc hydraulique est sensible aux variations de propriétés hydrauliques (K, K,/K,, et S;) des matériaux a
travers lesquels cette perturbation hydraulique se propage. La tomographie par choc hydraulique
comprend la réalisation d’une série d’essais de perméabilité a choc hydraulique dans des intervalles
isolés d’un puits avec I’enregistrement simultané des charges hydrauliques dans ’intervalle émetteur et
dans des intervalles d’observation isolés entre obturateurs dans un puits adjacent. Cette étude a pour but
d’évaluer quantitativement le contenu en information d’une analyse transitoire de tomographie par choc
hydraulique par rapport aux propriétés hydrauliques, et donc d’estimer sa capacité a résoudre
I’hétérogénéité des propriétés hydrauliques dans un plan vertical entre deux puits. Une analyse de
sensibilité et de résolution de premier ordre a donc été réalisée en utilisant des données synthétiques
reflétant les conditions d’un aquifére littoral avec une importante anisotropie de K. Les résultats
indiquent que la perturbation hydraulique induite par un choc hydraulique produit des patrons transitoires
de sensibilité distincts pour les intervalles émetteur et d’observation. Ceci permet la résolution
indépendante de K, K,/Kj et S, a Pintérieur du plan d’investigation, avec une faible interférence des
paramétres situés a ’extérieur de ce plan. La résolution spatiale effective des paramétres hydrauliques
peut aussi étre considérablement améliorée en utilisant a la fois les réponses des intervalles émetteurs et
d’observations dans 1’analyse. L’utilisant de la réponse des émetteurs réduit la corrélation entre les
paramétres, ce qui serait difficile d’obtenir autrement, méme en utilisant un réseau dense d’intervalles
émetteurs et d’observation. Une analyse transitoire de tomographie par choc hydraulique permet donc
d’imager 1’hétérogénéité des propriétés hydrauliques a une bonne résolution en plus de considérer
I’anisotropie de K, pour ainsi permettre de caractériser efficacement les propriétés hydrauliques
contrdlant I’écoulement et le transport de masse dans les aquiféres.

151



152



Accepté pour Water Resources Research le 25 novembre 2013; Version modifiée re-soumise le 8 mars
2014

Sensitivity and resolution analysis of the information content of
tomographic slug tests

. . * , .
Daniel Paradis"*", Erwan Gloaguen’, René Lefebvre” and Bernard Giroux”

1: Geological Survey of Canada, 490 rue de la Couronne, Quebec City, Canada G1K 9A9

2 : Institut national de la recherche scientifique, Centre Eau Terre Environnement (INRS-ETE), 490 rue
de la Couronne, Quebec City, Canada G1K 9A9

*Corresponding author: Daniel Paradis

Phone: (418) 654-3713 Fax: (418) 654-2604 E-mail: dparadis@nrcan.gc.ca

Abstract

Hydraulic head propagation in response to a slug test has been shown to be sensitive to variations in
hydraulic properties (K;, K,/K;, and S;) of the material through which the head perturbation propagates.
Tomographic slug tests involve a series of packer slug tests carried out in stressed intervals of a borehole
and the simultaneous recording of heads in the stressed interval and in observation intervals between
packers in an adjacent borehole. This study aims to quantitatively assess the information content about
hydraulic properties associated with the transient analysis of tomographic slug tests, and thus their
capability to resolve heterogeneous hydraulic properties in a vertical plane between two boreholes. A
‘first-order sensitivity and resolution analysis is thus carried out using synthetic data reflecting a known
littoral aquifer with strong K anisotropy. Results indicate that the head perturbation induced by a slug test
produces distinct transient sensitivity patterns in stressed and observation intervals, thus allowing the
independent resolution of K}, K,/K, and S, within the plane of investigation, with a weak interference
from parameters radially outward from the observation well. Effective spatial resolution can be improved
using both stressed and observation interval responses in the analysis. Stressed interval responses reduce
the correlation between parameters, which would be difficult to achieve otherwise, even with a dense
network of stressed and observation intervals. Based on a homogeneous parameter distribution, the
estimated sensitivity matrix indicates that the inversion of tomographic slug tests shows a high potential
to resolve heterogeneous fields of K, K,/K,, and §;.

Keywords: Hydraulic tomography, Slug tests, Aquifer characterization, Heterogeneity, Anisotropy,
Jacobian matrix

153



1 Introduction

It is widely recognized that knowledge of the spatial distribution of aquifer and aquitard hydraulic
properties within an aquifer system is essential to the understanding of its dynamics, which can provide
the basis for sound groundwater management. Indeed, comprehensive aquifer characterization should
ideally provide a three-dimensional model of the architecture of the aquifer system units and their
respective hydraulic properties, including hydraulic conductivity (K), K anisotropy (ratio of vertical and
horizontal K, K.,/Kj) and specific storage (S;) [Anderson, 1989]. Hydraulic tomography, which is
essentially the simultaneous analysis of inter-well hydraulic responses, measured at discrete and isolated
intervals, to multiple hydraulic tests (pumping or slug tests), is increasingly recognized as a mean of
imaging heterogeneity in hydraulic properties, such as preferential flow paths or impermeable barriers
that control flow and transport in aquifers. A comprehensive summary of previously published studies

dedicated to hydraulic tomography was recently made by Cardiff and Barrash, [2011].

Pumping tests are the most commonly used approach for test initiation of hydraulic tomography
experiments.. Tomographic pumping tests drawdown data are either analyzed under steady state or
transient flow conditions. For tomographic experiments using traditional constant-rate pumping tests,
drawdown sensitivities to K and S, in different regions of an aquifer have been shown to be fairly
correlated, which may lead to difficulties in identifying hydraulic properties independently and in
spatially resolving those properties [Bohling, 2009]. It is the sensitivity to a given hydraulic property at a
given time and location, defined as the ratio of the change in drawdown to a change in its property value,
and its magnitude along with its correlation with sensitivity to properties at surrounding locations that
indicates the ability of a pumping test to estimate a property value from drawdown data [Vasco et al.,
1997]. Meanwhile, it has been recognized that varying the pumping rate scheme (magnitude and
frequency) of a pumping test can increase parameter resolutions by increasing sensitivity magnitudes
while simultaneously constraining sensitivity correlations [Butler and McElwee, 1990]. Such variable
pumping rate approach takes advantage of the transient behavior of sensitivities that are generated, which
allows hydraulic properties in a given region of an aquifer to be better distinguished from properties in
other regions. It should be noted that the oscillatory pumping approach recently proposed by Cardiff et
al. [2013] might also fulfill a similar function.
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A slug test involves a sudden change in the volume of water (or hydraulic head) in a well, by adding or
removing water through a stressed interval, which causes a distance and time decaying hydraulic head
perturbation into an aquifer [Cheng et al., 2009]. The sensitivity behavior related to a slug test could thus
also be potentially exploited to increase parameters resolution. Indeed, slug tests exhibit transient
sensitivity behaviors to hydraulic properties in any regions of an aquifer interrogated by the test because
of the time decaying head perturbation [McElwee et al., 1995a; 1995b]. While hydraulic tomography
based on slug tests have been extensively studied using the concept of hydraulic travel time [Brauchler et
al., 2007; 2010 and 2011; Hu et al., 2011] to estimates heterogeneity in hydraulic diffusivity (the ratio
K/S,), tomographic slug tests data have never been studied through a sensitivity analysis to assess their
resolution potential for defining heterogeneity in hydraulic properties. Moreover, previous studies on
hydraulic tomography have essentially focused on identification of heterogeneity in Kj, and to a lesser
extend in S,. While aquifers could exhibit hydraulic conductivity anisotropy at various scales, and may
influence K}, and S, estimations if not taken into account [e.g., Hyder et al., 1994; Zlotnik, 1994; Butler,
1995; Spane, 1996; Belitz and Dripps, 1999; Butler and Zhan, 2004; Paradis and Lefebvre, 2013], its

explicit characterization using hydraulic tomography has never been the object of an analysis.

The main objective of this study is thus to assess the information content associated with a transient
analysis of tomographic slug tests data to estimate heterogeneity in Kj, K,/K; and S;. As widely used to
assess geophysical inversion results [e.g., Menke, 2012; Aster, 2005], this study uses the sensitivity and
resolution matrices to quantify the potential for tomographic slug tests data to resolve heterogeneity in
K;, K/K;, and S, between wells. While sensitivity analysis is used to understand the fundamental physics
underlying a particular hydraulic experiment, resolution analysis can be used to describe how well the
model can be reproduced when solving the inverse problem of that particular experiment [Vasco et al.,
1997]. Resolution analysis is an extension of the sensitivity analysis and combines sensitivities from a
number of head measurements and for a number of properties into a single measure related to each
hydraulic property. The resolution matrix describes the degree of averaging contained in the estimate of a
parameter at a particular location and it indicates whether a given parameter can be resolved or not for
this particular experiment. In well hydraulic studies, the sensitivity and resolution matrices have been
used by Vasco et al. [1997] and Clemo et al. [2003] to examine the ability of single or multiple fully
penetrating pumping tests with multiple observation wells to resolve two-dimensional areal variations in
transmissivity, and by Bohling [2009] to compare the sensitivity and resolution associated with transient
and steady-shape approaches to the analysis of a set of tomographic pumping tests. Although the purpose

of this study is not to compare the various approaches used to carry out hydraulic tomography, a similar
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analysis of the information content as the one used by Bohling .[2009] is adopted here to provide a
common basis of comparison with previous studies. We note also that our resolution analysis does not
consider any form of regularization, as the purpose of this study is to illustrate the information contained

in head data alone, without the information that could be provided by other measurements.

The sensitivity and resolution analysis presented in this study are characteristic of the experimental
configuration and general aquifer characteristics presented in a field implementation of tomographic slug
tests in a littoral aquifer that shows evidence of strong K anisotropy at small-scale [Paradis et al., 2014],
which are described in Section 2.1. Then in Section 2.2, we present the radial flow model used to
simulate various synthetic experiments and to derive a corresponding sensitivity matrix using small
perturbations of a homogeneous and anisotropic model. This model allows the simulation of wellbore
storage effects and placement of packers in the stressed well. Also, the approach used for resolution
analysis, through singular value decomposition (SVD) of sensitivity matrix, is detailed in Section 2.3. In
Section 3.1, we verify that the head perturbation induced by a slug test produces distinct transient
sensitivity patterns in stressed and observation intervals that would allow the independent identification
of Kj, K,/K), and S, within the region of investigation (ROI) encompassed by a stressed well and an
observation well, and whether the influence of hydraulic properties beyond the observation well can be
isolated. We then illustrate in Section 3.2 through a spatial mapping of temporal sensitivities for a single
slug test that parameter correlations may influence the resolution potential, while in Section 3.3 we
demonstrate using a resolution analysis how tomographic slug tests can reduce parameter correlations
with the ROL Then, in Section 3.4, we investigate the influence of various factors that might be
controlled to increase the resolution potential of tomographic slug tests. Moreover, in complement to
previous analysis, Section 3.5 demonstrates for simple heterogeneous and anisotropic models that the
non-applicability of the principle of reciprocity for slug tests is an intrinsic consequence of the pulsed

mode of test initiation. Finally, we conclude and summarize our results in Section 4.
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2 Methodology

2.1 Experimental configuration and general aquifer characteristics

The sensitivity and resolution analysis presented in this paper reflects the experimental configuration and
general aquifer characteristics of a field implementation of tomographic slug tests reported by Paradis et
al. [2014). The present paper does not aim to exactly reproduce the test configuration or the hydraulic
property fields themselves, but instead use similar test design and mean physical property values as the
basis for various synthetic experiments to assess the information content of a transient analysis of

tomographic slug tests.

The first step of the methodology consists in building synthetic models that are similar to the case study
reported by Paradis et al. [2014]. That study involved a set of tomographic slug tests performed in a
moderately permeable and anisotropic littoral aquifer [Paradis et al., 2011; Paradis and Lefebvre, 2013;
Paradis et al., 2014]. The tomography field experiment involved 12 slug tests performed within 0.61 m
long stressed intervals straddled by packers along two fully screened direct-push wells separated by a
distance of 7.98 m. During the slug tests, head responses were recorded using a network of observation
pressure transducers also located within 0.30 m long intervals straddled by packers. Other measurements
were also made at that site, notably multilevel slug tests and lab permeameter tests on vertical sediment
samples [Paradis and Lefebvre, 2013; Paradis et al., 2014]. Values of K) based on multilevel slug tests
- done at 15 cm intervals ranged from 7x107 to 2x10”° m/s using the Bouwer and Rice [1976] method,
whereas K, estimates from permeameter tests at the same scale ranged from 2.7x 10 to 1.0x10” m/s. The
comparison of K;, and K, values for the same intervals provides estimates of K,/K;, between 0.0025 and
0.83. The bulk average K and K,/K, are about 1x 10 m/s and 0.1, respectively. Moreover, considering
the results of the inversion of the field data, a bulk average S; of 1x 10* m™ will be used in the synthetic
experiments. On that basis, Table III.1 summarizes the parameters used for the aquifer model as well as
test characteristics used for numerical experiments. The upper part of the aquifer consists of fine
sediments that have been shown to act as a leaky confining layer during pumping tests [Paradis et al.,
2011]. While in the field implementation the aquifer was modeled as an unconfined aquifer, for the sake
of the synthetic experiments confined conditions will be assumed to get symmetric lower and upper

boundary conditions (Figure III.1a) and then avoid confusion in the interpretation of the synthetic results. 4
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Table ITL.1 Parameters used for the aquifer model and test characteristics used for numerical experiments.

Aquifer Parameters

Horizontal hydraulic conductivity (K}, 1x107° m/s
Specific storage (S;) 1x10* m™
Hydraulié conductivity anisotropy (K,/K},) 0.1
Aquifer thickness &m

General Test and Well Parameters

Initial head displacement (Hy) 4.5m
Stress interval length 0.61 m
Inside radius of stress interval casing 0.0254m
Inside radius of stress screen 0.0254 m
Observation interval length 0.305 m
Inside radius of observation screen 0.0254 m
Inter-well distance 7.98 m

2.2 Radial flow model

The computer program Ir2dinv was used for the numerical simulations needed to carry out this study.
The Ir2dinv numerical simulator is a two-dimensional radial-vertical finite difference flow model
developed by Bohling and Butler [2001]. Under conditions of radial symmetry, meaning the absence of
angular variations in both hydraulic properties and boundary conditions, the flow to a partially
penetrating well (stressed interval) in response to an instantaneous change in water level in a confined

aquifer of infinite areal extent is described by:

10 oh\ 0 oh oh
| K — |+ —| K, — |= S, —
rar(r ar)+az(K 8z) ot 1)
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where 4 is the head [L], S; is the specific storage [1/L], K, and K, are respectively the hydraulic
conductivity in the radial (or horizontal- K}) and vertical directions, ¢ is time[T],  is the radial coordinate

[L], and z is the vertical coordinate (positive upward from a zero reference at the base of the aquifer) [L].

The inner boundary of the model is at the stressed well radius r,, [L] and the initial conditions are given
by

h(r,z,0)=0 r,<r<r, 0<z<b

@)

where r,, is the outer boundary of the model located far away from the stressed well in order not to
interfere with it, b [L] is aquifer thickness, H is level of water in the well [L], and H, is the static water
column height in the well where the stressed interval is located, which is equal to the initial level of water

in the well at =0, [L].

The outer boundary conditions are the following:

hr=r ,z,t)=0 0 0<5z<h
(r rmzt) t> Z @)

Oh(r0.5) _dhrbb) o 4o r,<r<r,
dz dz (%)

and the inner boundary conditions at the stressed interval is given by
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- j h(r,.zt)dz=H(@&) >0
a (6)
0 z<d,z>d-L t>0
oh(r,,z,t)
2r K, o) 2
or m O s z<d-1 150
L dt
(7

where d is the distance from the top of the aquifer to the bottom of the stressed interval [L], L is the

stressed screen length [L], and . is the radius of well casing [L].

The program Ir2dinv also allows the representation of the wellbore into the model domain, enabling the
simulation of wellbore storage effects and placement of packer intervals in the well. Wellbore storage is
defined as the relative volume change AV per unit head change A4 in the wellbore (W= AV/V-Ah).
Wellbore processes are approximated using Darcy's Law, with open sections of the wellbore represented
as high-K regions and packers as low-K regions. To simulate wellbore effects, one column of cells is
used to represent the region inside the wellbore, from the wellbore radius, ., to the inner radius of the
model grid, 7,»=r. exp(Ar'), where Ar' is the constant spacing in the transformed radial direction. Most
cells in the wellbore should be assigned a value of S equal to 0, representing the fact that water is
essentially incompressible. However, the top cell in the wellbore (or the top in any screened interval)

should have a value of S; equal to 1, which the program will convert to the value

1 h 1 1
Ss= | S T T
AZ\ 7 —tain ) Az\ 1—exp(—2Ar') @)

to account for the vertical thickness of the cell and compensate for the exclusion of the inner portion of
the wellbore (between =0 and 7=r,,;,) from the model domain. For slug tests, the initial head in the top
cell should be set to the initial displacement for the test, Hy, with all other initial heads in the model set to
zero. The storage properties of the wellbore are set to represent wellbore storage effects, which is a key
factor needed to be considered for a meaningful interpretation of inversion results with tomographic slug

tests. Wellbore storage affects the hydraulic response in an observation interval in two ways. First, for a
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given distance between the stressed and observation intervals, wellbore storage causes a delay in the time
at which the pressure change is observed. Second, the response amplitude grows with the wellbore
storage if the head change remains the same [Prats and Scott, 1975; Spane, 1996; Brauchler et al., 2007,
Paradis and Lefebvre, 2013]. Wellbore storage effects (time delay and amplitude change) are also a
function of S;, and for an aquifer within which §; is expected to vary, simulation of wellbore storage as
allowed by Ir2dinv greatly improves the accuracy of the inverted tomograms. Note that the Ir2dinv
assumes that wellbore storage effects can be neglected in the observation interval. To obtain test data
with minimal wellbore storage effects, the observation interval should be straddled with packers [Sageev,

1986].

The model uses a logarithmic transform of the radial coordinate, #'=In(#/r,), to transform the radial flow
problem into an equivalent Cartesian problem in (v, z) space [Butler and McElwee, 1995; Bohling and
Butler, 2001]. This study used a simulation grid with 43 cells of dimension Ar'=0.19492 along the
transformed radial axis and 26 cells of dimension Az=0.3048 m (1 foot) along the vertical axis (Figure
II1.1a). In the physical space, the radial location of the grid node with radial index i is 7,-exp((i-0.5)-Ar")
and the location of the outer face of the corresponding cell is r,-exp(i-Ar"). The scale of the logarithmic
transform was adjusted to fit the radial location of grid nodes to the location of the wells with a well
spacing identical to the field implementation [Paradis et al., 2014]. The exponentially increasing grid
size in the radial direction improves the detailed description near the stressed well and provides a coarser
representation with increasing distance from the stressed well, representing the fundamental sensitivity
behavior of radial flow [Butler, 1990]. This type of grid also provides an efficient means to place the
outer boundary far from the stressed well. The discretization used places the zero-head outer boundary of
the model about 111 m from the stressed well, so that this boundary has negligible effects on simulated

slug test heads at the stressed and observation wells.

For the sensitivity and resolution analysis presented in this paper, the simulation grid was divided into
143 parameter cells of 0.61 m in height that corresponds to the length of the stressed interval, as shown
in Figure III.1b. Given the logarithmic change in cell dimensions in the radial direction, the cells of the
simulation grid were merged to obtain inversion cells width of approximately equal size within the
region encompassing the stressed and observation wells, referred to as the region of investigation (ROI)

(region 1 in Figure IIL. 1b). The average width of the cells within the ROI is 1.46 m, which means that 6
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columns of cells separate the stressed and observation wells. Hereafter the term “parameter grid” is used

to refer to this zonation of the simulation grid.
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Figure IIL.1 (a) Numerical model grid and boundary conditions used for all synthetic experiments. (b) Parameter grid
with 143 cells and zonation used for simulations in Figures II1.2 and IIL.4. (c) Locations of the stressed and observation
intervals (red plain lines) with ray coverage density for the synthetic tomographic experiment with 13 slug tests and 37
observation intervals (base case) presented in Figures II1.5a-b. Table 111.2 presents the correlation matrix for sensitivity
to hydraulic properties with respect to the tx7 stressed interval and the rx7 observation interval shown in Figure IIL1c
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(black dotted line). Figure II1.2 shows the normalized head sensitivities to hydraulic properties for the tx7 stressed
interval and observation intervals at different angles relative to rx7 (rx7, rx5 and rx3).

2.3 Sensitivity matrix

In this paper, the sensitivity analysis of the transient analysis of tomographic slug tests is based on the
Jacobian (sensitivity) matrix. The sensitivity matrix relates a change in a parameter to a corresponding
change in the heads and each J;;element in the sensitivity matrix represents the sensitivity of the head at a

given time and location, 4;, to one of the hydraulic properties, p;:

®

The head index i runs over all observation times and locations for all tests, and p; represents either the
In(K}), In(K,/K}) or In(S;) values associated with each of the cells in the grid. Thus, the sensitivity matrix
represents a linear approximation of the behavior of the flow model nearby the parameters used in the
simulations [Vasco et al., 1997] and serves as an approximation in the solution steps of most nonlinear

groundwater gradient inverse algorithms [Aster et al., 2005].

In this work, the sensitivity matrix is estimated using a numerical derivative technique, i.e. it is computed
from the simulation of heads for various test configurations using average uniform values for K, K.,/K,
and §; as the base hydraulic property values. The sensitivity matrix elements are constructed by a
sequence of groundwater flow simulations using Ir2dinv, one simulation per grid cell, in which each
hydraulic property in a single cell is slightly perturbed from the base hydraulic property values and the

differences in heads are noted.

The sensitivity used in this study is built from the normalized sensitivities, or sensitivities to logarithmic

hydraulic property values, defined as follows:
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dh dh dh

"dK, dK, /K, d(nKk,)

(10a)
K.IK) dh _ dh u dh
d(K,/K,) d(K,/K,)/(K,/K,) din(K,/K,) (10b)
. dh _ dh _ dh
ds, ds,/S, d(nS,) (10c)

This normalization brings the sensitivities of the different parameters to an equal level for a change of
head in response to a unit relative change in the parameter value or unit change in the natural log of the

parameter value [Bohling and Butler, 2001].

2.4 Singular value decomposition (SVD)

The problem being ill-posed, the tomographic slug test inversion is regularized using a singular value
decomposition (SVD) of the sensitivity matrix [4ster et al. [2005]; Bohling, 2009; Jimenéz et al., 2013].
The problem considers m observed data and » model parameters. The singular value decomposition of

the m*n sensitivity matrix, J, yields

J=USV’ (11)

where U is a m>m orthogonal matrix with columns that are unit basis vectors spanning the data space,
R™. V is a nxn orthogonal matrix with columns that are unit basis vectors spanning the model space, R".

S is a mxn diagonal matrix with nonnegative diagonal singular values of J on the diagonal.

The singular values along the diagonal of S are arranged in order of decreasing magnitude, and the

columns of U and V are arranged in the corresponding order. The columns of V represent linear
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combinations of the model parameters, and the leading columns, corresponding with the largest singular

values, represent the linear combinations that are most strongly resolved by the data.

The SVD can also be used to compute an inverse of J, called the Moore-Penrose pseudoinverse, which is

given by:

T _ -ly17
J _VPSPUP (12)

and where only the p largest singular values and vectors, that correspond to the most strongly resolved

parameters, have been retained. This pseudoinverse can be used in computing an nx1 vector of estimated

m
parameters, ', from an mx1 vector of observed data, d, as

m; =J'd (13)

To characterize the conditioning of an inverse problem it is useful to analyze the singular value spectrum,
which is the range of singular values. A least-squares problem is said to be rank-deficient if there is a
clear distinction between the nonzero and zero singular values and the rank of J, which is the number of
nonzero singular values, is less than the number of unknown parameters ». Rank-deficient problems have
non-unique solutions, i.e. there is an infinite number of acceptable parameter vectors that will fulfill the
inversion criteria. A number of unknown parameters » larger than the number of independent data m is
characteristic of rank-deficient problems. Rank-deficient problems using SVD can be solved after
truncating (p<n) the zero singular values, but a model of limited resolution will be produced. Even for

noise-free data, it will not be possible to recover the true model m in a rank-deficient problem.

In the case of a sensitivity matrix with the number of independent data m exceeding the number of
unknown parameters n, the rank of J will be limited by the number of parameters and there will be at
most n nonzero singular values. Using p=n in the computation of the generalized inverse will yield an

estimated parameter vector m, that is close to the exact solution for this problem. Retaining a large

number of singular values and vectors in the generalized inverse will allow a better fit to the observed
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data and a better apparent resolution of the detail in the estimated parameters. In many inverse problems,
however, singular values decay gradually toward zero and do not show an obvious jump between
nonzero and zero singular values. The ratio of the largest to the smallest singular value, referred as the
condition number, indicates the degree of ill-conditioning. With ill-conditioned problems the terms
associated with smaller singular values will tend to amplify the noise in the data, increasing the variance
in the parameter estimates. Regularization involving the truncation (p<n) of the smaller singular values
may thus be necessary to produce a model with a lower variance, but this leads to a loss of resolution and
introduces bias in the estimated parameters (variance-resolution tradeoff). Note that the problems related
to ill-conditioning and bias-variance tradeoff are inherent to inverse problems and the SVD analysis

allows to elucidate these problems.

2.5 Model resolution matrix

The generalized inverse always gives a solution, m+, but it is essential to investigate how faithful this
representation of the model representing the spatial distribution of parameter values is likely to be of the
“true” model [Vasco et al., 1997]. The concept of model resolution is an important way to characterize
the bias of the generalized inverse solution. If the true model is represented by m and the corresponding
true data vector is repfesented by d=Jm, then the parameter vector estimated from application of the

pseudoinverse (13) is:

my =JTJm (149

The matrix multiplying the true model is the model resolution matrix:

where the elements of matrix R,, are the averaging coefficients. For instance, R;; denotes the contribution
of the j parameter to the estimate of the i" parameter. The resolution matrix is an array whose diagonal
elements correspond to each grid cell of the model domain. The values of diagonal elements (i=j) are

between 0 and 1. A value of zero means that a given parameter cannot be resolved using the available
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observation data, and a value of one means it can be resolved perfectly. The off-diagonal elements (i7)
reflect the influence of other elements on resolving the elements on the diagonal. Thus a value of zero in
all the i (j not equal to i) elements means that the parameter in the /™ element has no effect on

determining the /™ element and, consequently, no spatial averaging would be present in the estimate.

It should be noted that the resolution matrices R, do not depend on specific data or models, but are
exclusively properties of the sensitivity matrix J [Aster et al., 2005]. They reflect the physics and
geometry of a hydraulic experiment, and thus provide a powerful tool to assess the information content

of tomographic slug tests.

3 Results and discussion

3.1 Temporal sensitivities for a single slug test

To provide basic insight into how each hydraulic property can be resolved by the transient analysis of
tomographic slug tests, this section describes the results of the computation of temporal sensitivities for
K;, K,/K;, and S; based on the homogeneous and anisotropic base model of aquifer parameters and test
characteristics described in Table III.1. To start this analysis, we distinguish the region within the ROI
from the region beyond the observation well that represents the aquifer outside the ROI (regions 1 and 2
in Figure I11.1b, respectively). These two regions are considered to assess how hydraulic properties can
be resolved within the ROI with the lowest interference from parameters outside the ROIL. Given the
radial discretization of the numerical grid, the cells centered on the observation well were included in the
ROL. Figure II1.2 shows head sensitivities to Kj, K,/K}, and S; for the region within and outside the ROI
over the entire duration of a slug test. The sensitivities were computed with Ir2dinv {Bohling and Butler,
2001] in a forward modeling mode with an initial head displacement in the stressed interval of 4.5 m.
The plotted sensitivities are normalized by the corresponding hydraulic property values as described by
Equations 10a-c to compare the relative importance of each property. The sign of the sensitivity value
indicates whether the resulting change in head is proportional (positive value) or inversely proportional

(negative value) to a unit change in property value.
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Figures Ill.2a-b present the normalized head sensitivities for a stressed and an observation interval,
respectively, that are aligned along the same horizontal path (tx7 and rx7 shown in Figure III.1c). It can
be seen that sensitivities to all hydraulic properties for the stressed interval are larger than sensitivities for
the observation interval. Despite the difference in scale of the two graphs, we note that sensitivities to
K,/Ky; and S;; for the stressed interval (Figure I11.2a) are significant with respect to sensitivities for the
observation interval (Figure IIL.2b). In fact, sensitivities are proportional to the flow rate that contributes
to the head response at a particular point of observation (stressed or observation interval) [e.g., McElwee
and Yukler 1978]. The total flow rate at a point of observation is the sum of the flow (X, and K,) and
storage (S;) components. Maximum sensitivities are thus found near the stressed interval where both

horizontal and vertical hydraulic gradients and the rate of change in heads are the largest.

Figure II1.2a illustrates that the head response in the stressed interval is clearly more sensitive to Kj; than
to K,/K,; or S;; with high sensitivity correlations between those properties (Table I11.2). Thus, only the
K, component can be realistically identified using only stressed interval data [McElwee et al. 1995a].
Note that the stressed interval response is sensitive to K,/Kj; here because a small aspect ratio (screen
length over screen radius) that increases the proportion of slug-induced vertical flow is used for the
experiment and that sensitivity to K,/K}; generally decreases with increasing aspect ratio [Paradis and
Lefebvre, 2013]. Although sensitivity correlations presented in Table I11.2 for properties within the ROI
are moderately anti-correlated with properties outside the ROI, sensitivity amplitudes for those properties

are very low and do not affect significantly the stressed interval response.

The curves depicted in Figure HI.2b for the observation interval (rx7 shown on Figure III.1¢) indicate
that sensitivities for properties within the ROI have similar amplitudes with different behaviors.
Sensitivity curves for Kj,; and S;; have a fairly strong anti-correlation (Table 1I1.2), which may results in
difficulty in resolving those properties using only observation interval data. The maximum sensitivity for
properties within the ROI actually occurs before (K, and S;) or at (K,/K},) the peak of the normalized head
response recorded in the observation interval (Figure IT1.2b). At later times, when the peak of the head
perturbation is moving beyond the observation well, the sensitivity for properties outside the ROI reach
their maximum amplitude and sensitivity to K, K,/K); and S, are thus delayed in time with respect to
K1, K\/Ky; and Sy, (Figure I11.2b). The sensitivity to Kj,; and S,, with respect to sensitivity to properties
within the ROI indicate a low to moderate influence on the observation interval response, whereas the
very low sensitivity to X,/K}, indicates that this property cannot be identified from head data. Indeed, the

finite duration of a slug test and the attenuation of the head perturbation that travels in the aquifer indeed
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constrain the growth in sensitivities for hydraulic properties outside the ROI. Although the strong
sensitivity correlation between Kj,; and S;, indicates that only their combined effects can be assessed,
their weak to moderate correlations with respect to sensitivity to properties within the ROI suggest that
K, and S;; can be isolated from Kj;, K,/K}; and Ss; (Table II1.2). While hydraulic properties within the
ROI cannot be completely resolved using either stressed or observation interval response alone, it
appears from Figures ITI.2a-b and Table III.1 that K,;, K/K,; and S;; can be better identified using both
stressed and observation interval responses [McElwee et al., 1995b]. That is the combined use of

different head responses contributes to reduce correlations among the properties.

Table IIL.2 Correlation matrix for sensitivity to hydraulic properties for regions within (subscript 1) and outside
(subscript 2) the region of investigation (ROI) with respect to stressed (tx7) and observation (rx7) interval. The ROI is
defined in Figure II1.1b and location of tx7 and rx7 are shown in Figure IIl.1c.

Stressed Interval (tx7)

Within the region of investigation Outside the region of investigation

Properties K KJ/Ky; Ss1 . 6%} K./Ky; S5z
K 1 0.98 0.86 -0.64 -0.36 -0.52
KJ/Ky, 0.98 1 0.73 -0.60 -0.31 -0.49
St 0.86 0.73 1 -0.62 -0.41 -0.53
K -0.64 -0.60 -0.62 1 0.82 0.98
KJ/Ky; -0.36 -0.31 -0.41 0.82 1 0.88
Ss2 -0.52 -0.49 -0.53 0.98 0.88 1

Observation Interval (rx7)

Within the region of investigation Outside the region of investigation

Properties Ky, KJ/Ky; Ss1 K, KJ/K; S5z
Ky 1 -0.12 -0.84 0.45 0.41 0.38
KJ/Kni -0.12 1 0.64 0.68 0.82 0.72
Ss1 -0.84 0.64 1 0.03 0.15 0.11
K> 0.45 0.68 0.03 1 0.89 0.99
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KJ/K; 041 0.82 0.15 0.89 1 0.89

Ss2 0.38 0.72 0.11 0.99 0.89 1

170



(A) Kh=1x10%; KviKh=0.1; Ss=1x10"* (B) Kh=1x10"5; KWKh=0.1; Ss=1x10"* 0.08

0.2 1 1.5
. 0 :z’y;( rx7-0° z
E 02 08 -5l 0.02 g
£ .04 | Kpo B
2 08 D10 — K jKpo 0.01 3
a 0 06 T % - 2
S -08 T e Ss2
& Tk 4\ T x 0o g
E 1-2 — Ky/Kn1 “'. \ £ 04T 2 00 §
S 12h L.y R T05f 01 <
g 14 s L\ \ 2
S .16 102 = / 0023
2 s Head (H/Hy) \ 57 Head (HHg) E)
2L - 5 '\“a 0 0 2 .0.03
10 10 10 10 10 10° 10" 102 10 10*
(C)kh=1x10'%; KviKh=0.1; Ss=1x10 (D) ki=1x10°5; KviKh=0.1: Ss=1x10*
0.03 15 15 0.03
= x5-9° x3-17°
E 002 002 &
z 8
£ 001 ! 10X T10 001 §
2 &% S a
3 o : = X X S o 8
3 N e Q o gt 2
N \ i Phagie S . 7 =4
5 -0.01 {3 057 $05 - 0.01 £
E - E
S / N\
Z -0.02 ' % / 002 3
Y, ~ \\M
-0.03 - 0 0l 1 - 003
10° 10" 102 10® 10 10 10" 102 10 10
Time (sec) Time (sec)

Figure III.2 (a) Normalized head sensitivities to hydraulic properties (K, K,/K; and S)) for a stressed interval; and (b, ¢
and d) observation intervals located at different angles from the stressed interval based on a homogeneous and
anisotropic aquifer model (Figure II1.1b and Table II1.1). Locations of the intervals (tx7, rx7, rx5 and rx3) are indicated
in Figure IIL.1c (black dotted lines). Note the difference in scale for stressed and observation intervals. Subscripts 1 and 2
refer to parameters within and outside the region of investigation (ROI), respectively. Stressed interval sensitivities for
properties outside the ROI are not significant and are thus not shown in Figure IIl.2a. Corresponding normalized head
(H/H,) responses are also shown (plain blue lines).

The sensitivity analysis is also extended to the effects of the angle between the locations of the stressed
and observation intervals on the observation interval response. Figures II1.2b-c show head sensitivities to
properties within and outside the ROI for various observation interval angles (rx7, rx5 and rx3 in Figure
III.1¢). Sensitivity amplitudes for Kj; and S,; generally decrease for larger angles, although they retain
relatively similar shapes, whereas sensitivity curves for K,,;, K,/K}, (practically nil) and S;, remain almost
unchanged. The relative influence of properties outside the ROI over K, and S;; is therefore slightly
increased. Most importantly, Figures II1.2b-d show that the sensitivity curve for K,/Kj; is strongly
affected by observation interval location. Indeed, sensitivities range from positive to negative values
depending on the location of the observation interval in the flow field. We note that for isotropic
conditions (K,=K},) the sensitivity to all properties do not change with observation interval location. The
increases in travel path lengths at the angles used (9° and 17°) are actually too small (<5%) to observe

any significant head attenuation. Thus from a practical viewpoint, because sensitivity to K./Kj; is
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maximal at low angle and may decrease rapidly to zero for anisotropic conditions, it may be sufficient to
only monitor the propagation of the head perturbation with observation intervals located at low angles

with respect to the source.

In summary, the front of the head perturbation, which begins with the first arrival time and ends with the
peak of the head amplitude recorded in the observation interval, contains the majority of the information
about hydraulic properties within the ROI. The different temporal behaviors of the sensitivity curves
suggest that information contained in stressed and observation interval responses of slug tests can be used
to independently identified Kj, K,/Kj, and S, within the ROI without much interference from hydraulic
properties beyond the observation well. It should be noted that the head perturbation induced by a slug
test produces transient sensitivity patterns that are fundamental to independently identify hydraulic
properties. Butler and McElwee [1990] demonstrated that only data collected during periods of changing
sensitivities provide information about hydraulic properties. Thus, unlike sensitivity curves for pumping
tests that reach constant sensitivity values for hydraulic conductivity components (K, and X,/K}) once the
cone of depression moves beyond the point of observation (e.g., Butler and McElwee, 1990; Bohling,
2009; Mao et al., 2013; Sun et al., 2013), the sensitivity curves induced by slug test for a particular
location within the ROI vary for all hydraulic properties over the entire duration of a test. That is, a larger
time window of opportunity is offered by slug tests to identify hydraulic properties within the ROL
Moreover, the resolution potential for S; can be strongly lowered using pumping tests because wellbore
storage effects contribute to attenuate sensitivity to S;, especially on drawdowns recorded in stressed well.
Finally, hydraulic properties outside the ROI can have a much more negative impact on the identification
of properties within the ROI using pumping tests because the increasing cone of influence over time (in
opposite to slug tests that last for a short duration), may increase the correlation between properties within

and outside the ROL.

3.2 Spatial sensitivities for a single slug test

To further illustrate the fundamental aspects of tomographic slug tests, a spatial sensitivity analysis was
carried out on the hydraulic properties for a single slug test for the homogeneous and anisotropic aquifer
represented by the properties in Table III.1. A forward simulation was run to simulate a slug test using the
base case values (Table III.1) and the sensitivities were evaluated for all cells of the 143-parameter grid
(Figure III.1b), considering all time steps for a stressed interval (tx7) and an observation interval (rx7)

separately.
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Figures III.3a-b show the root-mean-square (RMS) normalized sensitivity of heads to K, K./K; and S; for
each cell of the parameter grid and for the entire duration of the test (10000 s). The RMS normalized

sensitivity to K}, for parameter grid cell j is given by:

n 2 n-f B
RMS, = |~ (Kh—dh" ) == (—‘”‘*‘ )
: n‘g dKh n =\ dInKh (16)

and similarly for K,/K, and S;. The summation is over the entire set of » simulated heads at the
observation point (stressed or observation interval) and for all times over the test. The RMS normalized
sensitivity is an integrated measure of the sensitivity of the simulated heads at the observation point and
for all times to a small relative change in the given hydraulic property in a given cell. The root mean
square of sensitivity values for each cell emphasizes the relative variation of the sensitivities associated
with each properties and observation point and it is these relative variations that determine the resolution

potential.

For the interpretation of Figures II1.3a-b, it is first important to note the difference in magnitude between
the sensitivities for the stressed and the observation intervals. As previously noted in Figures II1.2a-b,
maximum sensitivities are for the stressed interval where the flow rates are the largest. Sensitivities for
the observation interval would then have presented larger values for an observation well located closer to
the stressed interval or using a higher initial head to initiate the test. The comparison of Figure III1.3a to
Figure II1.3b shows that the overall spatial sensitivity patterns for the stressed and observation intervals
are different. Sensitivities to K, K,/K;, and S; for the stressed interval are focused mainly near the stressed
interval, whereas sensitivities for the observation interval are more evenly distributed over the ROL Also,
the specific sensitivity patterns for each hydraulic property are somewhat different according to the flow
pattern induced by slug tests performed in stressed intervals of small aspect ratio. Indeed, K, and S; larger
sensitivities are focused along the horizontal line that joins stressed and the observation intervals, where
horizontal head gradients and temporal variation in head gradients are maximal, respectively. For K,/K,,
the larger sensitivity values are rather located on both sides (over and under) of the stressed and

observation intervals where vertical head gradients are more important.
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Figure IIL.3 Spatial distributions of root-mean-square normalized sensitivity to K, K,/K, and S, over a single slug test for:
(a) a stressed interval (tx7); and (b) an observation interval (rx7). Locations of the intervals (tx7, and rx7) are indicated in
Figure IIL.1c (black dotted line).

Figures IIl.4a-b show temporal head sensitivity to K, K,/K, and S; for six regions (column of cells)
within the ROI that we distinguished from the region outside the ROI, as indicated in Figure IIL1b.
Sensitivities for the 143-parameter grid in Figures III.3a-b were summed over each region at each time
step, as previously done in Figures II1.2a-d. As suggested by Figures II1.3a-b, we observe from Figure
II1.4b that while the observation interval response is sensitive to all regions within the ROI, the regions
that influence the stressed interval response are rather focused near the stressed interval with a decreasing
influence away from this well (note however the difference in scale between Figure II1.4a and II1.4b).
Thus, the benefits of using both stressed and observation interval to resolve correlations between
properties, as previously discussed with Figures II.2a-b, decrease with increasing distance from the
stressed interval as the sensitivities for the stressed interval vanish. Moreover, Figures III.4a-b show that
there are fairly strong correlations among sensitivity curves for adjacent regions in the middle of the ROL.
This suggests that it may be difficult to separate the contribution on the head responses of each parameter
within the ROI, particularly when considering normally noisy head data. Note that the same sensitivity

correlations can be observed for parameters outside the ROI (not shown). In the next sections, we will
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investigate how slug tests carried out in a tomographic format can cope with the different spatial patterns
of sensitivity for properties and observation points (stressed and observation intervals) and can alleviate

correlations between parameters to resolve Kj, K,/K, and S, throughout all the ROL

(A) Stressed intervatl (tx7) (B) Observation interval (rx7)
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Figure I11.4 (a) Normalized head sensitivities to hydraulic properties (K;, K,/K, and S;) for a stressed interval (tx7); and
(b) an observation interval (rx7) based on a homogeneous and anisotropic aquifer model (Figure IIL.1b and Table IIL1).
Locations of the intervals (tx7 and rx7) are indicated in Figure III.1¢c (black dotted line). Note the difference in scale for
stressed and observation intervals. Subscripts 1 to 7 are defined in Figure IIL.1b. Corresponding normalized head (H/Hy)
responses are also shown (plain blue lines).

175



3.3 Spatial sensitivity and resolution of a tomographic experiment

This section examines the spatial sensitivity and resolution associated with a transient analysis of the head
responses obtained from tomographic slug tests. For that purpose, a tomographic experiment is
numerically simulated, with 13 slug tests along the stressed well with 3 observation intervals (except for
the upper and lower most stressed intervals that use 2 observation intervals) distributed along the
observation well to provide relatively uniform spatial coverage of the aquifer, as illustrated in Figure
III.1c. A total of 37 observation interval responses and 13 stressed interval responses are thus used for the
sensitivity and resolution analysis to K, K,/Kj, and S;, which is considered a reasonable test configuration
(moderate spatial coverage density) that might be practically obtained in the field. The present analysis is
carried out with a homogeneous and anisotropic model using all available stressed and observation
interval responses of the tomographic experiment, as suggested by sensitivity patterns shown in Figures
II1.2-4, in order to fully assess the resolution potential of a transient analysis of tomographic slug tests to
resolve Kj, K,/Kj, and S within the ROL The analysis is based on the sensitivity matrix computed from a
simulation of the head responses for each test, using the base property values presented in Table IIL.1 and
the 143-parameter grid illustrated in Figure III.1b. The sensitivity of the head are then computed using
relations 10a-c for all times and all locations of the 13 stressed intervals and 37 observation intervals for
all hydraulic properties (K, K,/K}, or S;), individually, associated with each cell of the parameter grid. The

resolution analysis is based on a truncated SVD of the sensitivity matrix, as previously described.

Figure II1.5a shows the RMS normalized sensitivity of head observations to K}, K,/K;, and S, values over
all 13 tests in the 143-parameter grid for a 10000 s time frame. As expected from Figures III.3a-b for a
single test, a transient analysis of tomographic slug tests using stressed and observation interval responses
focuses the sensitivity more strongly on cells near the stressed well, with gradually decreasing
sensitivities farther from the stressed well. Sensitivities are also found to be homogeneously distributed
along the vertical direction as expected from the relatively constant ray coverage density illustrated in

Figure Ill.1c.
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Figure IIL5 (a) Spatial distributions of root-mean-square normalized sensitivity to K,, K,/K, and S;; and (b) diagonal
elements of resolution matrix (Figure IIL.7) for K, K,/K, and S, associated with the analysis of the 10000-sec head records
for the synthetic tomographic experiment with 13 slug tests and 37 observation intervals (base case) shown in Figure
Il.1c. The resolution values are based on truncated singular value decomposition (SVD) inversion with a relative
parameter error of 1% using the 143-parameter grid shown in Figure IIL.1b. Simulation parameters and average
resolution values for hydraulic properties within the region of investigation (ROI) are presented in Table I11.3.

Figure IIL.6a shows the singular value spectra for the sensitivity matrix of the 143-parameter grid that is
composed of 429 singular values, corresponding to the number of hydraulic properties (3: Kj, K,/Kj and
S;) times the number of cells (143). A singular value spectrum is a graph of the singular values in
descending order. A larger singular value means a better resolution potential for those parameters. The
bump in the first 13 singular values corresponds to K, values for the 13 cells closer to the stressed
intervals where the sensitivities for those parameters are much higher than in any other cells, as depicted
by the sensitivity patterns in Figures III.5a-b. The slope of the spectrum also indicates the ability to
accurately estimate the parameter combinations associated with successive singular values. Indeed, the
independent information contained in head data exceeds or equals the number of unknown parameters, as
indicated in Table II1.3 by the rank of the sensitivity matrix, which equals the number of parameters. This
means that with noise-free head data the true model of the hydraulic properties can be fully recovered,

which obviously does not represent real field conditions. The gradual decay in singular values toward

177



very small singular values illustrated in Figure II1.6a and the corresponding large condition number of
1.9x10"" (Table II1.3) both suggest that the tomographic experiment is severely ill-conditioned, which
means that the experiment is very sensitive to noise. That is, parameters that correspond to the smaller
singular values can be hardly resolved because they have very small influence on the head responses or
their sensitivities are highly correlated. As it will be shown later, most of the smaller singular values

correspond to parameters beyond the observation well.
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Figure II1.6 (a) Singular value spectra, and (b) root-mean-square model norm associated with truncated singular value
decomposition (SVD) inversion of white noise (error standard deviation of 2x10™ m) head vector associated with the
analysis of the 10000-sec head records for the base case synthetic tomographic experiment.
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Table IIL3 Simulation parameters and average resolution for hydraulic properties within the region of investigation (ROI) for various scenarios. SD stands for
standard-deviation.

= Average resolution
ter-

: ied : : within ROI (-)
f Noise Initial C.ell = Grid Unknown Singular Condition
Scenario SD head  size di cell Rank values
istance parameters : number
(m) (m) (m) number retained
(m) K, KJK, S,

Base case (37txrx) 2E-4 4.5 1.46 7.98 143 429 429 145 1.9E+11 0.63 030 0.62
Noise-free 2E-8 4.5 1.46 7.98 143 429 429 366 1.9E+11 099 099 1.00
HO0=9m 2E-4 9.0 1.46 7.98 143 429 429 161 9.5E+10 0.64 034 0.66
H0=2.25m 2E-4 2.25 1.46 7.98 143 429 429 131 8.8E+10 0.56 0.26 0.55
H0=1.13m 2E-4 1.13 1.46 7.98 143 429 429 96 9.8E+10 044 0.14 043
Distance=6.56m 2E-4 4.5 1.46 6.56 143 429 429 143 2.5E+11 0.70 038 0.72
Distance=5.40m 2E-4 45 1.46 5.40 143 429 428 147 3.0E+11 0.83 050 0.86
Distance=3.65m 2E-4 4.5 1.46 3.65 143 429 427 161 34E+11 098 0.80 0.99
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Inter-

Average resolution

Noise Initial Cell Grid Singular " within ROI (-)
. .\ well Unknown Condition
Scenario SD head size 2 Rank values
distance parameters . number
(m) (m) (m) (m) number retained
K, KJK, S,
Distance=2.03m 2E-4 45 146  2.03 143 429 427 153 37E+11 099 098 0.99
Column=4 2B-4 45 219 798 117 351 351 131 1.9E+11 078 050 0.80
Column=3 2E-4 45 292 798 104 312 312 124 1.9E+11 091 071 0.92
Column=2 2E-4 45 438 798 91 273 273 102 1.9E+11 096 091 0.97
59txrx 2E-4 45 146 798 143 429 429 155 1.5E+11  0.66 034 0.65
37txrx& 13tx”! 2E-4 45 146 798 143 429 429 195 12E+11 081 036 0.75
37txrx&13txrx? 2E-4 45 146 798 143 429 429 217 1.IE+11 089 044 082
37txrx&37txrx? 2E-4 45 146 798 143 429 429 246 1.IE+11 093 0.62 0.88
-1

37?;:51‘3;3‘1”‘ 2E-4 45 292 798 104 312 312 171 12E+11 099 096 0.99
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Using all singular values in the computation of the generalized inverse with noise-free head data will
yield an estimated model of the hydraulic properties, given by relation 13, which is close to the exact
solution. In order to provide a realistic estimate of parameter resolution under realistic field conditions
with actual synthetic data, we define the noise amplification behavior associated with the tomographic
experiment and use it to truncate the singular value spectra to a predefined noise level. Figure IIL.6b
presents a plot of the RMS model norm obtained when a truncated SVD inversion of the sensitivity
matrix is applied to a white noise data residual vector versus the number of singular values retained in the
inversion. The head data residual vector is Gaussian with a mean of zero and a standard deviation of
2x10* m, which was evaluated from a residual analysis of head data recorded during the field
implementation of a tomographic slug tests experiment [Paradis et al., 2014]. The RMS model norm is a
measure of the noise amplification error as described by Vogel [2002], which is based on a particular
realization of the residual vector and treating the sensitivity matrix as a linear approximation of the flow
behavior in the vicinity of the base property values [Clemo et al., 2003; Bohling, 2009]. Note that various
realizations of the residual vector showed similar model norm results. Thus Figure IIL.6b (black line)
depicts the noise amplification behavior associated with the tomographic experiment previously described
for K, K,/Kj, and S; using the 143-parameter grid. With more terms added to the truncated SVD, the
magnitude of the error increases, reflecting the increasing amplification of noise associated with the
increasing demand for parameter resolution. For this analysis, we used a predefined relative parameter

error of 1% to truncate the singular value spectra (Figure II1.6b).

Figure II1.7 shows the resolution matrix associated with the analysis of the 10000-s records from the 13
slug tests based on truncated SVD inversion of the sensitivity matrix using 145 singular values, which
corresponds to a relative parameter error of 1% (Figure IIL.6b). Thus, only the number of singular values
that amplify the assumed head noise into average relative error of 1% in the parameter estimates is
retained. The resolution matrix is 439x439, with upper left, center and lower right 143x143 matrices
associated with the K, K,/K, and S, values of the 143-parameter grid, respectively. The upper middle,
upper right and middle right matrices and their corresponding middle left, lower left and lower middle
mirror image matrices describe dependence among the K, K,/K,, and S; values. Each diagonal element of
the 439x439 matrix describes the degree of resolution of the K;, K,/K}, or S, value in a particular model
cell and ranges from 1 for a perfectly resolved parameter to 0 for a completely unresolved parameter. Off-
diagonal elements of the resolution matrix describe the extent of blurring of a particular parameter
estimate due to correlations with other parameters during the inversion process [Aster et al., 2005].

Resolution values lower than 0.5 indicate that the parameter estimate for a cell is influenced more
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strongly by other parameter values than it is by the corresponding parameter of the cell itself. Higher
resolution values are thus essentially focused on the diagonal of the resolution matrix for cells
encompassed by the ROI, as illustrated in Figure III.7. Small resolution values are also spread along two
off-diagonal stripes running parallel to the diagonal, suggesting a correlation between particular

parameters.

143-parameter grid, noise 1%, 10000 sec

Resolution
—1.0

Parameter index

50 100 150 200 250 300 350 400
Kh Kvikh Ss
Parameter index

Figure III.7 Resolution matrix associated with the analysis of the 10000-sec records from the base case synthetic
tomographic experiment based on truncated SVD inversion of the sensitivity matrix with a relative parameter error of
1%. Full white lines superposed on the resolution matrix separates the different sub-matrices corresponding to each
hydraulic parameter and dashed white boxes encompass parameters within the region of investigation (ROI).

To further examine the resolution behavior of the tomographic experiment, Figure II1.5b shows the
diagonal elements of the resolution matrix at the corresponding parameter grid cells [4ster et al., 2005].
As expected from the resolution matrix, resolution values for Kj, K,/Kj, and S, are higher within the ROI,
but they are mostly focused on the stressed and observations wells with better resolution near the stressed
well. This results in a weak resolution potential for K, K,/K, and S; within the ROI with average
resolution values for this region ranging from 0.30 to 0.62 (Table II1.3). We note also the fairly lower
resolution potential for K,/K), in comparison to K, and S, as expected from Figures III.2b-d that show
relatively smaller sensitivity to K,/Kj. This is expected to be the result of the test initiation method that
induces predominantly horizontal flow, even using stressed intervals with a small aspect ratio. For cells

within the ROI with low-resolution values, the inspection of the resolution matrix indicates that the
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resolution potential for those parameters is spread to adjacent cells that are horizontally aligned in the
grid. The off-diagonal stripes pointed out in Figure IIL.7 are indeed exactly offset by a value of 13
parameters with respect to the diagonal, which corresponds to the number of vertical cells in the grid (see
Figure III.1b for the numbering of the parameter grid cells). This indicates that for each incompletely
resolved cell within the ROI, only the combined effects of this cell and the cells on its sides can be
effectively resolved from the inversion because the sensitivity to individual hydraulic properties for those
cells are highly correlated together, as it was also previously suggested by Figures III.4a-b. It should be
noted that retaining more terms in the truncated SVD inversion will lead to an increase in average
resolution for parameters within the ROI, but the price paid for this resolution will be an increase in the
variance, as expressed by the noise amplification curve associated with the tomographic experiment in
Figure II1.6b. In addition, Figure ITI.5b shows that it is not possible to extract information about K, K,/K},
and S; outside the ROI, except for K}, just beyond the observation well. The inexistent resolution potential
for parameters outside the ROI is explained by the combined facts that sensitivities outside the ROI are
relatively small with respect to sensitivities within the ROI, with decreasing values away from the
observation well (Figure 1I1.5a), and the strong correlations between adjacent parameters for this region,
as deduced from the resolution matrix in Figure IIL.7. Very low-resolution values on the diagonals of the
upper right and middle right matrices suggest however that K, K,/K; and S; are not significantly
correlated together everywhere over the modeled domain. Thus, this analysis indicates that even using
information contained in the head records of a moderately dense network of stressed and observation
intervals, the effects of the hydraulic properties in several adjacent cells on head responses can be
inseparable (high correlation) or their effects in certain regions can be hindered (low sensitivity).
Estimates of the parameters are thus weighted averages of the true model parameters in the vicinity of the
poorly resolved cells and only their combined effects can be thoroughly resolved at the scale of the
parameter grid cell size used for this analysis. Note that a similar analysis could also be carried out using
varying vertical cell dimensions. But, using vertical cells smaller than the length of the stressed intervals
would result in too many parameters with respect to the information contained in the stressed interval
responses. That is, an increase in parameter variance and a decrease in parameter resolution would be

observed with smaller vertical cell dimensions.

Moreover, comparing Figures IIL.5a and II1.5b reveals that although head responses induced by multiple
slug tests are sensitive to hydraulic properties throughout the whole ROI and, to a lesser extent, at a fair
distance away beyond the observation well, the resolution potential for K, K,/K; and S; is essentially

focused on the stressed and observation wells. This is consistent with previous sensitivity and resolution
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analysis using pumping tests [e.g., Vasco et al., 1997; Clemo et al., 2003; Bohling, 2009]. Thus, the
governing groundwater flow equation that describes hydraulic head propagation into an aquifer and the
geometry of the tomographic experiment itself are major limitations to spatial resolutions of hydraulic
properties, regardless of the test initiation method (pulse versus constant rate). This sensitivity and
resolution analysis clearly illustrates that head sensitivity to parameters is not a condition sufficient to
ensure the resolution of hydraulic properties in an aquifer, and correlations between parameters must be
taken into account [Aster et al., 2005]. That contradicts the recent claims by Huang et al. [2011] and Sun
et al. [2013], which largely stems from their synthetic numerical inversion with noise-free data. Note that
the truncated SVD inversion of the sensitivity matrix for our previous synthetic tomographic experiment
with noise-free head data obviously leads to a resolution close to unity for each hydraulic property (K,

KK, and S,) within the ROI (Table IIL4).

3.4 Analysis of factors affecting resolution of tomographic slug tests

This section explores the effects of various experimental parameters that can be considered in the design
of a tomographic experiment in order to maximize the resolution potential of an experiment. As pointed
out in the previous sections, the factors affecting the resolution of a tomographic experiment are basically
the head measurement error, the absolute magnitude of the sensitivities and the correlation between the
parameters (sensitivity correlation). Thus by means of resolution analysis, we varied different
experimental parameters to illustrate their impact on resolution factors and corresponding hydraulic
property resolution. For each scenario, the resolution of parameters within the ROI is calculated and
compared to the previous tomographic experiment in Section 3.3 (base case scenario) for discussion. As
previously done, resolution calculation is based on truncated SVD inversion of the sensitivity matrix with
a relative parameter error of 1%. For all scenarios the vertical cell dimension is also kept constant at 0.61

m, i.e. the length of the stressed intervals.

The relative magnitude of the sensitivity compared to the measurement error (signal-to-noise ratio) is a
critical consideration for parameter resolution. If the signal-to-noise ratio is small, it is difficult to
separate the real signal from the noise caused by measurement errors and thus obtain reliable parameter
estimates. For instance, Figure IIl.4a-b shows how the sensitivity curves for adjacent regions can be close
together. Although a noise-free inversion could recover exact parameter values, adding noise to head

measurements would obviously make it difficult to separate the respective contributions of each
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parameter. Table II1.3 shows that using noise-free head data (white noise with a standard deviation of

2x10® m) results in perfectly resolved hydraulic parameters within the ROL

Although the noise level is dependent on the technology available to record head measurements, the
signal-to-noise ratio can also be improved by increasing the initial head of the slug used to initiate tests in
order to increase the relative magnitude of the sensitivity compared to the measurement error. Figure
I11.8a and Table II1.3 show the evolution of the average resolution for Kj, K,/K; and S; within the ROI
with respect to the initial head. Those curves show that up to a certain initial head, the resolution is not
improved significantly. Our interpretation is that when the head measurements in response to a hydraulic
perturbation are large enough to be differenced from the noise, the resolution potential is thus only
controlled by sensitivity correlation, which is inherent to the actual tomographic experiment (e.g.,

governing equation, source form, tests configuration).

We saw in Figures I11.4a-b that sensitivity curves for parameters in the middle of the ROI were highly
correlated, which resulted in low resolution values for this region, as illustrated in Figure IIL.5b.
Meanwhile, as estimates of the parameters are weighted averages of the true model parameters in the
vicinity of the incompletely resolved cells (Figure III.7), an inversion can be regularized through
discretization to lower sensitivity correlation, and provide parameter estimates with higher resolution
[Aster et al., 2005]. Regularization through discretization can be achieved by reducing the number of
cells between the stressed and observation wells, either by increasing the lateral size of the parameter grid
cells or by decreasing the distance between wells while keeping the size of the 143-parameter grid cells
constant. With the former strategy, we reduce the cell resolution of the experiment, whereas with the
latter an increase in the cell resolution is achieved at the expense of a loss in spatial coverage (cell-

coverage tradeoff).

Figure II1.8b and Table IIL.3 show the evolution of the average resolution for X),, K,/K; and S within the
ROI with respect to the average lateral cell size. For this analysis, the horizontally adjacent cells of the
143-parameter grid (Figure II1.1) were merged together to separate the ROI in two, three or four parts,
while cell dimensions outside the ROI were kept as in the 143-parameter grid cells. The resolution curves
for K;, K.,/K, and S, show that the resolution for each property increases with increasing cell size, as
expected from the resolution matrix in Figure III.7. Maximum resolution is achieved when two columns

of cells separate the wells, for corresponding cell size of lateral dimension of 4.38 m. However, while the
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selection of a coarse grid for inversion increases the individual resolution within each cell, it may also
induce a bias in the estimated parameters. This bias is generally expressed by the smoothing of the
estimated parameters. For aquifers showing gradual variations in hydraulic properties, this averaging
procedure could be acceptable, but for highly heterogeneous distributions with sharp changes in property
values the effects of this discretization should be evaluated carefully. This is also valid for vertical

heterogeneity assessment.
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Figure II1.8 Average parameter resolution within the region of investigation (ROI) for various scenarios of: (a) initial
head (H,) used to initiate slug tests; (b) cell size; (c) distance between stressed and observation wells; and (d) tomographic
configuration using different sets of stressed and observation intervals. Results are for an analysis of the 10000-sec
records based on truncated SVD inversion of the sensitivity matrix associated to respective scenario with a relative
parameter error of 1%. Simulation parameters and average resolution values for hydraulic properties within the region

of investigation (ROI) for each scenario are compiled in Table IIL3. Blue arrows point to results corresponding to
conditions used for the base case.
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Figure I11.8c and Table II1.3 show the evolution of the average resolution for Kj, K,/K; and S; within the
ROI with respect to the distance between the stressed and observation wells. For this analysis, the
distance between the stressed and observation wells was gradually decreased, while keeping the size of
the 143-parameter grid cell constant. The resolution curves in Figure II1.8c show that the resolution
potential increases with decreasing distance between stressed and observation wells, and maximum
resolution is achieved when two column of cells separate the wells, for corresponding lateral cell size of
1.46 m and an inter-well distance of 2.03 m. The comparison of Figures III.8b and III.8c thus reveals that
the resolution potential is effectively tied to the sensitivity matrix with resolution focused on the stressed
and the observation wells, regardless of the size of the cells. This means that the major limitation of
lateral resolution of tomographic slug tests is not the radius of influence of a slug test, but instead the
sensitivity correlation between parameters. When designing a tomographic experiment, one should thus
consider the tradeoff between cell resolution and spatial coverage with respect to the scale of aquifer
heterogeneity considered. For instance, highly heterogeneous aquifers will require closely spaced wells
for higher cell resolution in order to reduce bias in hydraulic property estimates, whereas reasonable
estimates can be achieved with more distant wells (coarser cells) within aquifers with more gradual

changes in properties.

As shown in Figures I11.2a-d, sensitivity curves for stressed and observation intervals are different, which
suggests that reciprocal tests where roles of stressed and observation wells are interchanged can be used
to reduce sensitivity correlation between parameters and thus increase parameter resolution within the
ROI. To evaluate the potential of resolution of a tomographic experiment using reciprocal tests, we
combined sensitivity values of two independent simulations originating at different wells, to simulate the
interchanged roles of stressed and observation wells, because the actual radial flow model does not allow
simultaneous simulation of reciprocal tests. The sensitivities evaluated for every cell, time and stressed
and observation intervals of each reciprocal simulation are then combined on a common 143-parameter
grid with sensitivity values adjusted to account for the change in cell width and symmetry of the
sensitivities around wells. The resolution matrix is thereafter computed from this combined sensitivity

matrix.

For this analysis, Figure I11.8d and Table IIL.3 present average resolution for K, K,/Kj and S; within the
ROI for different configurations of stressed and observation intervals, including the base case
configuration (37txrx) illustrated in Figure III.1c. Three different configurations using reciprocal tests are

considered: (1) the base case with 13 reciprocal slug tests using only stressed interval responses
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(37txrx&13tx™"), (2) the base case with 13 reciprocal slug tests using stressed interval responses and only
one observation interval response per test (37txrx&13txrx™"), and (3) the base case with its reciprocal
mirror image (37txrx&37txrx”"). We also consider a configuration without reciprocal tests similar to the
base case configuration, but using a total of 59 observation intervals spread over a larger range of

observation angles (59txrx).

As shown in Figure II1.8d, using 59 observation intervals (59txrx) instead of 37 (37txrx) only slightly
increases the resolution of hydraulic properties within the ROL In contrast, the reciprocal configuration
(37txrx&13txrx™") that uses approximately the same additional number of hydraulic responses provides a
much better the resolution potential (37txrx & 13txrx™ and 59txrx use 26 and 22 additional intervals,
respectively). Using only 13 reciprocal stressed interval responses (37txrx&13tx™') is even slightly better.
Obviously, using the base case with its reciprocal mirror image (37txrx&37txrx™") considerably increases
the resolution within the ROI, especially for K,/K;. We evaluated that using this configuration, a cell
resolution of 2.92 m (three column of cells) can be achieved with corresponding hydraulic property
resolutions over 0.95 for K, K,/K;, and S, within the ROI (“37txrx&37txrx'1 resolution” in Table IIL.3).
This clearly demonstrates that reciprocal tests are far more informative than observation intervals added
to existing stressed intervals. That is, reciprocal tests better contribute to decrease the level of correlation
between parameters within the ROI, which is achieved to a lesser extent with additional observation
intervals because of the higher redundancy in the sensitivity curves and the general decrease in sensitivity

amplitudes with increasing observation interval angles.

3.5 Principle of reciprocity for slug tests

To further understand the information contained in stressed and observation interval responses, the
implications of the principle of reciprocity for tomographic slug tests are investigated. If the principle of
reciprocity applies to tomographic slug tests, a change in the direction of slug testing (switching stressed
and observation interval locations) would not affect observation interval responses, regardless of the
degree of aquifer heterogeneity [McKinley et al., 1968; Bruggeman, 1972; Falade, 1981; Barker, 1991].
Figures II1.9a and II1.9b illustrate heterogeneous (layered) aquifer models and test configurations used for
the reciprocity analysis, where interchanging the roles of a pair of stressed-observation intervals simulates
reciprocal tests. For instance, the two reciprocal responses are obtained from a first simulation with the
stressed interval at Well 1 and the observation interval at Well 2 and the second simulation with the

stressed and observation intervals at Well 2 and Well 1, respectively. Moreover, two different
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heterogeneous aquifer models are used to simulate symmetrical and asymmetrical test configurations
relative to heterogeneity. Symmetrical and asymmetrical test configuration means that the heterogeneity
patterns seen by the traveling head perturbation for each of the two reciprocal tests are mirror or else
flipped images, respectively. For both cases, the heterogeneity of the model is changed by varying one
property at a time while holding the two other properties constant, as presented in Table II1.4. It should be
noted that for reciprocal simulations two grids with different origins but with identical representation of
the heterogeneity are used to take into account the grid axisymmetry. For instance, a first grid with finer
cells at Well 1 is used for the simulations with tx11 (red path in Figure II1.9) and a second grid
originating at Well 2 for simulations with tx3 (blue path in Figure IIL9). We note also that the stressed
and observation interval locations are symmetrical to the upper and lower boundaries. In this paper,
heterogeneous models are used only to demonstrate the applicability of the principle of reciprocity with

slug tests.

Figures II1.9a and I11.9b present results of reciprocal simulations for symmetrical and asymmetrical cases,
respectively, with varying one hydraulic property value for the region 2 at the time (Table IIL4).
Obviously, head responses for the symmetrical case are identical whether the test is initiated in Well 1 or
Well 2 (Figure IIL.9a). For the asymmetrical case, however, the observation interval responses are clearly
different for the two reciprocal tests, in particular with respect to Kj, heterogeneity (Figure II1.9b). Thus,
observation interval responses resulting from reciprocal slug tests cannot be interchanged for test

configurations asymmetrical to K}, heterogeneity, which refutes the principle of reciprocity.

The principle of reciprocity is not applicable for slug tests with test configurations asymmetrical to
heterogeneity because sensitivity patterns for the two reciprocal tests are different. As previously noted,
sensitivities are functions of the flow rate pattern induced by the slug test, which is controlled by both the
hydraulic properties and the intensity of the source. Obviously, the intensity of the source for a slug test
varies with time following head variations in the stressed interval (Figure III.2a), which is maximal for
the initial time and gradually decrease to zero at the end of the test. For a slug test, the rate of head
decreases and the total duration of a test are both controlled by hydraulic properties of material near the
stressed interval (Figure II1.3a), which differ for the two reciprocal tests. Consequently, the underlying
sensitivity patterns that shape reciprocal observation interval responses are also different and depend on

the spatial distribution of aquifer heterogeneity between the stressed and observation intervals.
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Figure I1L.9 Normalized head (H/H,) responses for reciprocal slug tests for: (a) a symmetrical; and (b) asymmetrical test

configuration relative to heterogeneity in K, K, and §,. Alternatively changing values of K, K,/K, and S; in the different
layers are compiled in Table ITL4.
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Table I11.4 Hydraulic parameters used for the simulations to illustrate the principle of reciprocity with slug tests.

K, K, S

Simulation Region L

(m/s) (m/s) (m™)
Symmetrical and asymmetrical: K, change 2 1x10°  1x10°  1x10™
Symmetrical and asymmetrical: K, change 2 1x10°  1x107  1x10™
Symmetrical and asymmetrical: S; change 2 1x10°  1x10® 1x10°
For all simulations land3 1x10°  1x10°  1x10™

It should be noted that the principle of reciprocity does not hold also for reciprocal constant rate pumping
tests with significant wellbore storage [Deng, 1996]. For a pumping test, the total pumping rate is the
summation of the aquifer pumping rate and the wellbore storage pumping rate [Park and Zhan, 2002].
The wellbore storage supplies most of the initial pumped water, and initially equals to the total pumping
rate and gradually decreases to zero when pumping continues. In contrast, the aquifer pumping rate is
initially zero and gradually approaches the total pumping rate when pumping continues. Thus, because
the aquifer pumping rate is controlled by the hydraulic properties of material near the stressed pumping
well, similar to slug tests, reciprocal pumping tests in asymmetrical heterogeneous aquifers exhibit
different sensitivity patterns. The principle of reciprocity is applicable for pumping tests regardless of the
heterogeneity only when it can be assumed that the total pumping rate is instantaneously applied to the
aquifer (line source assumption assuming no wellbore storage pumping rate). Note that the applicability
of the principle of reciprocity for reciprocal pumping tests, as discussed above with wellbore storage and
line source, have been verified numerically with the heterogeneous models depicted in Figures I11.9a-b.
The applicability of the principle of reciprocity is then related to wellbore storage that acts differently for

pumping and slug tests.

Thus, the observation interval response contains information about hydraulic properties between stressed
and observation intervals, as depicted in Figure II1.3b, but also about the intensity and shape of the source
that produced the head perturbation recorded in the observation interval, which are controlled by material

near the stressed interval (Figure III.3a). Consequently, the non-applicability of the principle of
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reciprocity for slug tests requires that both stressed and observation interval responses be used together
for tomographic slug test analysis in order to isolate the influence of the stressed interval response on the
observation interval response. We note that independent analysis of each reciprocal test using both
stressed and observation interval responses provide the same average diffusivity value, regardless of the
heterogeneity [Streltsova, 1988]. That may have implications for tomographic slug tests analysis based on
ray tracing techniques using only observation interval responses [e.g., Brauchler et al., 2007, 2010 and
2011; Hu et al., 2011], where observation interval responses fnay need to be transformed with respect to

the shape of the stressed interval responses.

4 Summary and conclusions

Through a sensitivity and resolution analysis, this study examined the information content of a transient
analysis of tomographic slug test data for characterizing K, K,/K; and S; heterogeneities for a synthetic
case based on the known characteristics of a littoral aquifer showing K anisotropy at the scale of the
experiment. The analysis used a radial flow model enabling the simulation of wellbore storage effects to
represents hydraulic head propagation induced by slug tests in the plane encompassing the stressed and
observation wells. The first-order sensitivity analysis presented involved small perturbations from a
homogeneous and anisotropic model, which serves as a linear approximation of the effects of
heterogeneity on hydraulic head responses recorded in stressed and observation intervals used for
tomography. Resolution analysis was carried out using singular value decomposition of the sensitivity
matrix, as a convenient way of analyzing least-squares inverse problems, in the absence of an explicit
regularization term and using a noise level representative of field conditions. Various synthetic
experiments were assessed to show how head measurement error, sensitivity magnitude and sensitivity
correlation are affecting resolution potential of tomographic slug tests, and simple heterogeneous models
were also used to verify the applicability of the principle of reciprocity for slug tests. The main

conclusions of this study can be stated as follows:

¢ A transient analysis of tomographic slug test data is capable of resolving independently K, K,/K}, and
Ss within the region of investigation (ROI) encompassed by the stressed and observation wells. This
resolution is better achieved with the combined use of stressed and observation interval data because
of 1) the generally weak correlation of the sensitivity curves for hydraulic properties within the ROI,

as expressed by their different temporal behaviors, and 2) the non-applicability of the principle of
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reciprocity to slug tests for heterogeneous aquifers, which leads to a dependence of observation
interval responses to the direction of testing, that can only be resolved with the use of stressed
interval responses. The resolution potential for K,/Kj is however generally lower than for K, and S
likely due to the test initiation method that induces predominantly horizontal flow despite using

stressed intervals with a small aspect ratio.

e Hydraulic properties outside the ROI exert only a limited influence on the resolution of K}, K,/K}, and
S, within the ROI because of 1) the attenuation over space and time of the slug test response, which
reduces the relative sensitivities for parameters beyond the observation well with respect to
sensitivities for parameters within the ROI, and 2) the distinct behavior of sensitivities for parameters
within and outside the ROI during passage of the head perturbation over the observation intervals. In
other words, parameters outside the ROI either have no influence on the observation responses

(K./K3) or their effects can be isolated (K, and S;) using the entire head records in the analysis.

e The resolution potential of tomographic slug tests for K, K,/K, and S; with a noise level
representative of field conditions is essentially focused on the stressed and observation wells as a
result of the high correlation between parameters within or outside the ROI. In particular for the ROI,
hydraulic head responses are sensitive to each individual parameter, but only their global behavior
can be resolved. Although reciprocal tests, where the role of stressed and observations intervals are
interchanged, greatly reduces the correlation between parameters in adjacent regions of the aquifer,
not much can be done in practice to increase the lateral resolution using head data alone, even using a

dense network of stressed and observation intervals.

While transient sensitivity patterns induced by slug tests could provide different resolution potential than
pumping tests due to different behaviors of respective sensitivity curves, the same general limitation of
the governing groundwater flow equation applies on the lateral resolution of hydraulic properties between
wells [Vasco et al., 1997; Clemo et al., 2003; Bohling, 2009]. Despite this limitation, the analysis of
tomographic slug test data could be viewed as a mean to estimate local heterogeneity of hydraulic
properties [Vasco et al., 1997], where the inversion can be regularized through grid discretization.
Considering that only a few column of cells between stressed and observation wells can be effectively
resolved, characterization of Kj, K,/K, and S; with tomographic slug tests data is thus a tradeoff between
cell resolution (small cells with closely spaced wells) and spatial coverage (coarse cells with distant
wells), where the scale of an experiment need to be adapted to the degree of heterogeneity of an aquifer to
reduce bias in parameter estimates. For many hydrogeological investigations, estimates of local

heterogeneity in K, K,/K}, and S, could however provide the necessary level of information needed.
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Meanwhile, the anisotropic framework offered by a transient analysis of tomographic slug tests, which
potentially could also be extended to tomographic pumping tests, provides greater confidence in the
estimated model parameters [Babuska and Cara, 1991]. Even if the result is that no anisotropy is
required, one can have greater confidence in the isotropic model thus obtained if the analysis method is
set in terms of an anisotropic framework. This knowledge about anisotropy could also be used to further
constrain geostatistical parameters required by commonly used geostatistically based inversion
approaches [e.g., Yeh et al., 1995, 1996; Kitanidis and Vomvoris, 1983; Kitanidis, 1995], as inappropriate
use of geostatistical parameters could induce considerable errors in hydraulic property estimates [Cardiff

and Barrash, 2011].

Although this study investigated the resolution for a two-dimensional wedge of an aquifer with a radial
flow model, results of this study are deemed to reflect the fundamentals of tomographic slug tests. Under
real field conditions, radially asymmetric heterogeneity relative to the stressed well may induce
significant angular variations influx toward the stressed well and bias head responses measured in the
plane between the stressed and observation wells. For the sensitivity and resolution analysis presented in
this paper, such situation is obviously not a concern because small perturbations of parameters from a
homogeneous and anisotropic model can be considered radially symmetric [Bohling, 2009]. Moreover,
such representation of an aquifer with a radial flow model is considered a fair approximation for layered
sequence of sediments with predominantly vertical rather than lateral hydraulic properties variations.
Indeed, sensitivity to hydraulic properties for slug tests are heavily focused near the stressed well (Figures
I1I.3a-b), with a sharp decrease in sensitivity over time (Figure I11.2a) and distance (Figure III.3a). Thus,
sensitivity patterns for K, K,/K;, and S, around the stressed and observation wells in a 2D areal view are
expected to be approximately symmetric with respect to the stressed well, with maximum influence of
asymmetric heterogeneity on the stressed interval response at early times when sensitivities are maximal.
The 2D areal sensitivity patterns for slug tests using stressed and observation intervals in the analysis is
likely different from sensitivity patterns for pumping tests with stressed and observation intervals, which
are asymmetrical around pumping wells [e.g., Oliver, 1993; Leven and Dietrich, 2006], due to the
difference in the form of the source used to initiate the respective tests (pulsed versus constant rate). Then
as long as lateral hydraulic properties variations, especially K}, are gradual around the stressed well, head
responses measured in the plane between the stressed and observation wells can be considered fairly

unbiased and the use of a two-dimensional radial flow model fully justified.
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This study used a sensitivity and resolution analysis assuming a homogeneous and anisotropic aquifer
model and further work will have to be carried out to address the resolution potential of tomographic slug
tests related to the geometry of the heterogeneities (e.g., continuous or discontinuous layers), their
contrast in hydraulic property values (e.g., conduit or barrier flow), as well as on the appropriate
experimental design to capture those features. A field-based application of a transient analysis of
tomographic slug tests would also be the next logical step to further demonstrate the potential of the

approach.
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ARTICLE 1V

TRANSIENT ANALYSIS OF TOMOGRAPHIC SLUG TESTS IN A
HETEROGENEOUS AND ANISOTROPIC UNCONSOLIDATED
AQUIFER
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Résumé

La caractérisation des propriétés hydrauliques des aquiféres devrait idéalement donner la distribution
spatiale de la conductivité hydraulique (K), de I’anisotropie de K (rapport de K vertical et horizontal,
K,/K}) et de Pemmagasinement spécifique (S;). Paradis et al. [2014] a démontré qu’une analyse
transitoire de tomographie par choc hydraulique peut imager 1’hétérogénéité de K, K,/K; et S; & une
échelle de quelques métres. La tomographie par choc hydraulique comprend la réalisation d’une série
d’essais de perméabilité & choc hydraulique dans un puits émetteur avec 1’enregistrement simultané des
charges hydrauliques dans les intervalles émetteurs et dans des intervalles d’observations isolés dans un
puits a proximité. Cet article présente 1’analyse des données obtenues au cours d’un essai de terrain
réalisé dans un aquifére de silts et de sables littoraux modérément hétérogéne et trés anisotrope.
L’objectif est d’évaluer les résultats d’une analyse transitoire de 1’essai de tomographie par choc
hydraulique. L’algorithme de Bohling et Butler [2001] est utilisé pour I’inversion numérique transitoire
des mesures de charges hydrauliques prisent dans plusieurs intervalles émetteurs et d’observations, en
considérant ’emmagasinement de puits. La justesse des tomogrammes de K, K,/K}, et S, est vérifiée par
la simulation de tests hydrauliques a 1’échelle globale et locale, non utilisés dans 1’inversion, ainsi
qu’avec des profils de K, et K, obtenus de tests indépendants de terrain et de laboratoire. Les résultats
indiquent que les estimations de K}, et K, par tomographie se comparent bien aux autres types de tests. De
plus, les différences entre les charges observées et prédites pour les tests multi-échelles résultent en
sculement de petites erreurs d’estimation des parametres hydrauliques. Cette étude démontre donc la
capacité de la tomographie par choc hydraulique a définir des champs hétérogénes de Kj, K,/K,, et iS; entre
puits.
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Abstract

Hydraulic aquifer characterization should ideally provide the spatial distribution of hydraulic conductivity
(K), K anisotropy (ratio of vertical and horizontal K, K,/K}) and specific storage (S;) Paradis et al. [2014]
have shown that a transient analysis of inter-well tomographic slug tests could assess heterogeneities in
K, K,/K;, and S; at the scale of a few meters assuming that S; is the sole storage parameter affecting slug
test head responses. Tomographic slug tests involve a series of packer slug tests carried out in a well and
the simultaneous recording of heads in the stressed interval and in observation intervals in an adjacent
well. This paper presents the processing of data obtained from a field test carried out in a moderately
heterogeneous and highly anisotropic silts and sands aquifer. The objective is to assess the results of a
transient analysis of the tomographic slug tests. The algorithm of Bohling and Butler [2001] is used for
the transient inversion of heads recorded in multiple stressed and observation intervals, considering
wellbore storage. The accuracy of K, K,/K;, and S, tomograms is verified by simulation of large-scale and
local hydraulic tests, not used in inversion, and with profiles of K, and K, from other field and laboratory
tests. K, and K, estimates from tomographic slug tests compare well with other measurements.
Furthermore, differences between observed and predicted heads from independent multi-scale tests (inter-
well and vertical interference slug tests) show small error in hydraulic parameter estimates. This study
thus demonstrates the capability of tomographic slug tests to define heterogeneous fields of K}, K,/K;, and
S; between wells.

Keywords: Hydraulic tomography, Slug tests, Heterogeneity, Anisotropy, Inverse modeling, Aquifer
characterization
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1 Introduction

Hydrogeological investigations, carried out either to understand groundwater flow or contaminant
transport, require representative data on the heterogeneous spatial distribution of hydraulic properties in
aquifers [de Marsily et al., 2005]. The geometry and texture of geological materials in aquifers vary
naturally through space as a result of complex geological processes, leading to heterogeneity in hydraulic
properties that greatly influence groundwater flow and contaminant transport at different scales
[Koltermann and Gorelick, 1996]. Indeed, the large-scale heterogeneity, particularly in hydraulic
conductivity (K), controls the paths of groundwater and contaminants, while both large and small-scale
variations control the magnitude of contaminant dispersion [e.g;, Sudicky, 1986; LeBlanc et al., 1991].
Hydraulic tomography has been identified by many investigators [e.g., Neumann, 1987; Tosaka et al.,
1993; Bohling, 1993; Zhu and Yeh, 2005 Bohling et al., 2007; lllman et al., 2008; Brauchler et al., 2011;
Berg and Illman, 2011; Cardiff et al., 2012] as a promising alternative to more conventional hydraulic
tests to image the heterogeneous spatial distribution of hydraulic properties in aquifers at field-scale

[Butler, 2005].

Hydraulic tomography consists in the simultaneous analysis of inter-well hydraulic responses at various
observation points to multiple hydraulic tests (pumping or slug tests). Considering the sensitivity and
resolution analysis provided by Vasco et al. [1997], Clemo et al. [2003] and Bohling [2009] for vertical -
averaged and tomographic pumping tests as well as by Paradis et al. [2014] for tomographic slug tests, a
tomographic analysis of drawdown or head data proved to hold the potential for imaging aquifer
heterogeneities at a scale of relevance for groundwater flow and large-scale contaminant transport
investigations. However, the groundwater flow governing equation describing aquifer hydraulics and the
geometry of tomographic experiments are both major limitations to the resolution in hydraulic properties
that can be achieved between wells. In fact, the high sensitivity correlation for parameters located
between stressed and observation interval limits the horizontal resolution because of predominantly
horizontal flow between vertical wells. This is exacerbated in real field conditions with the presence of
noise in the head data. Although the vertical spatial resolution of an aquifer can be increased using
smaller stressed intervals, not much can be done to increase the horizontal resolution using hydraulic
responses alone. It follows that hydraulic tomography is limited to the estimation of medium-scale (few
meters) averages of hydraulic properties, where the horizontal cell-size will depend mainly on the
distance between wells. Such estimates can nevertheless provide the necessary level of information for

many hydrogeological investigations that require images of the global architecture of an aquifer.
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Previous field investigations using hydraulic tomography mainly focused on K estimates, assuming
isotropy in K (see the literature review in Cardiff and Barrash, 2011). For tomographic experiments at
sites where the assumption of isotropy does not apply at the scale of the experiment (e.g. length of the
stressed interval > vertical variations in sediments grain-size), K anisotropy (ratio of vertical and
horizontal K, K,/K}) has to be considered to ensure a meaningful interpretation of tomographic data. For
instance, such conditions can occur in aquifers where fine layering in sediments may induce large
anisotropy in K. Also, the knowledge of specific storage (S;) may be useful to determine the hydraulic
diffusivity and flow system response times through aquifer systems (aquifer and aquitards units) in order
to assess impact of various hydraulic stresses on aquifers [Heath, 1983; Bredehoeft, 2011]. Moreover,
there are few accurate and reliable in situ methods to estimate S, [Smith et al., 2013] even from pumping
tests due to deleterious wellbore storage effects [Kruseman and de Ridder, 1990]. Considering the
sensitivity and resolution analysis provided by Paradis et al. [2014], a transient analysis of tomographic
slug test data would be a promising approach for obtaining such information on heterogeneities in Kj,

K,/K; and S;.

The purpose of this paper is thus to assess the quality of the information provided by a transient analysis
of tomographic slug test data. Although the analysis presented by Paradis et al. [2014] shows that such
an analysis has the potential to provide aquifer heterogeneity in K;, K,/Kj, and S, there is a need to assess
the performance of this approach using data acquired with the constraints of real field conditions. We
address this need here by comparing the results of the inversion of a tomographic experiment performed
in moderately heterogeneous and highly anisotropic littoral aquifer with estimates obtained using other
hydraulic tests and by the simulation of various hydraulic tests not used in the inversion. Previous
assessments of hydraulic tomography have been done on field data for tomographic pumping tests by
Bohling et al. [2007], Berg and Illlman [2011] and Cardiff et al. [2012] as well by Brauchler et al. [2011]
for tomographic slug tests analyzed using a ray tracing approach. To our knowledge this paper presents
the first assessment of a transient analysis of tomographic slug tests using field data, as well as the first

tomographic analysis that considers K anisotropy.

This paper first presents a general description of the study site and the tomographic experimental design
used in this study. The inverse method employed for the transient analysis of tomographic slug tests is
then presented, with a description of the tomographic data set. Results of the tomography analysis are
then compared with K, and K, estimates obtained from other field and laboratory tests, and validated

using independent large-scale and local hydraulic tests.
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2  Site description

This study was carried out at the Saint-Lambert-de-Lauzon Research Site (SLLRS) located 40 km south
of Quebec City, Quebec, Canada (Figure IV.1a). The SLLRS encompasses a 12 km® sub-watershed area
surrounding a decommissioned sanitary landfill emitting a landfill leachate plume (Figure IV.1b). The
SLLRS was used to develop an integrated aquifer characterization approach [Tremblay et al., 2013].
Considering the regional geological context, as well as GPR surveys and cone penetration tests (CPT), the
hydrostratigraphy of the granular aquifer is found to have been controlled by longshore currents, tidal
fluctuations and wave actions that occurred in a littoral depositional environment. The surficial geology
of the study area is composed primarily of Quaternary sediments that were deposited and reworked
during the retreat of the Champlain Sea [Bolduc, 2003]. As depicted in Figure IV.1b, many beach ridges,
generally composed of sand, were formed by wave energy of the Champlain Sea [Lamarche and
Tremblay, 2012]. Between the ridges, areas of lower energy were present and finer sediments were

deposited.

The 100 MHz GPR section and the sediment profiles in Figure IV.2 depict the general stratification of
sediments found at the SLLRS (see section and profile locations in Figure IV.1b). Sediment profiles are
obtained from cone penetrometer tests (CPT) where mechanical properties (tip and sleeve stresses) of
sediments are converted into sediment textures based on the CPT classification chart proposed by
Fellenius and Eslami [2000]. It should be noted that converted sediment profiles are used as proxy of the
real sediment textures and they are thus more useful for relative comparison over the study site than to
estimate absolute sediment classes. Several observations can be made from Figure IV.2. First, the
systematic stratification extending several hundred of meters shown by continuous GPR reflections
dipping a few degrees (between 3° to 5°) towards the sea, which is a characteristic feature of a littoral
depositional environment [Van Overmeeren, 1998]. Moreover, a mound in GPR reflections located at the
distance of 500 m on the GPR profile of Figure IV.2 suggests a sand barrier that separates the GPR
section in two distinct zones. The zone in front of the beach ridge (left, toward A’) and the barrier itself is
mostly composed of sand (see sediment profiles CPT113 and CPT26) that was deposited as a result of
current reduction likely due to a change in bedrock topography. The lower reflection in Figure IV.2 is
associated with the contact between the littoral sediments and a till layer overlying bedrock. Small
hyperbolas below this contact are typical GPR characteristics related to blocks found in till. Beyond the
barrier (right, toward A), sediments are finer and show alternating sand and silt layers, as suggested by

profiles P10 and P17. GPR reflections within this region are also diffuse at a few spots as a result of more
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electrically conductive sediments, such clayey silt, which generally limits GPR signal penetration. The

water table is approximately 1 m below ground surface, as indicated by water level in wells, but cannot

be identified from the GPR profile.

Sediments
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Figure IV.1 General location of the study site (a), with the Quaternary sediments map for the sub-watershed enclosing the
former sanitary landfill (b), and the location of the wells used for the tomographic experiment (¢). The Quaternary map is

modified from Lamarche and Tremblay [2012].

The depositional conditions of sediments (Figure IV.2) was also based on tip stress data measured with

CPT. Tip stress is a measure of sediments compaction that is associated with grain-size and sorting

[Lunne et al., 1997]. Tip stress generally increases with grain-size and poorly-sorted sediments. Relative



variations in tip stress can thus be used to infer depositional conditions. For profiles located within the
region beyond the beach ridge, four layers that may be associated with the same stage of deposition are
recognized. Interestingly, K, values measured from mulitilevel slug tests at 15 cm intervals show similar
profiles for wells P10 and P17 that are more than 200 m away from each other, as illustrated in Figure

IV.2. More details on multilevel slug tests procedure are provided by Paradis et al. [2011].
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Figure IV.2 GPR section aligned parallel with the general littoral depositional direction along with profiles of sediments
texture derived from cone penetrometer test data (tip and sleeve stresses) and tip stress data for wells V1, V2, P10 and
P17. Horizontal hydraulic conductivity (K) obtained from multilevel slug tests is also presented for wells in which these
measurements were made. GPR section and well locations are shown in Figure IV.1b.

Figure 1V.3 presents the sequence of sediments derived from CPT data and tip stress profiles along wells
used for the tomographic experiment (see Figure IV.1c for well locations). The tomographic plot is
located 50 m away from the end of the GPR section and the sediments architecture is thought to be an
extension of the region beyond the sand barrier as already depicted in Figure IV.2. Although there are
some differences in tip stress data between each well, the same general layering observed in Figure IV.2
can be recognized. The major difference is in the sand proportion derived from CPT data that suggests a
lateral increase in sediments grain-size. The large variations in tip stress over small vertical intervals also

suggest fine variations in grain-size (layering) that may induce K anisotropy at larger scale.

The comparison of K, measured on sediment samples using permeameter tests with Kj, measured in the
field with multilevel slug tests provide evidence of K anisotropy at SLLRS, as previously suggested by tip
stress variations. To obtain K, by laboratory testing, 8 core samples were collected over the entire aquifer

thickness close to well P17. A piston-rod operated sampler driven by a direct-push rig allowed the
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recovery of samples inside a PETG liner (38 mm diameter and 1.52 m long). A falling head laboratory
permeameter was designed to directly accommodate the PETG liner containing sediment subsamples of
15 cm long to minimize disturbance of the original sedimentary structures and hence K, estimates. More
details on sampling and testing procedures are provided by Paradis and Lefebvre [2013]. Results of the
permeameter tests presented in Figure IV.3 show that K, ranges from 2.7x10" to 1.0x10™° m/s and the
comparison with K, values available at the same elevation suggests that the K,/Kj, ratio may vary from
0.0025 to 0.83. This K anisotropy for a sample size of 15 cm is coherent with small-scale variations in

CPT data and the fine layering in grain-size observed in sediment samples.

In summary, the layered nature of sediments found at the SLLRS, as shown by the GPR section, the CPT
profiles and the multilevel slug tests, all suggest that the sedimentary architecture is relatively continuous
laterally across the study site. Although large-scale layers can be recognized over the study area, the fine
layering in sediments grain-size induces strong K anisotropy, as revealed by the comparison of K, and K,
values measured on the same intervals with permeameter and multilevel slug tests, respectively. Thus to
ensure a meaningful understanding of flow and transport characteristics at the SLLRS, a hydraulic testing

approach has to capture vertical and horizontal variations in hydraulic properties, including K anisotropy.
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Figure IV.3 Sediment layers in the aquifer based on tip stress data (numbered from L1 to L4) along with profiles of
sediment texture derived from cone penetrometer test data (tip and sleeve stresses) for wells P17, P21 and P19 at the
tomography site (legend in Figure IV.2). Vertical (K,) and horizontal (K;) hydraulic conductivities obtained from
laboratory permeameter and field multilevel slug tests, respectively, are also provided for well P17. Well locations are
shown in Figure IV.1ec.
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3 Tomographic experiment design

3.1 Well installations

The SLLRS was instrumented with a total of 5 wells arranged in a diamond pattern (one at each corner
and one in the center) 15.9 m in the long axis and 10.8 m in the short axis (Figure IV.1c). Fully screened
direct-push wells were installed over the entire aquifer thickness with a direct-push rig (Geotech 605D)
following the protected screen standard technique [ASTM, 2004]. These wells were installed at the same
locations as CPT soundings and screens were placed in direct contact with undisturbed sediments. Sand-
pack was not used with well installation to reduce the effects of hydraulic short-circuits for observation
intervals located along the stressed well [Paradis and Lefebvre, 2013]. The fully screened wells have a
diameter of 5.1 cm with screen length ranging from 7.6 to 9.2 m. Wells were thoroughly developed to
insure good hydraulic contact between the screens and sediments [Paradis et al., 2011]. This well
installation is a key step in the success of hydraulic tomography as it allows flexibility in the tomographic
design with packers. For instance, stressed and observation intervals can be isolated with a packer spacing

of any length into any well.

3.2 Data collection

In this paper, we only report on the tomographic experiment t21r17 carried out between wells P21 and
P17 as stressed and observation well, respectively (Figures IV.1c and IV.3). For this experiment, a
network of pressure transducers was installed within screen intervals isolated by packers to allow data
collection during slug tests (Figure IV.4a). Inflatable packers were built of 25.4-mm ID PVC tubing, and
threads on the tubing allowed the use of variable screen length between packers. A line connected to a
nitrogen tank at the surface was attached to the packers to inflate them to the desired pressure; pressure
regulators were used to keep the pressure constant for all tests. All observation intervals were isolated
into the observation well by daisy chaining screens and packers. Observation intervals of 30 cm were
used, to accommodate pressure transducers, separated by packers of 61 c¢m in length. All observation

intervals were straddled to reduce wellbore storage effects.

Within the stressed well, a three-packer assembly was used to isolate the stressed interval and an
observation interval underneath, as proposed by Paradis and Lefebvre [2013] for vertical interference

slug tests. The stressed interval isolated by two packers at the top of the assembly was connected by a
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25.4-mm ID PVC riser pipe to the surface (Figure IV.4b), within which water levels were monitored
during each test to determine the end of the monitoring period. A stressed interval of 61 cm was used and
the underneath 30-cm observation interval was separated by a packer of 61 cm in length. For each test of
tomographic experiment t21r17, six intervals were thus monitored simultaneously: the stressed and the

observation intervals in the stressed well P21, and four observation intervals in the adjacent well P17.

To reduce hydraulic head drift and noise caused by packer inflation and deflation, packers used to isolate
intervals in the observation well were inflated at the beginning of the day and were left in place for entire
duration of the tests. The download and transfer of all slug test data was only done at the end of the day.
The stressed and observation intervals were monitored with 0-10 m pressure transducers (model LT 3001
Levelogger Gold, Solinst Canada Ltd.). To obtain good time-resolution recordings of hydraulic responses

and to estimate noise level associated with the transducers the sampling rate was set to 1 sec.

Figure IV.4 Slug test instrumentation for tomographic experiment: (a) packers, screens and pressure transducers used to
monitor slug test responses; (b) water column (white PVC) used to initiate slug tests.

3.3 Tomographic slug tests description

Only for tomographic experiment t21r17, a total of twelve slug tests were carried out and monitored in
the stressed well P21, while simultaneously recording hydraulic responses within four observation
intervals straddled in well P17 and within one observation interval in well P21, as depicted in Figures
IV.5a-b. Slug tests were done systematically at successive 61-cm intervals to stress all parts of the aquifer

along well P21 and to better constrain the inversion. Slug tests were done using a water column to induce
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an initial rise of the water level. For this purpose, a wellhead assembly was attached to the top of the riser
pipe of the stressed interval (Figure IV.4b). This device contained a bottom-hole valve, which initially
allows the filling of the device with water and the fast introduction of the water column into the stressed
interval. The device also contained a watertight adapter that allowed a transducer cable to pass for real-
time monitoring of the stressed interval. The initial head induced for all tests with this device ranged from

4.06 to 4.49 m (Table IV.1).

Table 1V.1 Summary of slug tests carried out at SLLRS for tomographic experiment t21r17. Prefix “t” is for
“transmitter” (stressed interval) whereas “r” is for “receiver” (observation interval).

Maximum S —
observed Interval of obs.e rved.
Initial head in amplitude in maximum amplitude in
Stressed interval stressed interval ,phcervation well amplitude in ) observ?tlon
(m) P17 observation well  interval in well
P17 P21
(m) (m)
121-236 4.24 0.026 r17-214 0.016
t21-297 4.33 0.034 r17-305 0.010
t21-358 4.46 0.059 r17-396 0.112
121-419 4.28 0.029 r17-488 0.191
t21-480 4.45 0.032 r17-488 0.065
t21-541a 446 0.029 r17-488 0.026
t21-541b 448 0.024 r17-580 -
t21-602 421 0.055 r17-671 0.087
t21-663 4.06 0.071 r17-671 0.074
t21-724 421 0.066 r17-762 0.226
t21-785 4.37 0.057 r17-762 -
t21-845 4.49 0.031 r17-854 -
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Figure IV.5 Coverage density (length of rays per area; m/mz) between stressed and observation wells for tomographic
experiment t21r17; (a) between wells P21 and P17; and (b) along well P21. The rays along well P21 in (b) are not used in
the evaluation of coverage density in (a). White spaces indicate the lengths of open intervals between packers (stressed or
observation interval). In the nomenclature used for stressed and observation interval numbers, “t” stands for
“transmitter” and “r” for “receiver”. The first two digits after the letter indicate the well number whereas the last three
digits are top of the screen depth, in cm, from the top of the tubing.

Slug tests were recorded until the peak amplitude in the observation intervals had passed. This was done
mainly to reduce test duration, and it is justified by the fact that data for times up to the first inflection
point after peak amplitude contain sufficient information to determine hydraulic properties within and
outside the region of investigation [Paradis et al., 2014]. The slug tests duration ranged from 5 to 16

minutes, thus allowing multiple tests to be done in a single day.

The spacing between observation intervals was initially based on the thickness of the aquifer layers
depicted by CPT data and multilevel slug tests at well P17 (Figure IV.3). The resulting coverage density
depicted in Figure IV.5b is generally uniform, except for a zone around elevation 112.5 m where a
defective packer at the end of the daisy chained assembly precluded the monitoring of heads in a fifth
interval. Note that the coverage density in Figure IV.5b assumes straight ray paths and it is only presented
to illustrates the configuration of stressed and observation intervals used for tomographic experiment
t21r17. The angles between stressed and observation intervals (using screen centers as reference) ranged

from 0° to 23°.

From a practical viewpoint, a hydraulic head perturbation can be generated from a slug test for a large

range of aquifer K values in an aquifer, which does not limit tomographic testing to intervals with
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moderate to high K as can be expected with the use of pumping. A head perturbation induced by a slug
test is only delayed in time following K variations, so that K values do not affect the amplitude of the
perturbation, as opposed to pumping tests that can desaturate small stressed intervals in low-K
formations. However, one of the main challenges for a field implementation was to obtain a good signal-
to-noise ratio. As summarized in Table IV.1, heads measured in observation intervals at well P17 were
quite small and generally less than 8 cm. The amplitude for the observation interval placed under the
stressed interval in well P21 were generally higher, but early head measurements may be subject to
dynamic hydraulic short-circuits that should be recognized and taken into account during the analysis
[Paradis and Lefebvre, 2013]. The high K anisotropy, that strongly attenuated the head perturbation in the
vertical direction, and the moderate to high values of S; both contributed to the small head variations
recorded in observation intervals. This emphasizes the importance of designing a slug test device able to
induce a large stress on the aquifer (Table IV.1) combined with the need to use very sensitive pressure

transducers.

3.4 Inter-well interference slug test description

In complement to the previous tomographic experiment, an interference slug test between wells P21 and
P17 using the entire screened section of each well was carried out. This test provides the average dynamic
behavior of the aquifer under stress and can be used to constrain or to verify the results of the
tomographic inversion. For this test, wells P21 and P17 were used as stressed and observation wells,
respectively. The same device was used to initiate the test and the observation well was straddled at the
top of the water table with a packer to reduce wellbore storage effects. The initial head in the stressed

well was 2.99 m and the maximum amplitude recorded in the observation well was 0.023 m.

4 Data analysis methodology

In this study, we invert tomographic experiment t21r17 slug test data with a radial flow model.
Observation interval responses recorded in the observation well, together with stressed interval responses,
are used in the numerical inversion to estimate the spatial distribution of hydraulic properties between
wells P21 and P17. The accuracy of the spatial distribution of K}, K,/K}, and S; generated by the inversion
of multiple slug tests is evaluated in the next section with observation interval responses recorded below

the stressed interval in well P21 (vertical interference slug tests) and the inter-well interference slug test
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conducted as part of the present tomographic effort. In this section, we first describe the inverse analysis

adopted in this study.

4.1 Radial flow model

The program Ir2dinv (linear and radial 2D inversion) developed by Bohling and Butler [2001] is used in
this study to inverse the data from the tomographic slug tests experiment t21rl17. Ir2dinv is a two-
dimensional radial-vertical finite difference flow model coupled with a Marquardt-Levenberg algorithm
that can be used for simultaneous inverse analysis of head responses. Under conditions of radial
symmetry, meaning the absence of angular variations in both the hydraulic properties and the boundary
conditions, the flow to a partially penetrating stressed interval in response to an instantaneous change in

water level in a confined aquifer of infinite areal extent is described by:

10 oh) 0 oh oh
- g Rl TP I “Gieal Y i
r ar(rK' ar)+ az( ‘ az) S ot 1)

where h=head [L], S;=specific storage [1/L], K,=hydraulic conductivity in the radial (or horizontal-K})
direction [L/T], K,= hydraulic conductivity in the vertical (or K,) direction [L/T], r=time[T], r=radial
coordinate [L], and z=vertical coordinate (positive upward from the base of the aquifer, which is used as a

reference) [L].

The inner boundary of the model is at the stressed well radius r,, [L] and initial conditions given by:

h(r,z,0)=0 r,<r<e 0<z<b
)

H(0)=H, ®

where b [L] is aquifer thickness, H is the level of water in the well [L], and H) is the static water column

height above the stressed interval, equal to the level of water in the well at /=0, [L].
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The outer boundary conditions are the following:

h(r=c0,z,t)=0 t>0 0<z<b

“
oh(r,0,t) _ oh(r,b,t) —0 50 7 <r<e
0z 0z &)
and the inner boundary conditions at the stressed interval are given by:
1 4
- [ w(r,.zt)z=H@)  1>0
2 6
0 z<d,z>d+L t>0
on(r,,z,t)
2rr K, —2 -~ = 2
or mr dH(@) d>z<d+L t>0
L dt
(7

where d is the distance from the top of the aquifer to the top of the stressed interval [L]; L is stressed
screen length [L]; r. is the radius of well casing [L]. The imposed boundary conditions for this study were
no flow for the bottom boundary and constant head for the top boundary (unconfined conditions), as

illustrated in Figure IV .6a.
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Figure IV.6 Simulation (a) and parameter (b) grids for the inverse analysis of tomographic experiment t21r17.

The program Ir2dinv also allows incorporating the wellbore into the model domain, thus representing the
effects of wellbore storage and the placement of packers in the stressed well. Wellbore storage is defined
as the relative volume change AV per unit head change A4 in the wellbore (W=AV/(V-Ah)). Wellbore
processes are approximated using Darcy's Law, with open sections of the wellbore represented as high-K
regions (K,=1x10° m/s and K,=1x10® m/s) and packers as low-K regions (K,=K,=1x 10" m/s). To
simulate the wellbore, one column of cells is used to represent the region inside the wellbore, from the
wellbore radius, r,, to the inner radius of the model grid, rn»=rwexp(Ar'), where Ar' is the constant
spacing in the transformed radial direction. Most cells in the wellbore should be assigned a S; value of 0,
representing the fact that water is essentially incompressible. However, the top cell in the wellbore (or the
top in any screened interval) should have a S, value of 1 to indicates that the hydraulic stress would

translate directly into the wellbore and the program will convert to the value
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to account for the vertical thickness of the cell and compensate for the exclusion of the inner portion of
the wellbore (between »=0 and r=r,,,) from the model domain. To simulate each slug test, the initial head
in the top cell was set to the initial displacement used to initiate the test, Hj, with all other initial heads in
the model set to zero assuming therein steady-state conditions prior to each test. The storage properties of
the wellbore are set to represent wellbore storage effects, which is a key factor to obtain a meaningful
interpretation of inversion results with tomographic slug tests. Wellbore storage affects the hydraulic
response in an observation interval in two ways. First, for a given distance between the stressed and
observation interval, wellbore storage causes a delay in the time at which the pressure change is observed.
Second, the response amplitude grows with the wellbore storage if the initial head change remains the
same [Prats and Scott, 1975; Spane, 1996; Brauchler et al., 2007, 2011; Paradis and Lefebvre, 2013].
Wellbore storage effects (time delay and amplitude change) are also relative to S, values and then for an
aquifer where S, is expected to vary, simulation of wellbore storage as provided by Ir2dinv will greatly
improve the accuracy of inverted tomograms. The Ir2dinv model assumes that wellbore storage effects
can be neglected in the observation interval. To obtain test data with minimal wellbore storage effects, the

observation intervals were straddled with packers in the field.

The Ir2dinv model uses a logarithmic transform of the radial coordinate, #=In(+/r,), to transform the
radial flow problem into an equivalent Cartesian problem in (#, z) space [Butler and McElwee, 1995;
Bohling and Butler, 2001]. This study used a simulation grid with 43 cells of dimension Ar'=0.19492
along the transformed radial axis and 52 cells of dimension Az=0.1524 m along the vertical axis (Figure
IV.6a). In the physical space, the radial location of the grid node with radial index i is r,exp((i-0.5) Ar')
and the location of the outer face of the corresponding cell is r,,exp(iAr'). The scale of the logarithmic
transform was adjusted to fit the radial location of the grid nodes to the location of the wells. The
exponentially telescoping grid in the radial direction provides an easy means to place the outer boundary
far from the stressed well. The discretization used places the zero-head outer boundary of the model about
111 m from the stressed well, so that this boundary has negligible effects on simulated slug test heads at

the stressed and the observation wells.
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4.2 Parameter grid

To handle the issue of non-uniqueness when solving the inverse problem, we regularized the numerical
inversion by the so-called discretization approach [4ster et al., 2005]. With the Ir2dinv model, a separate
zonation of the simulation grid can be specified for each hydraulic property, cells of the simulation grid
are merged to define a parameter grid, shown in Figure IV.6b, that is expected to correspond to the
effective spatial resolution of the tomographic experiment t21r17. The cell size for the parameter grid is
based on the sensitivity and resolution analysis provided by Paradis et al. [2014] for a synthetic
tomographic experiment based on similar field conditions as the ones used in this study. In that study, it
was found that the region of investigation encompassed by the stressed and observation wells, can be
adequately resolved for K, K,/K;, and S, with an effective cell width that corresponds to half of the region
of investigation when using only one stressed well and one observation well in the analysis. The vertical
resolution of cells was set to 61 cm, which corresponds to the length of the stressed interval used for slug
tests. The parameter grid used for the inversion is then composed of 39 cells with 13 cells in the vertical
and three cells along the horizontal direction: two for the region of investigation and one for the region
beyond the observation well. As distinct zonation for regions within and outside the region of
investigation was done to take into account the influence of the two regions. Following the analysis
provided by Paradis et al. [2014], K, and S, values for cells just outside the observation well can
potentially be resolved from a transient analysis of tomographic slug tests, whereas K,/Kj values for the
entire region beyond the observation well have practically no influence on heads and thus cannot be
resolved. Thus, for this study, we concentrate our analysis only for the region encompassed by the
stressed and observation wells because of the larger uncertainty in estimates for parameters outside the
region of investigation. This discretization is thought to be sufficient to image the vertical and lateral
heterogeneity in hydraulic properties that is expected from available information. Using finer parameter
grid cells would of course lead to over-parametrization because there is insufficient information to
constrain the inversion at a smaller grid scale. The same parameter grid was used for K, K,/K}, and S, and

no other form of regularization was applied to the inverse analysis.

4.3 Inverted data set

All the 12 slug tests of tomographic experiment t21rl7 were analyzed simultaneously to produce
heterogeneous distributions of Kj, K,/K;, and S; in the panel between wells P21 and P17. For each test, the
stressed and four observation interval responses were simultaneously inverted, except for test t21-236

where two observation responses were removed from the dataset due to defective connections that created
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too much noise (Figure IV.5a). A total of 12 stressed interval responses and 46 observation interval
responses were then available for this experiment and analyzed. Using stressed interval responses in the
inverse analysis is important in order to increase parameter resolutions near the stressed intervals and also
to reduce uncertainties in property estimates from the shape of the observation interval responses due to

the non-applicability of the principle of reciprocity for slug tests, as shown by Paradis et al. [2014].

Original measurements were subsampled using a 10-sec interval to reduce computational burden while
remaining well below the Nyquist sampling criterion. It was found to be crucial to keep the shape of the
head response in the analysis because maximum sensitivity to each hydraulic property occurs at different
time periods during the test [Paradis et al., 2014]. The total number of data points used for this inversion
was 3408. Observed head data shown in Figure IV.7 are raw responses, as measured in the field, without

any kind of filtering.

The noise level associated with head measurements was estimated from a residual analysis of head
records. For this analysis, sections of head records that are nearly linear were extracted and the statistics
on the deviation (residual) of the recorded heads with respect to a linear fitted model on the observations
were computed. The value of the standard-deviation of the error is 1x10™ m, which is well below values
of recorded heads in observation intervals (Table IV.1 and Figure IV.7). Weighted inversion that accounts
for the noise level was not used because all head measurements have similar noise level regardless of the
absolute amplitude in head responses and it is thus similar to an unweighted inversion. Instead, a
weighted regression was done to account for the scale discrepancy between stressed and observation head
responses. The scaling factors of the Levenberg-Marquardt algorithm associated with each stressed
response and their corresponding observation interval responses were then adjusted according to the

relative amplitude of the stressed and observation interval responses.
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Figure 1V.7 Observed (symbols) and simulated (red curves) head responses for tomographic experiment t21r17. Graphs
(a) show each of the 12 stressed interval responses (black squares) along with (b) the responses from observation intervals
(black circles) following the slug test in the indicated stressed interval.
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5 Transient hydraulic tomography: analysis of results

The inversion of the head data was run for all slug tests listed in Table IV.1 and the iterative estimation
process terminated either when the relative difference between two consecutive unknown parameter
estimates (p) was less than 1x10° or the relative difference between two successive values of the

following chi-squared error was lower than 1x 10°%:

®

where A; is the i head observation and f{(p) is the corresponding simulated head, based on the current
vector of unknown parameters, p, and s; is the scaling factor associated with the i" observation [Bohling
and Butler, 2001]. All test data were included in the inversion simultaneously and the inversion started
with uniform K, K./K, and S; fields (K,=1x10" m/s, K/K;=0.1 and S,=1x10* m™") with no constraint
imposed on the inversion. The duration of the hydraulic test considered in the simulation was 1000 sec to
give enough time to reproduce the peak amplitudes recorded in all observation intervals. A linear
biconjugate gradient scheme was used for solving the system of equations in the finite difference model.
In the presence of strong vertical to horizontal anisotropy, this preconditionner is known to speed up
convergence. The inversion of the tomographic experiment t21r17 was done on a OSX (64-bit) operating
system running on an Intel Quad Core i7 processor running at 2.2 GHz with 16 GB of RAM. The total
computation time for data inversion was 1235 min. Simulated heads for each test are compared to

observed values in Figure IV.7 and validation statistics are presented in Table IV.2.

Analysis of simulated and observed heads for each slug test in Figures IV.7a-b reveals that the inversion
captures fairly well the general behavior of head responses obtained during the tests. Indeed, first arrival
times and maximum amplitudes of simulated observation interval responses mostly coincide with field
observations (Figure IV.7b). Only a small delay in time is observed between simulated and observed
stressed interval responses, as depicted by simulated responses slightly ahead of observed curves for few
tests (Figure IV.7a), which may suggest a small overestimation of K, values near well P21. The slope of
the linear regression between observed and simulated heads (m) are 0.977 and 0.960 for all stressed and

observation intervals (Table IV.2), respectively, which indicate that simulated heads overall slightly
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underestimate observed heads. Nevertheless, coefficient of correlation (r) and m values close to unity
between simulated and observed heads for almost all tests indicate that there is no systematic deviation in
head estimates. Moreover, root-mean-square error (RMSE) values in percentage of the maximum head
recorded in stressed or observation intervals indicate small errors for both stressed and observation

intervals with RMSE values ranging from 1.8% to 9.9% for all tests.

Table IV.2 Validation statistics for observed and simulated heads for each slug test used in the inversion of tomographic
experiments t21r17: “r” is the coefficient of correlation, “m” is the slope of the linear regression and “RMSE?” is the root-
mean-square error. Statistics for stressed and observation intervals are presented separately. RMS in percentage is
calculated relative to the maximum head measured in stressed or observation interval according to Table IV.1.

Stressed interval Observation intervals

Test RMSE RMSE
r m L
(m/ %) (m/ %)
t21-236 0.991 0936 0.318/75 0.942 o 59 0.002; ;8.8 |
t21-297 0.997 0944  0.207/4.8 0.973 0913 0.0023/6.8
t21-358 0.986 0940  0.219/4.9 0.975 0.854 0.0031/5.3
t21-419 0.994 1.100  0.365/8.5 0.994 0.979 0.0012/4.1
t21-480 0.999 1.037  0.078/1.8 0.998 1.017 0.0007/2.2
t21-541a  0.999 1.064  0.173/3.9 0.994 1.013 0.0012/4.1
t21-541b  0.997 0964  0.160/3.6 0.987 0.966 0.0008 /3.3
t21-602 0.996 0954 0.132/3.1 0.992 0.931 0.0017/3.1
t21-663 0.992 0.903 0.210/5.2 0.994 0.994 0.0015/2.1
t21-724 0.991 0.933 0.269 /6.4 0.987 0.922 0.0026 /3.9
t21-785 0.987 1.041 0.432/9.9 0.988 0.950 0.0022/3.9
t21-845 0.998 1.080  0.301/6.7 0.995 1.009 0.0010/3.2
All tests 0.989 0977  0.270/ 6._2 0.989 0.960 0.0019/4.4
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The final K}, K,/K}, and S, tomograms obtained from data inversion of tomographic experiment t21r17 are
shown in Figures IV.8a-c, respectively. Inverted parameter values for outside the region of investigation
are presented but our analysis focuses only on the region of investigation as previously discussed in
Section 4.2. Although the spatial distribution for each hydraulic property is generally heterogeneous
across the region of investigation, some layering between high and low K}, values can be recognized in the
tomogram of Figure IV.8a. For instance, two dipping layers of higher K}, values (around elevations 111 m
and 114 m) are interspersed by a layer of lower K, in the middle of the tomogram. The dipping of those
layers is consistent with the architecture of the geological environment revealed by GPR and CPT surveys
in Figures IV.2 and IV.3. K, values within each layer vary laterally and resulting vertical variations in X},
values along well P21 are smoother than for well P17, as depicted by simulated profiles in Figure IV.8a.
The simulated K, profile along well P17 also shows a similar trend as measured values from 15-cm
interval multilevel slug tests. The small peak in Kj, values around elevation 115 m is reproduced by the
inversion and this layer, embedded in sediments of lower Kj, values, seems to be discontinuous in space

because it does not appear in the profile of well P21.

Layering for K,/K}, is less obvious than for K} and the spatial variation in K,/K} values depicted in Figure
IV.8b is more heterogeneous. Nevertheless, the simulated K, profile along well P17 compares well with
K, measurements from laboratory permeameter tests, as shown for the X, profile in Figure IV.8b. A direct
quantitative comparison between the two approaches is however difficult because of the discrepancy in
scale between numerical cells (61 cm in height by 4.23 m width) and soil samples (15 cm in height by 3.8
cm in radius). Conceptually, if we assume that the fine layering in sediment samples is continuous across
the larger inversion grid cells, inverted K, values should thus be close to the harmonic average of X,
values measured on soil samples contained in each cell, according to the series flow principle for
perfectly layered media [Freeze and Cherry, 1979]. On the other hand, if the fine layering in sediments,
in particular low-K layers that impede vertical flow, is discontinuous within larger inversion cells, the
resulting average K, values over the cells will be higher than the harmonic average and will increase
following the scale of the layering according to general means for layered media [4bramowitz and

Stegun, 1972; Ouellon et al., 2008].
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Figure IV.8 Tomograms of hydraulic parameter values from the inversion of tomegraphic experiment t21r17: (a)
horizontal hydraulic conductivity (K,); (b) hydraulic conductivity anisotropy (K,/K}); and (c) specific storage (S;). Also
depicted is the estimated vertical profile of hydraulic parameters along wells P21 and P17 with K, values from 15-cm
multilevel slug tests and K, values from laboratory permeameter tests on 15-cm soil samples along well P17.

226



The tomogram and profiles for S; in Figure IV.8c show a general decrease in S, values with depth with
relatively similar profiles along wells P21 and P17. There are no measured S; values to compare with, but
the simulated vertical trend can be related to an increase of the overburden load with depth. Conceptually,
a heavier overburden load would reduce the elastic property of sediments and then their specific storage

capacity. A similar behavior was observed by Liu et al. [2007] for sandbox experiments.

Figures IV.9a-c present dimensionless covariance values for K;, K,/K, and §; estimates depicted in
Figures IV .8a-c, respectively, at corresponding cell location. Dimensionless covariance is evaluated using
the root-mean square of the diagonal elements of the covariance matrix, which is approximated from the
Jacobian matrix for the final parameters of the inversion. The dimensionless variances represent the
uncertainties relative to the estimated parameter values. Dimensionless variances are scaled by the
parameter estimates themselves and thus are not influenced by the differing magnitudes of the estimates
[Bohling and Butler, 2001], which facilitate the comparison between different hydraulic properties.
Overall, the uncertainty estimates are fairly comparable with Kj, K,/Kj or S; within the region of
investigation, except for K}, cells near the stressed well. Dimensionless variances for K, are indeed lower
for those cells, indicating that there is greater confidence in the estimate of K}, in that region. This is due
to the much higher sensitivity of stressed interval responses to K, variations for cells near the stressed
well, as demonstrated by Paradis et al. [2014]. Moreover, examination of dimensionless covariance
patterns in Figure IV.9a-c does not reveal any correlation with coverage density of tomographic slug tests

(Figure IV.5), especially for the zone in the middle of the grid where the density is lower.

In summary, results of the inversion of the tomographic experiment t21r17 show good agreement with
observed data (e.g., heads, K, and K, data) and the littoral depositional environment (e.g., lateral trend in
K, strong K anisotropy and decreasing S, with depth). Although geophysical surveys (Figures IV.2 and
IV.3) suggested a distinct vertical layering across the study area, estimates from tomography showed that
hydraulic property variations within each geophysical-based layer are heterogeneous, which suggests
complex relationships between sediments, geophysical signal and corresponding hydraulic properties.
The resulting heterogeneity in hydraulic properties within the region of investigation can thus be
considered representative of actual site conditions even using a coarse discretization of the aquifer. In the
next section, to further strengthen this assessment, tomograms of hydraulic properties are further tested

against independent hydraulic tests that have not been used in the previous inverse analysis.
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Figure IV.9 Spatial distributions of the logarithm of dimensionless variance from the inversion of tomographic
experiment t21r17 for: (a) horizontal hydraulic conductivity (K,); (b) hydraulic conductivity anisotropy (K,/K,); and (c)
specific storage (S,).

6 Verification of tomography results

A relatively coarse parameter grid discretization was used to minimize over-parameterization and

simulated heads and hydraulic properties appear reasonable estimates of actual field conditions based on
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available information. However, this does not mean that the estimated parameters can be accepted as
accurate. In order to gain greater confidence in the representative nature of properties provided by the
inverse analysis, a verification analysis is done using simulated Kj, K,/K), and S; tomograms obtained
from the inversion with hydraulic tests not used in the inversion. Two different types of hydraulic tests
are used for the verification: (1) one inter-well interference slug test between wells P21 and P17 (Section
3.4); and (2) nine vertical interference slug tests done along stressed well P21 (Section 3.3). The former
test, carried out over the entire well screen length, assesses the representative nature of simulated average
hydraulic properties over the entire region of investigation, whereas the later tests assess parameter
estimates, in particular K anisotropy, along discrete vertical intervals along the stressed well. While those
tests could have been integrated in the inverse analysis to further constrain parameter inversion, they are
used here as verification tools. Hence, head responses for the various verification tests are simulated with
the lr2dinv model in forward mode using simulated K, K./K; and S, tomograms obtained from the
previous inverse analysis described in Section 5 as aquifer properties. To assess the performance of the
simulations, predicted head responses are compared to head observations and the error in parameter
estimates in the inversion is inferred by matching predicted and observed head responses using an

equivalent homogeneous and anisotropic analytical model.

6.1 Parameters verification with an inter-well interference slug test

Figure IV.10 shows the predicted head response for the inter-well interference slug test carried out using
well P21 as the stressed well and well P17 as the observation well. For this test, the entire screen section
of the two wells was used either as stressed or observation intervals, as described in Section 3.4, so the
global behavior of the aquifer under a head perturbation can be assessed. As seen in Figure IV.10, the
predicted head responses for both stressed and observation wells are fairly close to observations. More
specifically, the predicted stressed and observation well responses are both slightly ahead of the observed
responses and predicted head amplitudes at the observation well are a little underestimated.
Consequently, » and m values are 0.99 and 0.93 for the stressed well, and 0.92 and 0.74 for the

observation well, respectively, as presented in Table IV.3.

In order to quantify the error in hydraulic property estimates computed in the inversion, a type-curve
matching procedure is used, assuming an equivalent homogeneous and anisotropic aquifer. The semi-
analytical KGS model [Butler, 1995; Hyder et al., 1994; Liu and Butler, 1995] is used here for this

exercise. The test analysis procedure for the inter-well test involves the simultaneous match of both
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stressed and observation well responses for the observed heads, first, and then for the predicted head
responses. For each hydraulic property, the difference in parameter values for matched observed and
predicted responses is then used to make an estimation of the error for this property. The error in

parameter estimate for logKj, is given by:

_ 100dog K™ —logK}*)
- log K" (10)

E

and similarly for logK,/K, and logS;. A negative value of the error indicates an underestimation of the

parameter, and an overestimation for a positive value.

Results of this analysis presented in Table [V.3 for the inter-well test reveal that the error in logK, and
logsS; estimates obtained from the inversion are 5% and 1%, respectively, which indicates that average K,
and S; values for the tested aquifer are fairly well estimated by the inversion. We note also that average
K,/K, value cannot be estimated by the inter-well test because wells are screened over almost all the

aquifer and thus the induced flow is predominantly horizontal.
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Figure IV.10 Observed (symbols) and predicted (red curves) head responses for the inter-well interference slug test used
for the verification of hydraulic properties derived from tomographic experiment t21r17. Graph (a) shows the stressed
well response (black squares) alone, whereas graph (b) illustrates both stressed (black squares) and observation (black
circles) well responses for a zoomed view on the ebservation well response.
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Table IV.3 Summary statistics between simulated and observed heads and hydraulic parameter error for each validation test used for the verification of the inverse
analysis of tomographic experiment t21r17: “r” is the coefficient of correlation, “m” is the slope of the linear regression and “RMSE” is the root-mean-square error. Note
that statistics for stressed interval responses of vertical interference slug tests are identical to those shown in Table IV.2 for corresponding tests because the same
stressed interval was used for both tomographic and vertical interference slug tests.

Head
Parameter error (%)
Stressed interval Observation interval
Validation test =
RMSE RMSE logk e logs
r m r m o o f ogS
(m / %) (m / %) *
Inter-wells interference slug test
t21 torl7 0.99 0.93 0.063/2 0.92 0.74 0.003/10 5 - 1

Vertical interference slug tests
121-236 to r21-358 0.99 0.93 0.318/8 0.90 3.27 0.008 / 51 1 21 -9
t21-297 to r21-419 0.99 0.94 0.207/5 0.64 0.47 0.002 /20 6 -3 2
t21-358 to 121-480 0.98 0.94 0.219/5 0.64 0.65 0.022/20 -1 223 7
t21-419 to r21-541a 0.99 1.10 0.365/9 0.85 0.87 0.027/ 14 -4 -29 8
121-480 to r21-602 0.99 1.03 0.078 /2 0.77 0.93 0.017/26 2 -17 5
t21-541a to r21-663 0.99 1.06 0.173 /4 0.98 1.80 0.007 /30 2 -14 5
t21-602 to r21-724 0.99 0.95 0.132/3 0.30 0.56 0.037/43 -5 -33 10
t21-663 to r21-785 0.99 0.90 0.210/5 0.76 0.53 0.020/28 1 -35 10
t21-724 to r21-845 0.99 0.93 0.269/6 0.99 0.57 0.087 /38 6 -81 20

All vertical tests 0.99 0.97 0.252 0,91 0.66 0.027 - - -
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6.2 Parameters verification with vertical interference slug tests

While an inter-well test provides an appreciation of the global behavior of the aquifer under stress,
vertical interference slug tests can indicate how heterogeneity in K, K,/Kj, and S; are well estimated by
the inverse analysis at specific locations into the aquifer. Figure IV.11 shows the predicted observation
interval response for each of the nine vertical interference slug tests carried out along well P21. We note
that stressed interval responses are not shown in Figure IV.11 but they are identical to the responses
presented in Figure IV.8. In fact, the stressed interval responses are the same for both vertical interference
and tomographic slug tests because they were already used in the inverse analysis of tomographic data.
Only observation interval responses of vertical interference tests were not used in the inversion. Although
visual inspection of individual test depicted in Figure IV.11 reveals that predicted heads for some tests
moderately depart from observations, the overall » and m statistics for all tests are relatively good with
values of 0.91 and 0.66, respectively (Table IV.3). Moreover, vertical interference tests are very sensitive
and a small modification in hydraulic properties generally results in a large change in the amplitude and
arrival time of the head response in the observation interval [Paradis and Lefebvre, 2013]. Indeed, errors
in parameter estimates presented in Table IV.3 for each vertical interference test are below 6%, 35% and
10% for logK}, logK,/K), and logsS;, respectively, except for the last test (t21-724 to 121-845) that shows

larger errors.

It should be noted that the error estimation procedure for vertical tests was slightly modified relative to
the procedure used for the inter-well test. In fact, in heterogeneous profiles it is not possible to match both
stressed and observation intervals assuming homogeneous and anisotropic conditions, and both K,/K}, and
S variations have similar influence on the observation interval response [Paradis and Lefebvre, 2013].
Thus, in order to evaluate error in parameter estimates for vertical tests measured observation interval
response were first matched, then the predicted responses were obtained by varying K, and S; while
holding K,/K, the same to estimate K}, and S;. The same procedure was repeated by varying K}, and K,/K,
while holding S; constant to estimate K, and K,/K. The resulting estimates of errors are obviously gross
approximations and errors reported in Table IV.3 for K,/K,, and S, are then expected to be overestimated.
Overall, the differences between observed and predicted head responses from vertical interference slug

tests result in fairly small error in K, K,/K}, and S; estimates.
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Figure IV.11 Observed (symbols) and predicted (red curves) head responses for vertical interference slug tests [Paradis
and Lefebvre, 2013] used for the verification of tomographic experiment t21r17. Stressed interval responses are not
shown for those tests but they are identical to head responses depicted in Figure IV.7 for corresponding tests.

7 Conclusions

The main objective of this study was to assess the performance of a transient analysis of tomographic slug
test data in estimating heterogeneity in K, K,/K, and S; in real field conditions. To achieve this goal,
results of the inversion of a tomographic experiment performed in moderately heterogeneous and highly
anisotropic silt and sand littoral aquifer were compared to estimates obtained using other hydraulic tests

at the same site. The simulation of independent large-scale and single-well hydraulic tests not used in the
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inversion tested the representativity of the estimates. According to the results, the main findings of this

study can be summarized as follows.

¢ Simulated heads were obtained from the simultaneous inversion of the transient head responses
recorded into multiple stressed and observation intervals with a two-dimensional radial finite
difference flow model considering K, K,/K}, S; and wellbore storage effects. These simulated heads

closely match observations.

* The K, and K, estimates obtained from tomography compare well with those of high-resolution
multilevel slug tests and laboratory permeameter tests on small soil samples, despite the difficulty to
compare K, values from each method due to scale disparity. The structure of the heterogeneity in K},
(dipping and lateral variations) is also coherent with the architecture of the geological environment
revealed by geophysical surveys. Moreover, estimates of S; from tomographic slug tests exhibit

physically plausible vertically decreasing S; profiles.

* K, K\/K; and S; models estimated from the inverse analysis of tomographic data are used to compute
the predicted transient head responses from the simulation of an inter-well interference slug test and
nine vertical interference slug tests, which are shown to be in close agreement with field
observations. That is, global and local aquifer dynamics are thus adequately represented by inverted
K;, K,/K;, and S, tomograms, which is critical for a good understanding of flow and transport in

aquifers. This demonstrates the robustness of the tomographic slug tests approach.

In addition, in this study we used a flow simulation model that assumes radial symmetry to investigate
both vertical and lateral hydraulic property variations in the plane encompassing the stressed and
observation wells. A radially symmetric model should provide a reasonable estimate of flow behavior in
this plane as long as lateral variations in the hydraulic properties do not induce significant angular
variations in flux toward the well, in which case the narrow angular wedge encompassing the investigated
plane can be treated in isolation as a two-dimensional radial-vertical problem bounded by zero-flux
boundaries in the angular direction [Bohling, 2009]. That is, considering the heterogeneous nature of the
study site, the use of a radially symmetric model could be questioned. However, considering the results of

the verification analysis, it is suggested that the hydraulic behavior of the tested aquifer is reasonably well
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represented by a radial-flow model. Both small head variations recorded in observation intervals and
strongly focused flux near stressed intervals may explain why the present inverse analysis seems to be not

affected by significant angular variations in flux (see Paradis et al., 2014).

Furthermore, the fact that the inversion scheme supports anisotropy provides greater confidence in the
estimated model parameters and may explain the success of the verification process. Considering the very
small-scale (<15 cm) heterogeneity of the study site, it would have been practically impossible to design a
tomographic experiment that satisfies the assumption of isotropy at the scale of the grid cells used for the
inverse analysis. For that case, the problem of non-uniqueness in parameter estimates would have been
obviously amplified because of the oversimplification of the anisotropic problem into an isotropic one.
Thus, by considering K anisotropy, the inversion provides more flexibility in the design of the field
survey. Even if the results of the inverse analysis reveal no anisotropy, we believe that greater confidence

in the parameter estimates is gained by considering anisotropy.

Finally, this study demonstrated that a transient analysis of tomographic slug test data was able to capture
the key features of the study aquifer, namely K, K,/K, and S; heterogeneities, on a scale relevant for
groundwater flow and contaminant transport investigations. Future work will focus on the integration of
additional wells in the inverse analysis, in particular reciprocal tests between pair of stressed and
observation wells, to increase the effective spatial resolution of hydraulic properties, as shown by Paradis
et al. [2014]. A three-dimensional observation interval network would also have to be considered for a
more accurate representation of aquifer heterogeneities, as already implemented by Berg and Iliman

[2011] and Cardiff et al. [2012] with tomographic pumping tests to image the spatial distribution of Kj.
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