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3.1 REGIONAL AQUIFER SYSTEMS:
HIDDEN AND SIZEABLE! HOW DO
WE ASSESS THEM?

Canada’s groundwater is an important water

supply source for many urban areas and industries,
in addition to being a vital supply for rural areas
across the country.

The extent of Canadian groundwater reserves,
however, is only partially understood, even aswe do
know that groundwater is a basic component of the
hydrological cycle, forming the base flow to rivers
and streams and sustaining water levels of lakes
and wetlands (those shallow aquifer systems—Iess
than 100 m—which represent reservoirs of easily
extractable water, with much of excellent quality

for potable use).
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To date, there has been only limited mapping
and quantification of our regional groundwater
resources. The Canadian population continues
to grow, requiring more and more fresh water.
Surface water allocation limits have already
been reached in parts of the country and future
water demand will place a greater reliance on
groundwater. Today’s water requirements call for
increasing abstraction of brackish to saline water
in some areas, as climate change is modifying the
hydrological cycle all over North America (IPCC,
2007). These facts raise several serious questions
regarding the future of Canada’s groundwater
reserves. How much groundwater do we actually
have? How much groundwater can be extracted

annually in a sustainable manner? How will
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groundwater reserves be affected by stresses on the
system (changing land use and climate change?)

Answers can only be drawn from quantitative
assessments of Canada’s aquifer systems.
Generating of these assessments at local and
regional scales, provide key information to create
methodologies which will support sustainable
groundwater use and groundwater resource
protection.

This chapter presents an overview of these issues
based on proven practices and techniques for
systematic regional groundwater assessment.

Although groundwater is out of sight, properly

Regional characterization of a

3.2- Information management and integrated database
compilation of available stratigraphic, geological,
hydrological & hydrogeological data

3.3- Regional geology and basin hydrostratigraphy

Initial hydrostratigraphic  Delineation of geographic areas
conceptual modelling  where field measurement is needed

v

3.4- Geological, geophysical, hydrogeological
and hydrogeochemical surveys

conducted engineering and geoscientific inves-
tigations can identify and delineate it, characterize
water qualityand estimate groundwater availability.
which
combines geophysics, geology, hydrogeology,

A multidisciplinary — approach, one
and information technology is recommended to
produce new interpretations and understanding
(Figure 3.1).

Such methodology has already been used in
assessing fourteen regional aquifer systems within
the provincial-federal coordinated Canadian
framework (Rivera et al,, 2003). Such investigations

usually cover large areas ranging from tens

quifer systems
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Figure 3.1 Suggested steps for regional characterization of aquifer systems.
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TABLE 3.1 PRINCIPAL PARAMETERS REQUIRED FOR SYSTEMATIC REGIONAL
SURVEYS OF AQUIFER SYSTEMS
(MODIFIED FROM SAVARD ET AL., 2008)

GEOLOGICAL PARAMETERS

Sedimentary Quaternary units

Lithology

Stratigraphy (age)

Porosity

Regional distribution

Origin

Facies types

Landforms

Orientation

Sedimentary structures

Paleoflow direction
Rock formations

Lithology

Nature of porosity

Porosity volume

Stratigraphy (age)

Regional structures (folds, faults, fractures) and distribution

HYDROLOGICAL PARAMETERS

Climate

Precipitation

Temperature

Solar radiation

Wind
Surface waters

Location

Flow rate

Hydrographs (water levels)

Hydraulic link to aquifers

HYDROGEOLOGICAL PARAMETERS
Physical
Water levels (depth to groundwater)
Well hydrographs
Groundwater flow directions
Hydraulic gradient
Hydraulic links between aquifer formations
Recharge zones
Discharge zones
Estimation of recharge
Estimation of discharge
Hydraulic conductivity, transmissivity and storativity*
Intrinsic vulnerability
Anthropogenic
Wellhead protection areas
Estimation of groundwater extraction
Well yield
Hydrogeochemical
Concentration of major and trace ions
Concentration of total dissolved solids
Electrical conductivity, temperature, pH, Eh
Dissolved oxygen
Water quality (e.g., relative to drinking criteria)
Water type distribution
Water age
Source of contaminants

*Consider also specific storage or specific yield.

to thousands of square kilometres. The main
challenges to regional characterization include
selecting the proper amount of reliable coverage
data to allow finding, at reasonable cost, the right
quantity of groundwater to extract while protecting
the aquifer’s groundwater quality. Regional studies
also need to overcome the problem of aquifer
variability, and produce methodologies that allow

extrapolation or “scale-up” parameters measured
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at local scales (tens of metres) to watershed scales
(tens of kilometres).

Studies of Canadian groundwater began during
the 1870s. Historical information about these
research projects, and details on provincial and
federal contributions to the first aquifer inventories
may be found in Brown, 1967. More recent
developments are covered in Chapter 16 of this
book.
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The assessment approach presented in this
chapter was developed by the Geological Survey of
Canada and, as mentioned above, its partners, and
has been applied to a number of studies over the
past 15 years. Variations of this approach are also
being used by other agencies.

Within this chapter, we will describe state-
of-the-art methodologies used to characterize
regional aquifer systems through multidisciplinary
assessments coupled with federal and provincial
collaborative projects. These procedures provide
the input required to properly characterize
aquifers and understand groundwater flow
systems described in Part IV of this book. This
approach integrates field geophysical, geological,
geochemical and hydrogeological surveys to
produce a 3D hydrostratigraphic model within a
linked database management system. Importantly,
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an estimate of regional hydraulic parameters as
well as an estimation of the uncertainty of acquired
information is crucial to reliable groundwater
assessment (Figure 3.1; Table 3.1).

Regional aquifer systems should also be described
in terms of hydrostratigraphy (rock reservoirs
and layers of low permeability), hydrogeology
(aquifer characteristics, hydraulic conductivity,
recharge, etc.) and numerical modelling (potential
drawdown). Quantitative assessment (water
availability) and hydrogeochemistry — (water
quality; e.g, Cloutier, 2004) are two other vital
elements of regional surveys, because reliable
yield and water quality data are always included
in any aquifer system assessment (Table 3.1).
Chapters 4 through 7 address these elements

in greater detail. The goal is to produce regional

assessments that contribute to a national inventory
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Figure 3.2 Importance of database organization and management for regional aquifer-system assessments.

used for sustainable development and protection

of Canadian groundwater resources.

3.2 INFORMATION MANAGEMENT —
INTEGRATED DATABASES

Once an area is selected for regional
hydrogeological assessment, the first step of
the process is to develop a regional database,
compiled from reports, studies and data sets
held by various agencies. Regional assessments
inevitably generate large data sets which must be

integrated and manipulated to be easily accessible
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for interpretation and hydrogeological modelling.
Traditional sources of groundwater data, such as
provincial water well records and geological maps
are useful, particularly when combined with other
data collections. Federal departments such as
Environment Canada, Agriculture Canada and
Statistics Canada hold a wealth of information,
as do provincial agencies like Geological Surveys.
Large information banks are held locally by
municipalities,  industries, consultants and
community groups. All data collected should be
stored in a properly structured relational database.
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Given the abundance of sources, types and
entries of information, establishment of a sound
metadata strategy is important before the situation
becomes unmanageable (Figure 3.2). Metadata
records increase efficiency, and help the end user
understand the assessment limits.

A sound analysis of user requirements, wherein
the real assessment needs are known and weighed,
must be done before studies start. The project
needst must not overshadow responsibilities for
post-project data management by other groups.
When all requirements are understood, a scan of
available datasets should be initiated to identify
relevant material and potential gaps. This analysis

will be used to construct a data acquisition plan
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are addressed and prioritized. Computer systems
owned by government departments, and staff
resources already assigned to these systems should
be considered as part of new regional projects.

A sound data model can guide the construction
of a relational database for all geological,
hydrogeological and geotechnical data. Do
not forget that verification is a key step when
populating databases. Location and elevation
of all data should be checked before applying a
standard elevation from a digital elevation model.
It is helpful to use a standardization technique
like a rock/sediment coding protocol based
on unit descriptions from geological maps. A
geologist with field experience in the study area
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data to new standardized classes.

Large regional assessments are generally
conducted  through partnerships involving
scientists from multiple organizations; this
leads to questions of data ownership, database
management and database format (i.e., software),
legal constraints, and accessibility, issues which
may lead to the possibility of using several systems
in a network. The standard procedures then shift
from common database software to common data
exchange protocols.

The Open Geospatial Consortium proposes a
series of standards (http://www.opengeospatial.
org) which can be used to exchange data over
distributed systems. These standards are being
implemented by software editors (such as ArcInfo
or Maplnfo). Governments, as well, are active
participants in developing these standards and
using them (GeoConnections, 2005). Several
database management projects such as the National
Groundwater Database of Natural Resources
Canada  (http://ess.nrcan.gc.ca/2002_2006/gwp/
p2/index_e.php) take advantage of such standards
to manage their data. Recently, the Groundwater
Information Network (GIN, http://gw-info.
net) began using a groundwater data encoding
standard named GWML (Groundwater Markup
Language) based on GML (Geographic Markup
Language) to access a network of heterogeneous
data stores (http://ngwd-bdnes.cits.nrcan.gc.ca/
service/apingwds/en/gwmlLhtml). GIN allows
access to all data stores using a common interface
and a common data format as if it was a seamless
database. The data can be downloaded in a variety
of popular formats (ESRI SHP file, Geodatabase,
Microsoft Excel, Google Earth KML, etc.), although
users should be aware that the quality of the dataset
is quite variable (with, for instance, outdated
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stratigraphic units or erroneous lithological
descriptions). As GIN is being implemented in
Canada, other countries have also embarked in
developing similar infrastructure, most notably
the United States, with U.S. GIN (http://usgin.
org/, which has an unfortunate identical acronym),
Morocco  HydrlS  (http://www.springerlink.
com/content/a646n54t002552m5/) and IUGS
(International Union of Geological Science) One
Geology (http://www.onegeology.org/).

A complete database system not only comprises
software and hardware, it also includes database
management procedures and experts who
maintain, feed and use it. Database design and
implementation requires qualified information
technology professionals such as data modellers,

database managers and programmers.

3.3 REGIONAL GEOLOGY AND BASIN
HYDROSTRATIGRAPHY
3.3.1 Basin study
Developing a  comprehensive model and
understanding the geological setting of a region
is a critical first step towards understanding its
groundwater systems. Scientists undertaking
regional studies of sedimentaryrock or multi-layered
unconsolidated aquifer systems often use basin
analysis to delineate depositional environment and
basin evolution, which, in turn, can be employed
to develop geological and hydrostratigraphic
conceptual models. Basin analysis reveals its history
by analyzing of lithology, composition, structure
and architecture of its sediment fill. Basin analysis
specifically characterizes textural, stratigraphic and
structural controls on groundwater flow systems
at regional scales, including a characterization of
fluids in the basin.

Consider surface water drainage in two drainage
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Figure 3.3 How a surface basin serves to define overland and stream flow based on topography (meandering light blue tributary lines). Regional groundwater
flow provides a different conceptual model as infiltration at a topographic high may take a short flow path to the stream within the basin (light blue arrows). In
areas where basins are tilted, some groundwater flow will take a longer path and flow, for example, from the basin A divide to discharge in the stream located in

basin B (Czech Geological Survey, 2011).

basins. If the study region is characterized by
surface flow which operates independently in
the upper part of each basin (A, B in Figure 3.3),
groundwater flow in layer-cake subsurface strata
allows for inter-watershed flow in the underlying
sedimentary basin strata (Figure 3.3). Variations on
the simple surface and groundwater flow pattern
may occur if the basin is folded, tilted, fractured or
covered by glacial deposits.

Basin analysis in a more complexaquifer system can
be illustrated with bowl-shaped sedimentary strata,
like the Michigan Basin in Ontario and mid-western
United States (Figure 3.4). The underground reservoir
systems available for groundwater recharge, storage
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and flow can be thousands of kilometres across.
Geological mapping and conceptual hydrogeological
modelling of the bowl-shaped basins allows reservoir
pathways (aquifers) and low-permeability layers
(aquitards) to be portrayed with relatively sparse
data, and derived, perhaps, from just a few wells and
subsurface information from geophysical transects.
Developing conceptual models, even for models
of simple basins however (Figure 3.4), requires an

organized set of steps.
3.3.2 Conceptual geological models

Conceptual geological models serve as schematic

explanations of specific scientific principles and/
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Figure 3.4 An illustration of how basin architecture (saucer shape) controls regional aquifer-system flow. Aquifers are depicted in light tones while aquitards
(there is always flow in aquitards) are shown in darker tones. Bold blue arrows identify points of recharge (modified from Grotzinger et al., 2007).

or understandings. Canadian researchers need
to refine the understanding of subsurface flow
systems and to integrate more geological data at
regional scales for groundwater flow modelling
(Sharpe et al, 2002; Russell et al, 2006). It is
crucial to extend our understanding beyond scarce
data points, and to develop sound and physically
credible conceptual models.

Conceptual geological modelling begins with a
review of the geological and geotechnical literature
reports, maps, sections, high-quality boreholes and
other subsurface data. The resulting conceptual
models should describe all relevant strata and their
relative 3D geometries. These models are built from
first principles in a four-step process (see also Figure
3.1): (1) development of conceptual understanding,
(2) model preparation, (3) model construction, and
(4) model testing and documentation. Systematics
for conceptual modelling involves assignment
of stratigraphic codes (organized rock sequence)
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based on the stratigraphic framework, and
applying these codes to primary data within the
stratigraphic framework. It is practical to use the
stratigraphic framework and its geological rules to
guide and constrain interpretation and coding of
secondary data (e.g., water well data) and, where
needed, to develop interpretive elements to infer
plausible geometries. The stratigraphic framework
of a region or basin is linked to its geometry, or
the architectural relationships of its structural/
stratigraphic units. A robust geological model
incorporates current understanding of geological
processes related to the basin under study. A basin
subject to marine processes, for example, may be
affected by poor water quality and other attributes
of its environmental setting. Thus understanding
earth processes allows researchers using the
conceptual model to make informed predictions
about areas where data is not currently available.

The conceptual model can be portrayed in a
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schematic drawing which elucidates salient details
of the basin’s geological system. Examples of
conceptual models representing regional geology
are presented in section 3.6 (Russell et al., 2006).

3.3.3 Model testing and documentation

Geological models must be tested and documented,
usingvery reliable data (e.g, geophysical profiles
with core) for model refinement as time and data
quality allow. The modeller must document all
procedures in an accessible format with pertinent
examples, along with identifying and explaining
protocols used. Our experience in developing
conceptual geological understanding and 3D

modelling suggests that it may be appropriate to
form 3D model peer review teams.

Chapter 8 provides conceptual models of
Canada’s hydrogeological regions. Each regional
hydrogeological model has been developed on the
basis of the physical properties of unconsolidated
sediments, and their corresponding thickness over
rock. The spatial extent of an aquifer is delineated
by the presence of impervious physical boundaries,
i.e, alow-permeability geological unit (a formation
which is at least two orders of magnitude less
permeable than the aquifer). No significant
groundwater flows to the aquifer from such units.
Note, however, that highly confined aquifers

Legend

Hydrogeological Conditions

- Confined
I:I Semi-confined
- Non-confined

Chateauguay
basin limits

S Stream network

10

Figure 3.5 Hydrogeological conditions of the Chateauguay regional rock aquifer system defined on the basis of mapped unconsolidated sediment cover (after
Croteau, 2007).

UNDERSTANDING GROUNDWATER @

CANADA'S GROUNDWATER RESOURCES



receive recharge only by slow seepage through

surrounding low-permeability materials. A more
detailed delineation of the aquifer systems, such
as separation into sub-aquifers, can be defined
through the use of hydraulic boundaries such as
water divides located on topographic heights or
rivers, or a line parallel to the flow (flow line).
When the Chateauguay regional hydrogeological
assessment was made, scientists defined confined
flow conditions in areas covered with more than 5
m of marine mud characterized by low hydraulic
conductivity  (Croteau, 2007). Semi-confined
flow was inferred for areas with marine mud less
than 5 m and areas with more than 3 m of glacial
sediments (till) above the aquifer. Rock outcrops or
areas covered with thin till layers (<3 m), and/or by
coarse, high-permeability sediments regardless of
their thickness, were designated as non-confined,
water-table aquifers. Based on this classification,
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the recharge rate was calculated to be lowest for the
confined flow conditions, higher in semi-confined
flow setting and highest under non-confined
aquifer conditions (Figure 3.5).

Compilation of geological information through
basin study and integration of the resultant data
into a geological model concept constitute key steps
of regional groundwater assessment. We believe
that the generation of new geological information
(see section 3.4) will motivate readjustment and
refinement of this model, which provides the
fundamental basis for planning and conducting
the water quantity and quality assessments.

3.4 GEOLOGICAL, GEOPHYSICAL,
HYDROGEOLOGICAL AND
HYDROGEOCHEMICAL SURVEYS
Investigating the physical characteristics and
properties of aquifers and groundwater is an
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important aspect of the regional groundwater
assessment process. Field measurements are critical
to verifying the assumptionsinherent in conceptual
and numerical models. Once the preliminary
conceptual models have been determined,
geological, geophysical, hydrogeological and
hydrogeochemical surveys can be wused to
quantify the properties of the aquifer systems and
groundwater, and to fill in data gaps wherever

possible.

3.4.1 Geological surveys

The first steps in geological surveys include (1)
interpretation of air photos to identify rock outcrops
or thinly covered rock areas, in addition to the
different regional settings of Quaternary sediments;
(2) examination of existing geological maps; and
(3) interpretation and consolidation of well logs
(lithological descriptions of the material that wells
intersect). Although individual Quaternary aquifers
may be quite localized, they are important, and
available data from geological maps or water well
logs is often unable to identify the boundaries
of specific sand/gravel aquifers or even indicate
whether individual aquifers are present.

Most of Canada’s basic geological framework
has been well established by federal and provincial
geological surveys and published as maps and
reports commonly focusing on shallow aquifer
systems (100 m deep or less) which generally
contain important hydrogeological mapping
information (Logan et al,, 2005). Examination of
existing rock and surficial-sediment geology maps
provides a preliminary evaluation of the regional
hydrogeological ~ contexts, because valuable
groundwater resources may be present in both
lithified and unconsolidated units. Field verification

of identified knowledge gaps is required prior
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to hydrogeological characterization of rock or
surficial-sediment aquifer systems (Figure 3.1).
Data gaps may occur in those areas where map
units lack well support, and in such cases, it is
wise to re-evaluate and update the conceptual
geologic model based on assessment of new and
archival data. When regional aquifers are located
in sediments, however, a compilation of existing
rock maps may provide sufficient characterization
of the rock geology. We recommend compiling and
integrating existing large scale reports and maps
(e.g, 1: 20,000) to produce an intermediate scale
map (e.g., 1: 100,000).

The rock characteristics which have the
potential to control groundwater quality, quantity
and movement are: porosity, mineralogical
composition, textures and regional structures such
asfolds (bedding direction and dip), faults, fractures
and joints (Table 3.1). The dissolution processes in
carbonate rocks may result in significant alteration
of primary structures such as fractures or bedding
planes and produce an interconnecting network of
permeable conduits which exert a major control on
groundwater movement. Major structural features
can be identified and located at the regional scale
by using air photos and satellite images (Drury,
2001). Detailed information on characterization
of rock aquifers information can be obtained
from outcrops compiled, generalized and plotted
on a geological map. Directional measurements
of discontinuities such as strike and dip can be
analyzed through a Schmidt diagram to identify
families of structural features that may control
groundwater flow (Ragan, 1968; Seyfert, 1987).
Although usable groundwater in rock units usually
resides in bedding planes and fractures, it may be
necessary to estimate porosity of the bulk rock
matrix (see Choquette and Pray, 1970; Friedman
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et al, 1992). The porosity estimation of the matrix
in sedimentary rocks can be carried out in the
laboratory (e.g, Hellmuth et al,, 1999; Dubois et
al,, 1998). An analysis of rock core may be required
to compile structural information, identify the
lithological units in the third dimension and help
develop the hydrostratigraphic conceptual model
(see sections 3.3 and 3.5).

Quaternaryandrecent sediments commonlyform
a continuous to discontinuous cover over the rock
units and low-permeability Quaternary units often
act as seals (aquitards) for rock aquifer systems.
Near-surface aquifers in Quaternary sediments are
found throughout most of Canada, and scientists
use surficial sediment maps to provide information
on the nature and distribution of unconsolidated
sediments, on their morphology (landforms),
general thickness and history (origin and age).
Locally, surficial sediments may reach hundreds
of metres in thickness; the hydrogeological
characteristics within and between units may be
quite variable (there may be significant lateral facies
changes over short distances or, alternatively, there
may be a number of till sheets involved). Widely
different descriptions of similar material often
exist because geological descriptions of rock and
sediments tend to be qualitative in nature. This
can lead to a wide range of issues and errors when
attempting to integrate various data sources into
regional studies.

A simplified “geological descriptor” coding
system has been developed at the Geological
Survey of Canada to facilitate integration of
subsurface Quaternary data from such diverse
sources as well-drillers descriptions (found in
thousands of provincial water-well databases) to
state-of-the-art sedimentological logs (developed
by expert geologists) (Sharpe et al, 2003, see
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Figure 3.6a; Parent et al., 2007).

It is also important to appreciate the 3D
architecture of these unconsolidated sediments in
order to understand the groundwater occurrence,
quantity, quality and flow. Each map legend should
provide information on the genesis; grain size
and thickness of these sedimentary units in order
to help define potential aquifer areas or zones of
naturally protected aquifers (Table 3.1).

Depending on the quality of existing information,
field surveys may be required to supplement existing
mapping, to identify sediment types, to validate
air photo interpretation and to collect samples and
relevant stratigraphic data in natural (river banks)
or artificial cross sections (sand pits, or auger
holes). Samples should be analyzed for grain size or
mineralogical or chemical composition (with clay or
till content) to check the potential effect of chemical
interaction between groundwater and sediments.
Other specialized analyses (“C dating, microflora
or microfauna, etc.) can also be used for sediment
identification and correlation. Borehole drilling
may be required to complete the 3D mapping. A
description of the geological units is made on drill
cuttings or on intact sediment samples recovered
from a split spoon, a Shelby tube or continuous core
(Rotosonic drill), or, in the case of rock aquifers,
a diamond-drilled core. Air photo interpretation
takes into account observed geomorphology, field
data, drilling information, existing maps and
results from laboratory analyses to produce the
surficial map. The resulting air photo interpretation
is transferred directly to the digital base map using

photogrammetric software (Paradis et al., 2001).

3.4.2 Geophysical surveys

Geophysical surveys are non-intrusive

investigation techniques which allow scientists to
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TABLE 3.2 CHARACTERISTICS OF MAIN GEOPHYSICAL METHODS USED IN HYDROGEOLOGY
(MODIFIED FROM MICHAUD ET AL., 2008)

A) SURFACE GEOPHYSICS

METHOD DEPTH OF INVESTIGATION RESOLUTION APPLICATION
. . Tens of metres, Good vertical resolution, All types of sediments,
Electrical Resistivity controlled by electrode spacing no detection of thin beds depth to bedrock
e Tens of metres, Good lithologic contact resolution, Al types of sediments,
Induced Polarization controlled by line length no detection of thin beds depth to bedrock

Georadar

30m,
limited to fluid, high electrical
conductivity soil and clay

Excellent resolution
in the range of tens of centimetres

Very efficient in sandy materials,
stratigraphic contact,

internal structure,

water table

Electromagnetic
Survey
(EM-31, EM-34)

11060 m,

depending on the electrical
conductivity of the soil and the
antenna spacing

Good vertical resolution (= 1 m),
depending on the measurement station
spacing

All types of sediments,
depth to bedrock, water table,
contaminated plume

Seismic (low depth
reflection)

50-60 m,
varying as a function of the power
source

Metre range

Useful in fine grained sediments,
depth to bedrock,
internal structure

Seismic (refraction)

Vary as a function of the power
source and the spreading length,
always less than the seismic
reflection for the same power source

Good resolution,

propagation velocity increasing with
depth,

cannot detect thin beds

Depth to bedrock,
lithologic contact,
water table

B) DOWNHOLE GEOPHYSICS

RADIUS OF
LOG TYPE MEASUREMENT INVESTIGATION APPLICATION
Natural Gamma Number of gamma rays (produced by 0.3m Grain §|ze (high counts associated with K in
decay of K, U, and Th) clay minerals)
. Quadrature component of magnetic ) y .
Electrlca_l ) field induced by alternating magnetic 23m Formation con.dgcnwty (grain and/or pore
Conductivity o . . water conductivity)
field in transmitter coil
. , . i Presence of magnetite and other magnetic
Magnetic Log Magnetic Susceptibility 1-1.5m minerals (ithology)
Spectral gamma- Number of gamma rays returned to - .
density probe due o compton scattering 0.3m Water table, bulk relative soil density
Spectral gamma- Ratio of high-energy/low-energy 03m Variation in heavy mineral content, void ration,
ratio gamma counts ' or moisture content
o Thermal history (equilibrium temperature),
Temperature Temperature (+0.0057C) (temperature Within borehole lithology (as related to thermal conductivity),
gradiant =dT/dz) .
anomalies due to groundwater flow
Arrival times of seismic signal
Seismic Velocity (compression/shear) from surface Within borehole Variation in lithology, compaction,
(P-wave/S-wave) (determination of P-wave/S-wave identification of reflecting horizons
velocity)
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Figure 3.6 a) Continuous core sediment log (192 m) from a buried channel aquifer, Nobleton, Ontario (Sharpe et al., 2003). b) Seismic reflection profile
(upper panel) and its interpretation (lower panel) showing the complex sediment architecture in the Oak Ridges Moraine (Pugin et al., 1999). See position of
Nobleton borehole. Note buried valley on the eroded shale bedrock surface which is overlain by around 200 m thick Quaternary sediments. Red line is a regional
unconformity that cuts older sediments and is filled with thick channel aquifer sediments and the Oak Ridges Moraine aquifers.
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acquire additional point source or profile data such
as depth to the water table, the lateral extent, the
continuity, the geometry and the internal structure
of subsurface geological units. These geophysical
techniques are based on the fact that there are
distinct and fundamental differences in how
various media respond to electrical and physical
stimuli. The geophysical survey procedure selected
depends on the depth and types of geological
material to be characterized (Table 3.2).

The most widely used surface geophysical
methods for regional characterization are
electrical resistivity, georadar and seismic
reflection (Table 3.2a). The electrical resistivity
procedure identifies materials according to their
electrical resistance and water content. Water-
saturated clay, for instance, has low resistivity,
whereas dry sand shows high resistivity.
Georadar helps define and position water tables,

and/or subsurface sandy units along with their
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internal structure. Seismic reflection induces
shock waves into the ground, which are captured
by geophones after reflection. A seismic reflection
profile can express depth to water, total thickness
of the sediments, internal sedimentary structures
and contacts between different geological units
(Figure 3.6b). Resistivity and flow rate profiling
(Table 3.2b) are the most common downhole
geophysical methods. The resistivity profile is
generated between two fixed spacing points
on a probe moving downhole. This electrical
procedure clearly detects both resistive and
non-resistive material. Flow rate profiling
evaluates the relative proportion of incoming
water along a well as it is being pumped.

The acquisition of geophysical data minimizes
regional survey costs while providing key
hydrostratigraphic information. Such data can
either be used in the early stage of regional work
to orient the drilling program, or for completion
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Figure 3.7 Well hydrograph illustrating how recharge (R) is estimated using porosity (n) and difference in hydraulic heads (Dh) on the
recession curve, at the peak of an infiltration event (snowmelt in this case, assuming that n'is air filled).

and validation of the hydrostratigraphic model

when the drilling program is finished.

3.4.3 Hydrogeological surveys

At this stage of the investigation, those geological
units which have been identified are classified as
either permeable (aquifer) or of low-permeability
(aquitard) and a hydrostratigraphic model is
constructed. This model should be represented
in 3D (e.g, Logan et al, 2005; see Section 3.6).
Stratigraphic cross sections of rock and/or
sediment sequences then allow the assembly of
drilling information which, when integrated with
geological and geophysical field surveys, reveals the
stratigraphy and architecture of buried geological
units and the connectivity of their aquifers. The
use of cross sections produces depth-to-unit maps
and isopach maps; these, in turn, help develop the
3D hydrostratigraphic framework (see section 3.6).
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Basin study is the main approach used to help infer
subsurface geology and stratigraphy (Sharpe et al.,
2002), and it therefore represents a key step in the
development of 3D conceptual models (Smirnoff et
al., 2008; see section 3.3).

Once  the
model has been created in 3D, hydrogeological

generalized  hydrostratigraphic
characterization of the various conceptual units
should be undertaken and other hydrogeological
componentsofthemodel, rechargeanddischarge, for
instance, added. Hydrogeological characterization
at the regional scale involves (1) identification of
the aquifer properties within the geological units;
(2) estimation of aquifer recharge, and where
recharge may be focussed; and (3) definition of the
groundwater flow regime. The aquifer potential
of geological units is determined by evaluating
those parameters that allow quantification of these

units’ capacity to receive, contain and transmit
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groundwater (Table 3.1). These parameters include
porosity, hydraulic conductivity, transmissivity,
saturated thickness and storativity (for definition
and methods of measurement, see Chapter 2). The
permeable (aquifers) and the low-permeability
units (aquitards) must all be characterized for their
hydraulic properties at a spatial resolution adequate
for the regional representation (e.g,, Desbarats et al.,
2001) and numerical modelling (see section 3.6).

Estimating the recharge of regional aquifer
systems is crucial to quantify the hydrological cycle
of aregion, but is difficult to evaluate. Recharge (R),
which is usually expressed in mm/year, depends
on runoff, evapotranspiration (ET), change in
storage (S) and on the transfer of water from
neighbouring aquifers (and aquitards; see also
Chapter 4). Recharge may be evaluated through
hydrological, hydrogeological or hydrogeochmical
methods (Healy and Cook, 2002; Coes et al,
2007; Bredenkamp, 2007). Hydrological methods
include hydrological balance, surface water
hydrograph separation, empirical correlation and
hydrological modelling (Chapman, 1999; Piggott
and Sharpe, 2007). The hydrological balance uses
daily or monthly precipitation measurements (P),
temperature (T), solar radiation, and wind speed
to estimate the ET. Some of the measurement
methods suggested include the Thornthwaite, the
Penman, the Hargreaves, the Hamon and the Turc
(Lopez-Urrea et al, 2006). Hydrological balance
is the first step towards a partial resolution of the
general equation to estimate recharge (Freeze and
Cherry, 1979):

R = P-ET-Runoff +AS (3.1)

To solve equation 3.1, we require data on P and
runoff, an estimate of ET, and an evaluation
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of storage changes. If stream hydrographs are
available for all or parts of the study area, these can
be separated to obtain the baseflow contribution
from aquifers and surface runoff on the watershed
scale upstream of the gauging station (Neff et al,,
2005).

Well hydrographs and hydrogeological modelling,
surface water and groundwater interaction models,
for example, can be used for estimating hydraulic
parameters such as recharge (Purkey et al,, 2006;
Camporese et al, 2009). Well hydrographs are
obtained via long- term (one or more years) water
level monitoring in observation wells located
within a chosen aquifer. A quantitative recharge
estimate is determined by multiplying the water
level fluctuation to the porosity of the investigated
aquifer unit (Figure 3.7).

The hydraulic head (h) is the sum of hydraulic
pressure (p) and elevation (z), and is usually
reported in metres above sea level (masl).
Hydraulic heads are calculated from water levels
measured in observation wells. The water level
(elevation) must be surveyed relative to a known
reference, usually the mean sea level. This work
commonly uses total station field measurements or
the two-GPS technique. Recently, however, high
quality digital elevation models (DEM; satellite
imaging) and Lidar (aerial laser geophysics using
light detection and ranging) have been utilized
to vertically position measuring points, such as
surface water and soil surface at well sites, which
have been precisely located in the field,. The DEM
method generally provides a metric precision,
whereas the Lidar gives a centimetre precision.

Water levels and elevations should be measured
in observation wells or private wells distributed
over the study region in order to develop an
understanding of the groundwater flow regime.
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Figure 3.8 Piezometric surface map example (southern part of the Assiniboine delta aquifer). The black contours represent lines of equal hydraulic heads
in metres above sea level. The arrows indicate groundwater flow directions (perpendicular to contour lines). Green circles are locations of hydraulic head
measurement (adapted from Gauthier et al., 2003).

Water level measurements must be collected
within a short period of time (weeks) to produce
a representative snapshot of the hydraulic heads
(see Chapter 2). Care must be taken to use only
those wells where the completion zone is known
so that the hydraulic heads can be assigned to a
specific aquifer, or even to the upper or lower part
of an aquifer.

Hydraulic heads gathered in this fashion can be
used to develop a piezometric surface map, which
represents a plan view of their distribution (Figure
3.8). This map is constructed by interpolating
and contouring the measured water elevations in
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wells. Contour lines in the sample provided here
are spaced at the metre scale (e.g, every 5 metres).
The resultant surface map defines the direction
and gradient of the groundwater flow regime.
Groundwater flow is usually assumed to be
perpendicular to the lines of equal hydraulic head,
and occurs atall elevations, from high to low (Figure
3.8). However the actual direction of groundwater
flow may deviate somewhat from this assumption,
particularly in fractured-rock aquifers, because
these aquifers are anisotropic. Piezometric surface
maps usually have arrows indicating groundwater
flow direction. One map is prepared for each

UNDERSTANDING GROUNDWATER
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Figure 3.9 Instrumental setup for riverbed seepage tests (as per Coes et al., 2007, Purkey et al., 2006). The mini-piezometer installed into the riverbed at depth
is used to measure the difference between groundwater and stream levels (denoted by dh). The barrel and plastic bag instruments are used to collect groundwater
samples and to evaluate the groundwater flow rate (Q).The blue inverted triangle indicates river water level, and the black line between the blue and grey zones
is riverbed. This device can also help evaluate hydraulic conductivity (K) of the river bed using Q=K x dh/dl x A, where A is the open area of the barrel.

aquifer and includes the measurement points for
easier verification of interpolated levels. Other
measuring points such as water elevation in dug
wells, in rivers, creeks, lakes and ponds, and water
outcrop elevation in sand pits or ditches, or a DEM
(Desbarats et al., 2002) may also be used to create
a surface map of water table aquifers, although the
hydraulic link of these points with the aquifer must
be confirmed before including them on the map.
This can be done rapidly by visual observation of
geological material on the shores or on the bottom
of the water course being studied. Seepage tests
and the installation of mini piezometers can also
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be used in river or lakebeds to determine whether
groundwater is discharging into the surface water
body or, conversely, whether surface water is
recharging the aquifer (Figure 3.9). When surface
water bodies and aquifers are hydraulically linked,
the water table elevation can be extracted from a
topographic map detailing those locations where
topographic elevation contour and surface water
bodies meet.

Regional hydrogeological studies as described
above may also be supported by regional data
sets obtained by remote sensing through satellite

images. Hydrogeological surveys are often based
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on the use of spatially explicit water budget models,
thus land surface surveys can be important in
estimating parameters at varying detail levels.
Knowledge of spatial distribution of land use
and land cover (LULC) is often a required input
within the algorithms for estimating interception
of precipitation and surface runoff. Leaf area index
(LAI), defined as the half of the all-sided green
leaf area per unit of ground surface area projected
on the horizontal datum, is also used mainly to
compute evapotranspiration rates (Latifovic et al.,
2010). The use of Earth Observation (EO) images in
the hydrogeological context of Canadian populated
areas is a practical solution for the estimation of
the LULC and LAI because these images can
cover large areas and require lower purchase and
processing costs compared to traditional aerial
photograph methods. Landsat Thematic Mapper
(LTM) optical images are popular in this regard
because they allow homogeneous mapping of
the current LULC, coupled with the advantage of
evolving in a numerical environment to facilitate
both data management and spatial modelling
(Chalifoux et al., 2006).

3.4.4 Hydrogeochemical surveys

The major goals of regional hydrogeochemistry
are to characterize water quality, understand its
variability, infer water origin and recognize the
processes controlling quality changes be they
natural or anthropogenic. One obvious objective of
a regional survey is to establish whether water is
drinkable and/or whether it can be used for other
purposes such as irrigation, livestock needs or
industrial activities. This assessment is determined
by comparing analytical results with water quality
guidelines (Health Canada, 2010; CCME, 2011;
WHO, 2011; EPA, 2011). Water types are identified
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by the presence of major anions (atoms or molecules
with a net negative charge: chlorides, bicarbonates
and sulphates) and cations (atoms or molecules with
a net positive charge: calcium, sodium, magnesium
and potassium) dissolved in water. These can be
illustrated graphically using Piper, Stiff or radial
diagrams (e.g, Hounslow, 1995; Appelo and
Postma, 1993).

Water quality is modified by natural processes as
fresh water mixes with saline water, or water and
rock interaction, which release natural elements
such as iron, sulphur, fluorides, manganese,
carbonates, arsenic, uranium, etc., or by human
activities like fertilizer use, salt deicers, and
underground storage tanks (Table 3.3). Potential
contamination ~ problems are identified by
comparing concentrations of measured elements
or dissolved chemicals with regional background
values and drinking water criteria through reference
to maximal acceptably safe concentrations and/or
established odour and standards.

The choice of geochemical parameters to
be analyzed depends on the investigated
hydrogeological context and land wuse. These
parameters usually include physicochemical
characteristics (on-site temperature, pH, Eh,
electrical conductivity, dissolved oxygen), and
inorganic characteristics (TDS, anions, cations),
coupled with organic and microbiological
characteristics. Any regional study usually begins
with a systematic physicochemical and inorganic
survey of groundwater, followed by organic and/
or microbiological analyses in selected zones as
necessary, particularly those zones affected by
anthropogenic activities. Additional parameters,
such as the examination of stable or radiogenic
isotopes, may be required for better quantitative
understanding of regional water source and mixing,
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AESTHETIC PARAMETER

TABLE 3.3 COMMON QUALITY PROBLEMS OF GROUNDWATER

(ADAPTED FROM SAVARD ET AL., 2008)

TOTAL MCL2 AQ? PROBLEMS RELATED TO PARAMETERS
HARDNESS | (MG/L) |  (MGIL) ABOVE GUIDELINES MAIN SOURCES
Chlorides >250 Bad taste Deicing salts
Water colouration, cloth stain, favours bacterial growth
[ron >0.3 , ) Natural
in tanks and pipes and alters taste and odour
Fluorides 15 Dental fluorosis Natural
Water colouration, cloth stain, favouring bacterial
>
Manganese =005 growth in tanks and pipes and alters taste and odour Natural
108 >500 Bad t.aste, drinkable potential depends man Ca and Mg salts, NaCl
constituents
NO,+NO, 10 (in N) Methemoglobinemia®, potentially carcinogen chemical or organic fertilizers
Low pH: corrosion of metals
> >
i 652pH285 High pH: mineral deposition Natural
, ) Natural (rock, seawater,
Sodium >200 Harmful for persons with heart problems, bad taste )
formation water)
Sulphides >0.05 Odour of rotten eggs Natural

a AO—Aesthetic objective (taste, odour); MCl—maximum contaminant level (to protect human health). < 80 : corrosion of pipe works; >200 : poor quality but
acceptable for consumption; > 500 : unacceptable for most domestic usage (deposits in pipes) (CCME, 2011)

b Decreases oxygen transport in babies’ blood (Health Canada, 2010)

age dating (e.g, °H, “C, &H, 6"O; Clark and Fritz,
1997), and/or the fingerprinting of contaminant
sources (e.g., 0°N, 6O, Kendall and Aravena, 2000;
877Cl, Vengosh et al., 2002).

For purposes of a regional survey, groundwater
samples should be collected from existing private,
municipal and industrial wells, springs and seeps,
and newly installed observation wells or driving
points. Physicochemical parameters must always be
measured on site with field probes at all sampling
locations, whereas the inorganic and organic
parameters require water samples to be collected
(using specific bottles and protocols), and shipped
to analytical laboratories. Depending on the selected
parameters and analytical methodology, sampling
protocols may include on-site water (filtration,

UNDERSTANDING GROUNDWATER

addition of preservatives in bottles, quality assurance
and control (QA/QC), and the use of particular
containers, holding times, sampling equipment,
sample volumes, etc.

These analytical results should be added to the
regional database, and integrated in subsequent
reportsusing various graphicaland mapping formats.
The dot map, wherein dot sizes are proportional to
the parameter concentration, is the most practical
format for regional representation, although usually
only parameters with concentrations above specified
guidelines, or those used to describe hydrogeological
settings (confining conditions based on dissolved
oxygen), or those developed to detect sources of
contamination are shown on maps or graphs. The
hydrogeochemical distribution can also be linked
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or compared with geological or land use maps to
locate potential sources of natural or anthropogenic
contaminants. Examples of graphs, maps with
distribution of water types, and interpretation in
terms of processes may be found in Cloutier et al.
(2006, 2008).

Regional hydrogeochemistry studies should
ultimately lead to depict a complete inventory of
water quality, distribution of water types, and (when
combined with groundwater quantity available), to
delineate those parts of the regional aquifer system
under study which require specific protective
measures, and those that are favourable for human
extraction. The hydrogeochemical survey allows
researchers to make recommendations in terms
of safe yield, and groundwater treatment needs,
in addition to identifying prohibited zones of
withdrawal. Hydrogeochemists working on large-
scale studies may need to propose a monitoring
network to check water composition over time in
those areas where anthropogenic contamination
occurs, as well as to assess deterioration, or
improvement, of quality due to natural process

(dilution, denitrification).

3.5 PARAMETER ESTIMATION,
INTEGRATION AND EXTRAPOLATION

OF DATA

The Chateauguayregional groundwater assessment
is a classic example of recharge estimation using
remote sensing. Forty-seven items, ranging from
bare soil to dense forest, were selected from Latifovic
et al. (2010) and adapted for hydrogeological
research in order to establish guidelines for an
optimal use of medium spatial resolution remote
sensing imagery with LULC definition (Croteau,
2007). LAI measurements were acquired in situ,
mainly within forested areas of variable density
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using a digital hemispherical photography (DHP)
technique. These measurements were compared
with values of the Infrared Simple Ratio vegetation
index from coincident Landsat TM pixels to map
LAL The published relationships of Landsat
vegetation indices with LAI were used to estimate
the LAI for areas with uniform vegetation (crops,
pasture and grasses). The final 250 m resolution
LULC and maximum LAI maps were integrated
with the other input parameters (climate data,
slope, drainage distance and soil profiles) into
the hydrological model HELP (see Chapter 4;
Schroeder et al, 1994) to generate the regional
water budget parameters. The resultant recharge
estimates agreed within +10% with independently
derived estimates using hydrographs separation
of recorded river flow rate. This remote sensing
method estimated both the groundwater and the
surface runoff contribution to river flow.
Hydrogeological parameters are often measured
in the field as a component of “local or site scale”
investigations. A pumping test, for example, might
be carried out using one water supply well and
several observation wells tens to hundreds of
metres away. This pumping test, however, only
yields a value for hydraulic conductivity and storage,
representing the aquifer portion being tested.
Regional groundwater assessments, however,
require the hydraulic properties of aquifers to be
delineated at a scale of kilometres. Extrapolating
local scale parameters to a regional scale is often
referred to as up-scaling, and there are various
techniques, of varying complexity and reliability,
available to quantify the necessary hydrogeological
parameters required for regional studies. These
techniques depend on study space and time scales
in addition to requiring an understanding of the
physical processes leading to the heterogeneous
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nature of geological deposits.

Maps plotted at detailed spatial
scales (1:1000, for example) cover
small surfaces typical of local studies,
whereas small-scale maps (such
as 1:100,000), cover the thousands
of square kilometres typical of
watershed/regional characterization.
Carrying out field work at local
scales, while, at the same time,
generating results and maps at the
regional scale involves handling
the space up-scaling problem,
insofar as moving from a local
to a regional scale is required for
modelling of regional groundwater
flow and transport. Heterogeneities
of specific aquifer parameters are
scale-dependent because measured
attributes usually increase with
the size of the investigated aquifer
volume. The hydraulic conductivity
values for any given unit are small
when obtained over a soil sample in
the laboratory (cm); they are higher
when measured in field conditions
with slug tests (metres), and even
higher when compiled from pumping
or tracer tests (>100 m; see Kruseman
and de Ridder, 2000). In all cases, the
parameters, which reflect an aquifer’s
physical properties, are assumed to
be constant in time.

Other hydrogeological parameters
such as groundwater recharge,
runoff or evapotranspiration are
all-dynamic, insofar as they can vary

not only on a daily/seasonal basis but
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Figure 3.10 Southwestern Quebec study area showing: (a) spatial distribution of measured hydraulic
conductivities; (b) interpolated horizontal log—nhydraulic conductivity for the sedimentary rock aquifer
system; and (c) investigated aquifer volumes (modified from Nastev et al., 2004).
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Figure 3.11 This three-dimensional representation of the bedrock surface in the southwestern Quebec aquifer system, is based on the integration of information
drawn from surficial map contacts, rock outcrops, geophysical transects and well logs (after Ross et al., 2005).

also on an annual basis due to soil storage changes,
land use, and climate conditions. As a result,
researchers must use multiple-scale investigations
to obtain representative estimates, and to refine
the required knowledge because of the uncertain
variability of the targeted parameters associated
with each measurement technique.

One simple approach for the integration of
measured field data and the interpolation of
representative hydraulic conductivities (while
accounting for the effects of test scales) was
developed during the assessment of the St.
Lawrence Lowlands sedimentary rock aquifer
system (Nastev etal., 2004) as aquifer volumes were
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also considered in addition to measured hydraulic
conductivities and distances. Hydraulic properties
measurements were obtained from a number of
locations and by a variety of field testing methods
(packer tests, specific capacity, and single and/or
multi-well pumping tests). A total of 179 hydraulic
properties’ measurements were made and used to
generate the hydraulic conductivity field over the
specified study area (Figure 3.10). These “point”
hydraulic conductivity measurements were then
used to generate a regional map of the whole
aquifer using inverse-distance interpolation,
although the method was modified to account
for distance and for a second weighing function
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relative to the investigated
aquifer volume.

The magnitude of any
hydraulic conductivity at a
given interpolation point is
influenced both by hydraulic
conductivities measured at
the closest sample points
and by the samples having
the largest investigated
volumes.  Thus, small
volume measurements are

weighed down, whereas

Increasing knowledge through basin analysis

large volume measurements
are up-weighed.

Numerical modelling of
the regional groundwater

flow system confirmed
accuracy of the inter-
polation  procedure by
correctly reproducing the
average value of hydraulic
conductivity ~ while,  at
the same time, largely

preserving the variance

Initial data integration from outcrops,
cross sections, geological maps,
geophysical surveys. Surfaces are
constrained on point sets (e.g. drill-
core logs, topography), curves (c.g.
map polygon) and other parameters
(range thickness, etc.).

Interpolation using a selected algorithm.

New surfaces are built after quality control
and integration of newly-acquired data
from field surveys.

Construction of regional cross sections
and further quality control. Modification
of surfaces at unconstrained nodes to
integrate expert knowledge.

Surface borders (pinchouts) are edited
to map discontinuities and to weld
surfaces together. Local interpolation

is done to remove remaining crossovers.
Final 3D model is based on validated
data only. The conceptual framework
(3D grid) can be used for groundwater

of the initial data set

+ P> flow modelling.

(Anderson and Woessner, Figurg 3.12 Suggested procedure for integration of data into geological models and subsequent translation into
numerical models (after Ross et al., 2005).

1992).

3.6 THREE-DIMENSIONAL MAPPING AND
NUMERICAL MODELLING

Three-dimensional representation of regional
aquifer systems is essential for constructing
hydrogeological architecture used for groundwater
flow modelling and the representation of aquifer
delineation. Three-dimensional mapping of aquifer
systemsusesadvancesin GIStechnologiesaswellas
the guiding conceptual models described in section
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3.3.2. A hydrostratigraphic representation can be
produced through the integration of compiled data
assembled within a newly generated geological
model with the data set of a geo-referenced x-y-z
space (Figures 3.1 and 3.11).

A basin study is used to define the various
hydrogeological contexts of a region, by combining
high-quality data (Pugin et al, 1999; 2009;
Sharpe et al,, 2003) with an understanding of the
relationship between aquifers and aquitards (i.e.,
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the regional hydrostratigraphic architecture which
controls groundwater flow in the basin) operating
under the influence of recharge rates related to
climate and land use.

Geological maps of Quaternary sediments and
rock lithologic units are essential 2D planes for
modelling various spatial scales. Researchers use
geological principles to integrate various subsurface
data (such as drill-core logs) to produce cross
sections, outcrops and 2D geophysical transects.
Semi-automated or automated interpolation
techniques allow scientists to generate the
continuous three-dimensional subsurfaces (Figure
3.11) required for hydrogeological modelling. This
approach has been successfully applied to regional
systems in southwestern Quebec, the Oak Ridges
Moraine and the Chateauguay aquifer systems
(e.g., Savard et al., 2013; Sharpe et al., 2002; Nastev
et al., 2005).

Model constructionis based on available software,
personnel and funds. Minimally, researchers
should have a 2D GIS linked to arelational database,
although 3D software which allows realistic capture
and rendering of conceptual models in natural
settings (Figure 3.12) is preferred. The first step is
to establish a model construction protocol based on
data support, data quality, available resources and
goals of the modelling process. The model results
should be assessed by peer review. The modeller
must then repeat and refine some or all previous
steps until the result is deemed plausible given the
level of data support (this iterative process includes
potentially rejecting the original conceptual
geological model for a new one.) Model confidence
is achieved by capturing and displaying the level
of data support in the database (both through real
and through interpolated points.) The 3D model
should be portrayed graphically as a probability
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estimate. Both 2D and 3D products should clearly
illustrate those control points which served to
delineate the units of interest (e.g, permeable
Quaternary formations) or specific attributes
zones (e.g,, distribution of hydraulic conductivities
or groundwater types).

There are several methods by which scientists
construct 3D representations, be they based either
on expert knowledge of geological modelling
(as stated above), surface delineations (Ross et
al, 2005) or statistical reconstruction of volumes
(Smirnoff et al,, 2007). Logan et al. (2005) have
provided a useful description of a rules-based
approach. Subsequent steps for creating the final
hydrogeological model involve the creation of a
sound conceptual model, which includes predictive
depositional models (Russell et al., 2006).

Once the 3D geological model is completed, the
numerical modelling expert creates a grid or mesh
with cells or nodes, and elements representing
contact surfaces between the various units of the 3D
hydrostratigraphic model (Figure 3.12). Boundary
conditions (e.g, no flow, constant head and
imposed flux) of the numerical model are defined
according to the hydraulic heads observed in the
field and by their delineated hydrostratigraphic
contexts.

Currently there are two major modelling
approaches:  deterministic and probabilistic
(stochastic) (e.g, Anderson and Woessner, 1992);
it should also be noted that several commercially
available software programs exist for modelling
based on representations using finite difference,
finite element or finite volume methods. These
approaches are used to subdivide the domain into
smaller cells, and to numerically represent the
aquifer system.

When the deterministic approach is employed,
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specific parameters (e.g., hydraulic conductivities,
storage and porosity) are assigned to each unit
according to field measurements and literature
data. The probabilistic approach assigns ranges
of values to each of the units. Aquifer recharge is
generally applied over the entire study area in both
approaches.

Human extraction of groundwater is taken into
account either as a point source (for large users), or
as uniformly imposed negative fluxes over portions
of the study surface (e.g, private wells). Model
calibration is performed through comparison of
the observed and the modelled hydraulic heads
by changing various unit parameters (such as
hydraulic conductivities), or by varying the recharge
rates of the aquifer system. As a general rule, the
deterministic model is considered calibrated when
the root means square of modelled and measured
heads are within 10%. This is in contrast to
probabilistic modelling, where several scenarios of
hydrogeological parameters can be generated.

Basin-analysis methods in sedimentary basins,
lead to a sound conceptual hydrostratigraphic
model (Figure 3.13a), which is then used to
finalize the digital numerical model to which
hydraulic properties are attributed.

We present below two modelling examples
(intermediate and regional scales) using the
deterministic approach (the most frequently used
in the modelling of regional groundwater flow).

The first example illustrates thicknesses of the 15
hydrostratigraphic layers used in the conceptual
model representing Prince Edward Island’s Wilmot
watershed (Figure 3.13a; Jiang and Somers, 2007).
High values of hydraulic conductivities were
assigned to layers 1 and 2 to represent highly
fractured sandstone; progressively decreasing
hydraulic conductivities were assigned to the
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underlying 13 layers successively simulating the
diminishing fracture aperture and connectivity
associated with depth. Hydraulic conductivities
used were estimated using field pumping tests and
laboratory permeability tests. The boundary of the
Wilmot River watershed, which is hydraulically
connected to the aquifer, is included in the model,
along with the constant head boundaries. Once
the model was digitized and completed, modelling
of the groundwater flow and nitrate transport
proceeded at the local scale of the Wilmot watershed
(~85 km?; numerical model not represented here).
Because the goal of this project was to understand
the impact of agricultural practices and climate
change on groundwater contamination by nitrate,
this initial conceptual model study was adapted for
all of PEI, and eventually covered approximately
5,660 km?* (Figure 3.13b). Eight hydrostratigraphic
layers were simulated; each represented by 500 m
cells (close to half a million cells), with the upper
layers being the most permeable (Vigneault et
al, 2007). This modelling exercise predicted that,
should current agricultural practices be maintained,
the related nitrate input to groundwater would
attain steady-state conditions at concentrations 11
% higher than present, a situation that would lead
to large increases in the nitrate contamination of
private domestic wells (concentrations above the
recommended health threshold of 10 mg/L) For
details see Vigneault et al., 2007.

Numerical ~ models  simulating  regional
groundwater flows are also used to delineate
zones sensitive to increased human extraction of
groundwater, or to study a reduction of recharge
due to climatic conditions.

The groundwater flow in the southwestern
Quebec’s fractured-rock aquifer system (covering
approximately 1,500 km?) was simulated with seven
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Boundary type

___ no-flow limit il i
" drain i
~ specified head

===, imposed flux (underflow)
O imposed flux (well)

Explanation
AR - Stream
/~ 4.~ Drawdown contour (m)

[ ] Areasensitive to gw extraction

Layer 1:

sand & gravel,

highly fractured
vand altered rock
Alayer 2-5:
‘xfractured rock

il v Layer 6-7 :
solid rock
(-200 masl)

Figure 3.14 a) Numerical model with finite element grid (Nastev et al., 2005). b) Simulated drawdown in metres relative to currently observed hydraulic heads
for the southwestern Quebec fractured rock aquifer system; gw stands for groundwater (modified from Nastev et al., 2006).

hydrostratigraphic layers (Figure 3.14a; Nastev et
al., 2005). A numerical model was used to estimate
impacts of increased annual extraction rates on
groundwater levels (Figure 3.14b). Additional
groundwater extraction (pumping) was simulated

by uniformly imposing a negative flux representing
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a uniform pumping of 6.1x10°m?/year to the finite
elements of the top layer (layer 1; equivalent to 5
mm/year of water extracted for the entire surface
of the layer). The resulting spatial distribution of
drawdown allowed for the delineation of those

zones most vulnerable to increased pumping
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3.7 QUANTIFICATION OF UNCERTAINTIES
A= IN HYDROGEOLOGICAL PARAMETER
g ESTIMATION

Construction of a sound conceptual hydrogeological

--------
............

model involves many participants, several sets
of measurements, and various types of data

Figure 3.15 Delineation of confidence and uncertainty zones of a wellhead interpretation, manipulation and transformation.
protection area (WHPA) based on various values of hydraulic conductivity

(after Paradis, 2000).
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Figure 3.16 lllustration of differences between measured and simulated hydraulic heads using computer modeling of regional groundwater flow
(adapted from Nastev et al., 2005).
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o A than in a homogeneous aquifer (the
reference  model). Measurement
errors, the main mistake source,
are often related to instrument
. accuracy and calibration as well
..‘..o oy as the measurement method and
individual taking the measurement.
Well water level, for example, can be
measured using a variety of methods
ranging from probes to electronic
pressure transducers. Each method

e  has its own different accuracy level.
The reference point for measurement
... . can also often lead to error (e.g,
well casing top vs. ground surface).
Storage media errors relate to the
media degradation for information
storage and distribution. In one
such case, the contact between two
J geological formations shown on
an altered aerial photograph was

not exact. Data processing error

refers to mistakes in data handling,

modification and transformation.

Figure 3.17 lllustration showing the distribution of hydraulic conductivity based on measurement Hand]ing refers to the adaptation

points before (a) and after (b) correction of errors (adapted from Murat et al., 2004).

manipulation are seldom estimated, but they must
be considered in order to provide a more realistic
picture to users of regional characterization
estimates. Hydrogeological mapping procedures
contain the potential for five main sources of errors
(Muratetal,, 2004): in relation to conceptualization,
measurement, storage media, data processing and
data transformation.

Conceptual mistakes arise from differences
between the reality and the reference model. For
example, the groundwater flow direction in a
heterogeneous aquifer (the reality) may be different

UNDERSTANDING GROUNDWATER

or movement of data from one

computer system (or software) to another.
Modification underlines the fact that changing
a reference system or applying translation or
rotation can modify database content without
creating new knowledge. In fact, this can often
be an important source of error, one that refers to
the issue of “units”. Water well record databases
cover decades of data and it is not uncommon for
drillers to use feet and gallons per minute (IGPM
or USGPM), which measurements must then be
converted to the international metric system. Data

transformation error results when new knowledge
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TABLE 3.4 EXPECTED MAIN PRODUCTS OF REGIONAL AQUIFER SYSTEM ASSESSMENTS

ASSESSMENTS

COMPILED PRODUCTS
NUMERICAL DATABASE

2D REPRESENTATIONS (THEMATIC MAPS)
Geology of rock units
Geology of Quaternary and recent sediments
Depth to rock surface
Quaternary sediment thickness
Hydrogeological contexts
Hydraulic heads
Hydrogeochemistry (e.g., water types)
Hydraulic conductivity
Land Use and Land Cover (LULC)
Leaf Area Index (LAI)
Vulnerability

2D REPRESENTATIONS (CROSS SECTIONS)
Relationships between rock and Quaternary
sediments Hydrostratigraphy

DERIVED PRODUCTS
3D REPRESENTATIONS
Geological model
Hydrostratigraphic conceptual model
Hydrogeological conceptual model

GRAPHS & MAPS PRODUCED BY
3D NUMERICAL MODELLING

Compilation of hydraulic properties

Estimation of errors

Groundwater flow and transport

Predicted groundwater behaviour (quality & quantity)

SCIENTIFIC REPORTS INCLUDING
RECOMMENDATIONS ON SUSTAINABLE
DEVELOPMENT OF GROUNDWATER

is created by calculation (e.g, calculation and/or
interpolation of hydraulic conductivity).

Errors can be randomly or systematically
distributed overthe data set, spatially (e.g., position),
descriptively (e.g., soil texture) or temporally (e.g,,
date of collection). When using quantitative data,
errors can be estimated through mathematical
models, either analytically, stochastically or
geostatistically. The analytical model estimates
the contribution of each input parameter in single
simulations.

Errors in the calculation of a well head protection
area (WHPA), for example, can be estimated by
assuming physically reasonable values of hydraulic
conductivity and effective porosity that differ
from the measured values (Figure 3.15) but still
within the range of the data uncertainty. In this

case, an uncertainty zone can then be determined
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and considered when dealing with groundwater
protection at the local scale (see also Paradis et
al,, 2007). The difference between measured and
simulated hydraulic heads with a numerical model
may be illustrated and it is used to change inputs
parameters in order to calibrate the groundwater
flow model (Figure 3.16).

Stochastic modelling estimates result from a
random sample of input parameter with a known
distribution function (e.g, Monte Carlo can use
thousands of simulations from which uncertainties
canbeestimated; Coburnetal., 2007). Geostatistical
models are used to identify input errors that can
be illustrated using the nugget effect on a graph;
a pure nugget effect model gives equal weight to
all points and hence less to the central sample and
more to the peripheral ones (structured models
attribute a relatively high weight to the central
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sample; Armstrong, 1998).

Many methods of groundwater recharge
estimation have been developed because recharge
is a key, albeit difficult to evaluate component of
the water budget. For that reason, the variability
of recharge values obtained through different
evaluation methods is often very high (up to
one order of magnitude). The main causes for
variability relate to (1) scales of methods applied,
ranging from point-source to regional scale; (2)
heterogeneity and spatial distribution of geological
units, their topography and geomorphology; and
(3) the need to use other variables like runoff
and evapotranspiration also estimated with high
uncertainties (Lopez-Urrea et al., 2006).

It is true that uncertainties associated with
recharge estimation can be reduced by using
a combination of several direct and indirect
approaches (Scanlon et al., 2002) and by calculating
a mean value (see also Chapter 4).

Scientists studying the southwestern Quebec
aquifer system, quantified and illustrated the
uncertainty associated with hydraulic conductivity
(K) estimates as a layer of information (Murat
et al, 2004). A map of hydraulic conductivity
drawn from a combination of existing data and
field measurements, without taking into account
uncertainties (Figure 3.17a), is very different than
a map of hydraulic conductivity for the same
area with corrections made for uncertainties
(Figure 3.17b). The corrected map of hydraulic
conductivities takes into account errors due to a
number of factors: (1) modifications of the initial
data set due to eliminating defective values like
non-indicated pumping duration; (2) well diameter
too small; (3) insufficient pumping rate or short
duration of the aquifer tests; (4) transformations of
data such as calculation of K by applying different

UNDERSTANDING GROUNDWATER

Looking into the future, it should be noted that
potential technical problem may be generated by
the rapid evolution of software used to manage
numerical databases. Recently we have seen that
rapid technological changes can make a-few-
years-old data files out-of-date, particularly
when the software that operates them becomes
obsolete. Other emerging issues exist regarding
climate change and its impact on future national
resources. These problems will increase if an
improved Canadian assessment of aquifer
systems does not exist. It is important to note
that forecasting future groundwater availability
constitutes a real challenge, one that can be
eased with comprehensive initial modeling of
local climatic conditions.

equations for slug, packer or pumping tests; and
(5) data interpolation (Murat et al., 2004).

Final products of regional assessments
accompanied by estimated uncertainties provide
a realistic picture of how decision makers and
other potential users should use hydrogeological
results. Values of such results cannot be employed
in absolute terms but they should be regarded as

broad indications and used with caution.

3.8 EXPECTED OUTPUTS AND SUMMARY

Every step in regional assessment of groundwater
systems is a building block leading to an integrated
understanding of large aquifers or multi-aquifer
systems (Table 3.4). Data collection, the structuring
of that data into a database, and the field work—
gathering  geological ~and  hydrogeological
information, basin analysis and 3D mapping,
coupled with the numerical modelling and
estimation of knowledge uncertainty—should

be carried out with great care. The interactive
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multidisciplinary team responsible for the
assessment of groundwater in any given region must
deliver both compiled and derived hydrogeological
products (Table 3.4). The series of maps and cross
sections for a given region should be organized
into a hydrogeological atlas (Rivard et al., 2007) to
provide a useful integrated product, which allows
for easy dissemination of information to a variety of
interested groups. Transfer of data to potential users
can also be facilitated directly through transmission
of the complete numerical database, although only
advanced users can have editorial access to perform
specific queries and upgrades.

The final assessment must quantify errors in the
estimation of parameters, and in the assumptions
and constraints used for modelling. Currently
several examples of integrated derived products
exist, presented as maps and atlas components, or
as graphs and maps in specific thematic reports
(e.g, Savard and Somers, 2007; Savard, 2013).

The

assessment presented in this chapter is a synthesis

integrated approach to groundwater
of current knowledge on how researchers conduct

a comprehensive regional  hydrogeological

characterization. Issues still remain, however,

relative to

® the wup-scaling of the aquifer properties
measured at local scales

e the simulation of extremely complex processes

CANADA’S GROUNDWATER RESOURCES
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such as groundwater recharge or mass transport
at regional scales

e the
availability

estimation of current groundwater
e the estimation of aquifer sustainability
e the post-project updates of generated databases
¢ the use of regional groundwater flow models for
management purposes
e the forecasting of future groundwater use and
impacts of climate change

We would like to underline the importance of
coordinated efforts among interested agencies and
stakeholders for the production of a comprehensive
assessment of Canadian groundwater resources, in
addition to the urgency of quantifying the current
availability of Canadian groundwater. Other
countries have recognized groundwater availability
and sustainability as a priority issue, and have acted
upon that recognition in order to accelerate the
processes for producing national inventories (e.g.,
U.S. Geological Survey, 2002). Canada has begun
the preliminary course of making a similar step
towards speeding up this country’s groundwater
inventory program (e.g., Senate Canada, 2005), but
we need more!

The sustainability of drinking groundwater in
Canada depends on timely decisions by managers
and policy makers, as well as on efficient and

rigorous scientific regional assessments.

UNDERSTANDING GROUNDWATER




CANADA’'S

bROUNDWAT

RESOURCES

Compiled and Edited by Alfonso Rivera

Chief Hydrogeologist, Geological Survey of Canada

Fitz

henry & Whiteside



Copyright © 2014 Alfonso Rivera, Her Majesty the Queen in Right of Canada,

represented by the Minister of Natural Resources

Published in Canada by Fitzhenry & Whiteside, 195 Allstate Parkway, Markham, ON L3R 4T8
Published in the United States by Fitzhenry & Whiteside, 311 Washington Street,
Brighton, Massachusetts 02135

All rights reserved. No part of this book may be reproduced in any manner without
the express written consent of the publisher, except in the case of brief excerpts in critical reviews
and articles. All inquiries should be addressed to
Fitzhenry & Whiteside Limited, 195 Allstate Parkway, Markham, Ontario, L3R 4T8.
www.fitzhenry.ca godwit@fitzhenry.ca
10987654321

Fitzhenry & Whiteside acknowledges with thanks the Canada Council for the Arts,
and the Ontario Arts Council for their support of our publishing program. We acknowledge the financial support
of the Government of Canada through the Canada Book Fund (CBF) for our publishing activities.

. . ONTARIO ARTS COUNCIL
Canada Council Conseil des Arts CONSEIL DES ARTS DE L'ONTARIO
D

for the Arts du Canada

50 YEARS OF ONTARIO GOVERNMENT SUPPORT OF THE ARTS
50 ANS DE SOUTIEN DU GOUVERNEMENT DE L'ONTARIO AUX ARTS

The Publisher acknowledges with thanks the work of Cordelia Tang, Kerry Plumley, and Uma Subramanian,

for without their efforts and passion, this book would not be the accessible resource it is.

Library and Archives Canada Cataloguing in Publication
Canada’s Groundwater Resources
ISBN 978-1-55455-292-4 (HC)

Data available on file

Publisher Cataloging-in-Publication Data (U.S.)
Canada’s Groundwater Resources
ISBN 978-1-55455-292-4 (HC)

Data available on file
Text and cover design by Kerry Designs

Printed and bound in Canada by Friesens Corporation

®
MIX
Paper from

responsible sources
Ewﬁg FSC® C016245




ACKNOWLEDGEMENTS

The conception, preparation and production of a
book of this size require time, patience and a lot
of work. Approximately 50 people were involved in
preparing the 16 chapters. This was a true teamwork
of multidisciplinary experts in groundwater
sciences who worked hard to integrate the subject
matter of their chapters. This book is the result
of a combination of expertise and knowledge of
50 Earth scientists from across Canada, seven
years of ad hoc research for the purposes of this
book (2005-2012), extensive literature research,
integration and analysis of widely distributed data
(archives from federal, provincial, universities,
consultants), and results from the Groundwater
Program of the Geological Survey of Canada.

Iam grateful to many government, university, and
private organizations that allowed these authors to
take on this commitment. I thank managers from
provincial governments for allowing some of their
staff to become coauthors or write full chapters in
this book. I thank universities for allowing their
professors to spend their time to participate as
authors of this book.

I thank the following GSC managers for allowing
out time to complete this synthesis of knowledge:
Jan Boon, David Boerner and Diane Campbell.

I gratefullyacknowledge the followingindividuals

for their excellent peer review. They took the time

of their otherwise very busy schedules to review
cach one of the chapters presented in this book.

Alan Freeze Rob Matthews
Marios Sophocleous Rick Healy
Bob Leech John Molson
Dick Jackson Mazaki Hayashi
R. Allan Dakin Pat Lapcevic

John Gartner Grant Ferguson

Bob Betcher René Therrien
John Miller Christie Vodden
Denis W. Roy Alice Cohen

This book benefited from the artistic talents
of Richard Franklin who illustrated most of the
figures. I am much indebted to the support of
Fitzhenry and Whiteside Limited, in particular to
the sterling work of Cordelia Tang, and to Kerry
Plumley, who provided the last visual touches and
beautiful design to the book.

Finally, I wish to thank Heidi Rivera-Schnider for
her patience. It was a long process and sometimes
[ stole private time from us. She never complained

and supported me all the way:.

Alfonso Rivera
November, 2013



FOREWORD

PART I: INTRODUCTION
CHAPTER 1 INTRODUCTION
1.1 BACKGROUND AND HISTORICAL PERSPECTIVES
1.1.1 A review of the literature
1.1.2 Historical progression on groundwater
research
1.2 GROUNDWATER RESOURCES IN THE WORLD
AND CANADA
1.2.1 Groundwater in the hydrologic cycle
1.2.2 Water quantities
1.2.3 Water availability
1.2.4 Water supply and use
1.3 BOOK STRUCTURE AND OVERVIEW

1.3.1 Objectives of major parts and chapters

PART II: UNDERSTANDING
GROUNDWATER
CHAPTER 2 GROUNDWATER BASICS
2.1 INTRODUCTION
2.2 WHAT IS GROUNDWATER?

2.2.1 Groundwater flow mechanisms

2.2.2 How do groundwater aquifers differ

from surface water watersheds?

2.3 NATURE OF PERMEABILITY

CANADA’S GROUNDWATER RESOURCES

0 0 N U

12
12
13
14
15
17
18

21
23
24
25
28

29
30

2.3.1 Darcy’s Law
2.4 ROCK-FORMING AQUIFERS
2.4.1 Porosity
2.5 GROUNDWATER SYSTEMS
2.5.1 Aquifers
2.5.1.1 Aquifer systems
2.5.2 Aquitard characteristics
2.5.3 Groundwater storage in aquifers
2.6 PRINCIPLES OF REGIONAL GROUNDWATER FLOW
2.6.1 Recharge
2.6.2 Discharge
2.6.3 Boundary conditions
2.6.4 Issues of scale: Time and space
2.6.5 Gravity-driven groundwater flow
2.7 GROUNDWATER EXTRACTION AND WELLS
2.8 INTERACTIONS WITH SURFACE WATER
2.8.1 Differences in flows between surface
water and groundwater
2.9 GROUNDWATER QUALITY (NATURAL AND
CONTAMINATED)
2.9.1 Natural quality
2.9.2 Quality standards

2.9.3 Contaminated groundwater

CHAPTER 3 AN APPROACH TO REGIONAL
ASSESSMENTS OF GROUNDWATER

31
34
36
37
39
1
43
43

44
46
46
47
49
49
53

54

54
54
57
59




RESOURCES
3.1 REGIONAL AQUIFER SYSTEMS: HIDDEN AND
SIZEABLE! HOW DO WE ASSESS THEM?
3.2 INFORMATION MANAGEMENT—INTEGRATED
DATABASES
3.3 REGIONAL GEOLOGY AND BASIN
HYDROSTRATIGRAPHY
3.3.1 Basin study
3.3.2 Conceptual geological models

3.3.3 Model testing and documentation

64

68

70
70
n
73

3.4 GEOLOGICAL, GEOPHYSICAL, HYDROGEOLOGICAL

AND HYDROGEOCHEMICAL SURVEYS
3.4.1 Geological surveys
3.4.2 Geophysical surveys
3.4.3 Hydrogeological surveys
3.4.4 Hydrogeochemical surveys
3.5 PARAMETER ESTIMATION, INTEGRATION AND
EXTRAPOLATION OF DATA

74
75
76
80
84

86

3.6 THREE-DIMENSIONAL MAPPING AND NUMERICAL

MODELLING
3.7 QUANTIFICATION OF UNCERTAINTIES IN
HYDROGEOLOGICAL PARAMETER ESTIMATION
3.8. EXPECTED OUTPUTS AND SUMMARY

PART IlI: THEMATIC OVERVIEWS
CHAPTER 4 RECHARGE AND CLIMATE

89

94
97

99
101

<D

4.1 INTRODUCTION
4.2 WHAT IS GROUNDWATER RECHARGE?
4.3 RECHARGE, DISCHARGE AND
GROUNDWATER FLOW
4.4 HOW OLD IS THE GROUNDWATER?
4.5 WHAT FACTORS CONTROL SHALLOW
GROUNDWATER RECHARGE?
4.5.1 Climate across Canada
4.5.2 Evapotranspiration and potential recharge
4.5.3 Physical and biological controls on infiltration
4.5.4 The shallow recharge process
4.6 AQUIFER RESPONSES TO INFILTRATION AND
RECHARGE
4.7 METHODS FOR ESTIMATING RECHARGE
4.7.1 Physical methods
4.7.2 Chemical methods
4.7.3 Modelling approaches
4.8 REGIONAL VARIATIONS IN RECHARGE
4.8.1 Cordillera
4.8.2 Plains
4.8.3 Precambrian Shield
4.8.4 Hudson Bay Lowlands
4.8.5 Southern Ontario Lowlands
4.8.6 St. Lawrence Lowlands
4.8.7 Appalachians

4.8.8 Maritimes Basin

102
103

106
107

107
108
109
112
115

17
122
124
126
128
128
128
131
132
132
132
132
133
134

CANADA'S GROUNDWATER RESOURCES




4.8.9 Northern Canada 134
4.9 CLIMATE VARIABILITY AND CLIMATE CHANGE 134

4.9.1 Climate variability and recharge 135
4.9.2 Climate change impacts on recharge 138
4.10 CONCLUSIONS 139

BOX 4-1 DIRECT AND INDIRECT GROUNDWATER
RECHARGE AND IMPACTS OF FUTURE

CLIMATE CHANGE 140
BOX 4-2 DEPRESSION-FOCUSED GROUNDWATER

RECHARGE 144
BOX 4-3 MODELLING GROUNDWATER RECHARGE AND

WATER BUDGETS 146

CHAPTER 5 GROUNDWATER-SURFACE WATER

INTERACTIONS IN CANADA 151
5.1 INTRODUCTION 152
5.2 KEY CONCEPTS OF GROUNDWATER-SURFACE WATER
INTERACTIONS 152
5.2.1 GW-SW interactions, an element of the
hydrological cycle 153
5.2.2 Importance of GW-SW interactions 153
5.2.3 Hydraulic connection 156
5.2.4 Types of GW-SW interactions 157
5.2.4.1 Groundwater discharge to surface water 159
5.2.4.2 Surface water recharge to groundwater 159
5.2.4.3 GW-SW exchange 161

5.2.5 Interactions with different SW systems

5.2.5.1 Streams and rivers

5.2.5.2 Lakes and ponds

5.2.5.3 Reservoirs (impoundments)

5.2.5.4 Wetlands

5.2.5.5 Oceans and coastal areas

5.2.6 Interactions with different GW systems

5.2.6.1 Porous media flow systems

5.2.6.2 Fractured media flow systems

5.2.6.3 Karst terrain flow systems

5.2.7 Natural and human influences

5.2.8 Spatial and temporal scales

5.2.9 Methods of investigation
5.3 GW-SW INTERACTIONS IN CANADA

5.3.1 Research and data

5.3.2 Conceptual models in Canadian settings

5.3.2.1 Permafrost

5.3.2.2 Permeable glacial sediment

5.3.2.3 Mountains

5.3.3 Summary of GW-SW interactions in Canada
5.4 CONCLUSIONS AND FUTURE CHALLENGES
ACKNOWLEDGEMENTS

CHAPTER 6 SUSTAINABILITY AND
VULNERABILITY OF GROUNDWATER
6.1 INTRODUCTION

CanaDA’S GROUNDWATER RESOURCES m

162
162
164
167
167
169
170
m
172
172
173
174
175
175
175
177
177
180
182
183
184
185

187
188



6.2 GROUNDWATER DEVELOPMENT
AND SUSTAINABILITY

6.2.1 How much water is available?

6.2.2 What is sustainability?

6.2.3 Groundwater development: The risk or
consequence factor

6.2.4 Determining groundwater quantity
sustainability

6.2.4.1 Well sustainability

6.2.4.2 Aquifer sustainability

6.2.5 Climate change impacts on
groundwater sustainability

6.3 GROUNDWATER VULNERABILITY AND
WATER QUALITY RISK ASSESSMENTS

6.3.1 Assessing aquifer vulnerability

6.3.2 AVI

6.3.3 DRASTIC

6.3.4 Comparison of vulnerability mapping methods

6.3.5 Wellhead protection
6.3.6 Integrating land use and groundwater
into decision making
6.4 PLANNING FOR THE FUTURE
6.4.1 Challenges in Canada

6.4.2 Recommendations

BOX 6-1 GROUNDWATER SUSTAINABILITY IN THE ST.

LAWRENCE LOWLANDS

189
189
191

195

201
201
204

205

206
207
208
209
21
212

215
217
218
219

220

BOX 6-2 AQUIFER VULNERABILITY IN FRACTURED
ROCK AQUIFERS 224
BOX 6-3 INTEGRATING GROUNDWATER SCIENCE INTO
DECISION MAKING 228
BOX 6-4 DELINEATING WELLHEAD PROTECTION AREAS—
COMPARATIVE STUDY OF METHODS 231

CHAPTER 7 GROUNDWATER AS

AN ENERGY SOURCE 237
7.1 INTRODUCTION 238
7.2 DISTRIBUTION OF THERMAL WATERS 240
7.3 GEOTHERMAL RESOURCE POTENTIAL 242
7.3.1. Direct generation of electricity 243
7.3.2. Moderate- to high-temperature resources 244
7.3.3. Low-temperature resources 248
7.4 THERMAL ENERGY STORAGE (TES) 250
7.4.1. Aquifer Thermal Energy Storage (ATES) 251
7.4.2. Borehole Thermal Energy Storage (BTES) 256
7.4.3. Cavern Thermal Energy Storage (CTES) 257
7.4.4 Other considerations 260
7.5 CONCLUSIONS 261

PART IV: OVERVIEWS OF

HYDROGEOLOGICAL REGIONS 263
CHAPTER 8 HYDROGEOLOGICAL
REGIONS OF CANADA 265

CANADA'S GROUNDWATER RESOURCES



8.1 INTRODUCTION

8.1.1 Previous work and principal concepts

8.2 DEFINITION OF HYDROGEOLOGICAL REGIONS

8.2.1 The hydrogeological regions map as a
framework for analysis

8.2.1.1 Land cover

8.2.1.2 Evapotranspiration

8.2.1.3 Baseflow and groundwater storage

8.2.1.4 Permeability and water table

8.2.1.5 Effects of glaciation

8.2.2 Vignettes

8.3 HYDROGEOLOGICAL REGIONS OF CANADA

8.3.1 Cordillera

8.3.1.1 Hydrogeology of Cordillera

8.3.2 Plains (Western Canadian
Sedimentary Basin)

8.3.2.1 Hydrogeology of Plains

8.3.3 Canadian Shield

8.3.3.1 Hydrogeology of Canadian Shield

8.3.4 Hudson Bay Lowlands

8.3.4.1 Hydrogeology of Hudson Bay Lowlands

8.3.5 Southern Ontario Lowlands

8.3.5.1 Hydrogeology of Southern Ontario Lowland

8.3.6 St. Lawrence (Platform) Lowlands

8.3.6.1 Hydrogeology of St. Lawrence Lowlands

8.3.7 Appalachian Region

CANADA’S GROUNDWATER RESOURCES

266
266
266

268
269
269
269
271
272
273
275
275
275

276
278
280
281
283
284
284
286
288
290
291

8.3.7.1 Hydrogeology of Appalachian Region

8.3.8 Maritimes Basin
8.3.8.1 Hydrogeology of Maritimes Basin
8.3.9 Permafrost
8.3.9.1 Hydrogeology of Permafrost
8.4 SUMMARY
ACKNOWLEDGEMENTS

CHAPTER 9 CORDILLERAN
HYDROGEOLOGICAL REGION
9.1 INTRODUCTION

9.1.1 Previous Studies
9.2 PHYSICAL SETTING AND CLIMATE
9.3 GEOLOGIC SETTING

9.3.1 Surficial geology

9.3.2 Bedrock geology

9.4 MAJOR AQUIFER TYPES AND THEIR GENERAL

CHARACTERISTICS

9.4.1 Predominantly unconfined aquifers of fluvial

or glaciofluvial origin along river or
stream valleys (Type 1)
9.4.1.1 Occurrence, identification and size

characteristics

9.4.1.2 Productivity characteristics and importance

as a water supply

9.4.1.3 Aquifer vulnerability and water

292
293
294
297
297
298
299

301
302
302
303
304
304
309

310

312

313

314




quality characteristics

9.4.1.4 Profile: Aquifer at Grand Forks

9.4.2 Predominantly unconfined deltaic sand
and gravel aquifers (Type 2)

9.4.2.1 Occurrence, identification and size
characteristics

9.4.2.2 Productivity characteristics and importance
as a water supply

9.4.2.3 Aquifer vulnerability and water quality
characteristics

9.4.3 Alluvial, colluvial sand and gravel
aquifers (Type 3)

9.4.3.1 Occurrence, identification and size
characteristics

9.4.3.2 Productivity characteristics and importance
as a water supply

9.4.3.3 Aquifer vulnerability and water quality

characteristics

9.4.4 Sand and gravel aquifers of glacial or preglacial

origin (Type 4)

9.4.4.1 Occurrence, identification and size
characteristics

9.4.4.2 Productivity characteristics and importance
as a water supply

9.4.4.3 Aquifer vulnerability and water quality

characteristics

315
316

317

317

317

318

318

318

319

320

320

321

321

322

9.4.5 Sedimentary bedrock aquifers (Type 5)
9.4.5.1 Occurrence, identification and size
characteristics
9.4.5.2 Productivity characteristics and importance
as a water supply
9.4.5.3 Aquifer vulnerability and water quality
characteristics
9.4.5.4 Profile: Fractured sedimentary aquifers of
the Gulf Islands
9.4.6 Crystalline bedrock aquifers (Type 6)
9.4.6.1 Occurrence, identification and
size characteristics
9.4.6.2 Productivity characteristics and importance
as a water supply
9.4.6.3 Aquifer vulnerability and water
quality characteristics
9.5 GROUNDWATER USE IN THE REGION
9.6 WATER STORED IN DEVELOPED AQUIFERS
WITHIN THE REGION
9.7 WATER QUALITY
9.7.1 General groundwater quality in
the Region
9.7.2 Common water quality concerns in
the Region
9.7.2.1 Nitrate
9.7.2.2 Arsenic

322

322

324

325

326
327

327

328

329
331

331
333

334

335

336
337

CANADA'S GROUNDWATER RESOURCES



9.7.2.3 Fluoride and boron 338
9.7.2.4 Salty water (sodium and chloride) 338
9.7.2.5 Bacteria 339
9.7.2.6 Other parameters 339
9.8 GROUNDWATER MONITORING IN THE CORDILLERAN
HYDROGEOLOGICAL REGION 341
9.9 CONCLUSIONS 343
ACKNOWLEDGEMENTS 344
BOX 9-1 BRITISH COLUMBIA AQUIFER
CLASSIFICATION SYSTEM 346
BOX 9-2 ABBOTSFORD-SUMAS AQUIFER 349

BOX 9-3 INTERPRETING LOCAL SURFICIAL GEOLOGY
AND UNDERSTANDING THE LOCAL GROUNDWATER

RESOURCES FROM WATER WELL RECORDS 352
BOX 9-4 AQUIFER RESPONSE TIMES 354
BOX 9-5 THERMAL SPRINGS OF THE CORDILLERAN

REGION 356

CHAPTER 10 PLAINS REGION 359
10.1 INTRODUCTION 360
10.2 PLAINS HYDROGEOLOGICAL REGION 360
10.2.1 Physiographic description 360
10.2.2 Demographics 361
10.2.3 Climate 361
10.2.4 Surface water 363
10.2.5 Geology 365

CanabA’s GROUNDWATER RESOURCES m

10.2.6 Groundwater use in the Plains Region
10.3 MAJOR AQUIFER TYPES AND PROPERTIES
10.3.1 Bedrock aquifers

10.3.1.1 Carbonate aquifers

10.3.1.1.1 Carbonate Aquifer System of Manitoba
10.3.1.2 Sandstone aquifers

10.3.1.2.1 Winnipeg Aquifer

10.3.1.2.2 Mannville Aquifer

10.3.1.2.3 Milk River Aquifer

10.3.1.2.4 Judith River Aquifer

10.3.1.2.5 Eastend to Ravenscrag Formations
10.3.1.2.6 Paskapoo Aquifer System

10.3.1.3 Fractured shale aquifers

10.3.2 Quaternary aquifers

10.3.2.1 Confined Quatemary aquifers
10.3.2.1.1 Buried-valley aquifers

10.3.2.1.2 Confined Quaternary aquifers
10.3.2.2 Unconfined sand and gravel aquifers
10.3.2.2.1 Assiniboine Delta Aquifer

10.4 GROUNDWATER QUALITY

10.4.1 Major ion chemistry
10.4.2 Trace element concentrations
BOX 10-1 SALINE INTRUSION

BOX 10-2 THE ESTEVAN VALLEY AQUIFER SYSTEM—A
LONG-TERM CASE STUDY OF THE BEHAVIOUR OF

BURIED-VALLEY AQUIFERS

367
369
3N
371
371
379
379
382
384
384
386
391
393
394
395
396
399
399
401
403
403
405
408

410



CHAPTER 11 PRECAMBRIAN SHIELD 415

11.4.3.2 Isotopes in groundwater from

11.1 INTRODUCTION 416 crystalline aquifers 433
11.1.1 Physiography 416 11.4.3.3 Summary on isotopes studies 435
11.1.2 Population 416 11.4.4 Groundwater and mining 435
11.1.3 Climate and hydrography 416 11.4.4.1 Groundwater as a mineral exploration tool ... 435
11.1.4 Groundwater and human activities 416 11.4.4.2 Groundwater withdrawal for mining 436

11.2 GEOLOGY 417 11.4.4.3 Coupling of hydrogeological and
11.2.1 Bedrock geological provinces 417 geomechanical processes 436
11.2.2 Quaternary deposits 419 11.4.4.4 Contamination from mine tailings 436

11.3 HYDROGEOLOGICAL CONTEXTS 419 11.4.5 Sparse data on well yield, hydraulic properties 437
11.3.1 Context 1: Greenstone belts, metasedimentary, 11.5 CASE STUDIES AND SPECIFIC ISSUES 439

gneissic and intrusive crystalline rock (most of the 11.5.1 Groundwater vulnerability 439
Shield) 421 11.5.2 Contamination from natural sources 439
11.3.2 Context 2: Same as context 1, with a platform 11.5.3 Man-made contamination 439
cover of Proterozoic or Paleozoic age 422 11.5.4 Comparisons with other Shield areas
11.3.3 Context 3: Quaternary aquifers of granular in the world 440
material 423 11.6 CONCLUSIONS 440
11.4 CURRENT KNOWLEDGE ON GROUNDWATER
IN THE CANADIAN SHIELD 425 CHAPTER 12 SOUTHERN ONTARIO
11.4.1 Hydrology and climate 425 HYDROGEOLOGICAL REGION 443
11.4.2 Groundwater geochemistry 426 12.1 INTRODUCTION 444
11.4.2.1 Overburden groundwater geochemistry 426 12.1.1 Setting 445
11.4.2.2 Bedrock groundwater geochemistry 427 12.1.2 Climate 446
11.4.3 Isotopes in groundwater 428 12.1.3 Physiography 446
11.4.3.1 Isotopes in groundwater from 12.1.4 Geology 448
surficial aquifers 431 12.1.5 Key groundwater information sources 450

<D

CANADA'S GROUNDWATER RESOURCES



12.1.5.1 Province-wide reports

12.1.5.2 Municipal groundwater studies and Source

Protection assessment reports

12.1.5.3 Groundwater monitoring, databases,
and mapping

12.1.5.4 Accessible groundwater information

12.2 HYDROGEOLOGICAL FRAMEWORK

12.2.1 Bedrock topography and overlying
sediment thickness

12.2.1.1 Laurentian buried valley

12.2.2 Hydrogeological settings

12.2.2.1 Sediment hydrogeological setting

12.2.2.2 Sediment setting case studies

12.2.2.3 Sediment-bedrock interface
hydrogeological setting

12.2.2.4 Exposed, thin sediment-covered bedrock
hydrogeoloical setting

12.2.2.5 Deep bedrock hydrogeological setting

12.2.2.6 Summary of hydrogeological settings

12.2.3 Oak Ridges Moraine: Thick sediment case
and the need for high-quality data

12.3 GROUNDWATER RESOURCES
12.3.1 Groundwater quantity and availability
12.3.1.1 Water availability in a typical setting—

CANADA’S GROUNDWATER RESOURCES

450

452

453
454
454

455
455
458
459
460

460

461
463
465

466
470
470

a Nith River watershed

12.3.1.2 Groundwater occurrence and
regional aquifers

12.3.1.3 Groundwater recharge, flow,
and discharge

12.3.1.4 Climate stress

12.3.2 Groundwater quality

12.3.2.1 Ontario drinking water objectives

12.3.2.2 Groundwater quality monitoring and
related studies

12.3.2.2.1 Provincial Groundwater
Monitoring Network

12.3.2.2.2 Water well records

12.3.2.2.3 Ambient chemical characterization
of regional aquifers

12.3.2.2.4 Ambient groundwater geochemistry data
for southwestern Ontario, 2007-2010

12.3.2.2.5 Ontario farm groundwater quality survey

12.3.2.2.6 Road salt management

12.3.3 Groundwater use

12.3.3.1 Patterns and trends

12.3.4 Understanding groundwater systems within
the Grand River watershed

12.3.4.1 The quality of groundwater within the

LY

474

474
475
477
477

478

478
478

478

480
480
481
483
484

485



Grand River watershed 486

12.3.4.2 Groundwater and land use:

Agricultural impacts 487
12.3.4.3 Integrated water management within
the Grand River watershed 488
12.4 SUMMARY 438
12.4.1 Summing up groundwater science 489

12.4.2 Improved information and improved access ... 490

12.4.3 Collaboration 490
12.4.4 Groundwater topics of interest 490
ACKNOWLEDGEMENTS 491

BOX 12-1 THE WALKERTON TRAGEDY IN 2000 492
BOX 12-2 LINKING HYDROGEOLOGICAL SETTINGS TO

HYDROGRAPHS 492
BOX 12-3 NORFOLK SAND PLAIN: SEDIMENT AQUIFER

CASE STUDY 493
BOX 12-4 ESSEX CLAY PLAIN/INTERFACE AQUIFER

CASE STUDY 494
BOX 12-5 NAPANEE LIMESTONE PLAIN AQUIFER CASE

STUDY 495
BOX 12-6 FLUORIDE IN GROUNDWATER OF

SOUTHERN ONTARIO 496
BOX 12-7 THE ECOLOGICAL SIGNIFICANCE OF

GROUNDWATER IN SOUTHERN ONTARIO 497

BOX 12-8 GRAND RIVER WATERSHED
WATER BUDGET

CHAPTER 13 ST. LAWRENCE
LOWLANDS REGION
13.1 INTRODUCTION
13.2 GEOLOGY
13.2.1 Bedrock geology
13.2.2 Stratigraphic sequence
13.2.3 Geology of surficial deposits
13.3 HYDROGEOLOGICAL FEATURES
13.3.1 Bedrock aquifers
13.3.1.1 High-permeability category
13.3.1.2 Moderate-permeability category
13.3.1.3 Low-permeability category
13.3.2 Surficial deposits aquifers
13.3.3 Maps of groundwater
vulnerability (DRASTIC)
13.3.4 Temporal trends in groundwater levels
13.4 GROUNDWATER QUALITY
13.4.1 Diffuse pollution
13.4.2 Point-source pollution
13.5 GROUNDWATER ISSUES

13.5.1 Groundwater classification system

498

501
502
504
504
505
508
512
512
513
515
515
516

518
519
519
523
523
525
527

CANADA'S GROUNDWATER RESOURCES




13.6 HYDROGEOLOGICAL REGIONAL MAPPING
BOX 13-1 REGIONAL COUNTY MUNICIPALITY
OF PORTNEUF
BOX 13-2 CHATEAUGUAY WATERSHED
BOX 13-3 MERCIER LAGOONS
BOX 13-4 MIRABEL AREA

CHAPTER 14 APPALACHIANS
14.1 DESCRIPTION OF THE APPALACHIAN REGION
14.1.1 Physiography and hydrography
14.1.2 Climate
14.1.3 Population and groundwater use
14.2 GEOLOGICAL CONTEXT
14.2.1 Bedrock
14.2.1.1 Geological and structural settings
14.2.1.2 General bedrock porosity and permeability
14.2.1.3 Bedrock stratigraphy
14.2.1.3.1 Cambrian and Ordovician rocks
14.2.1.3.2 Silurian and Devonian belts
14.2.1.3.3 Carboniferous and younger rocks
of the Maritimes Basin
14.2.2 Surficial sediments
14.2.2.1 Quaternary events and stratigraphy—

A brief overview

CANADA'S GROUNDWATER RESOURCES

529

530
532
535
536

541
542
543
543
544
545
545
545
547
547
547
550

551
551

551

14.2.2.2 Emergence-submergence zones and

resulting stratigraphy 554
14.2.2.3 Typical cross section for the

Appalachian piedmont and uplands 557

14.3 HYDROGEOLOGICAL CONTEXTS 558

14.3.1 Context 1: Appalachian uplands with sparse
glaciofluvial sediments and localized
glaciolacustrine submergence 558

14.3.2 Context 2: Appalachian piedmont with localized

Late Quaternary marine sediment cover 560
14.3.3 Context 3: Maritimes Basin 562
14.4 CURRENT KNOWLEDGE OF
HYDROGEOLOGY 563
14.4.1 Most important aquifer systems 563
14.4.1.1 Bedrock aquifers 564
14.4.1.2 Surficial aquifers 565
14.4.2 Hydraulic properties and aquifer potential 566
14.4.2.1 Bedrock aquifers 567
14.4.2.2 Surficial deposits 571
14.4.3 Groundwater levels and flow, well depths
and yields 573
14.4.4 Water budgets 576

14.4.5 Monitoring wells and long-term behaviour 579
14.4.6 Groundwater quality 581



14.4.6.1 General groundwater quality and naturally

occurring ions 581
14.4.6.2 Point source and diffuse pollution 585
14.4.6.3 Saltwater intrusion and residual

marine water 588
14.4.7 Aquifer vulnerability 589
14.4.8 Knowledge gaps and recommendations 590

ACKNOWLEDGEMENTS 591
BOX 14-1 NATURALLY OCCURRING RADIONUCLIDES
IN GROUNDWATER IN NOVA SCOTIA 592

BOX 14-2 OCCURRENCE OF ELEVATED MANGANESE
LEVELS IN THE CITY OF FREDERICTON'S WELLS 592
BOX 14-3 HEATING AND COOLING WITH GEOTHERMAL
MINE WATER 593
BOX 14-4 STABLE ISOTOPES REVEAL SEASONAL
CHANGES IN NITRATE PRODUCTION AND SIGNIFICANT
WINTER TRANSFER FROM AGRICULTURAL SOILS TO
GROUNDWATER IN TEMPERATE SETTINGS 594

CHAPTER 15 PERMAFROST

GROUNDWATER REGION 597
15.1 INTRODUCTION 598
15.1.1 Permafrost 598
15.1.2 Moisture conditions in permafrost 599

15.2 THE NORTHERN REGION 599
15.2.1 Physiography and geology 599
15.2.2 Population 601
15.2.3 Water supply 602
15.2.4 Climate 605

15.3 SURFACE HYDROLOGY 605
15.3.1 Surface ponding 605
15.3.2 Streamflow 606
15.3.2.1 Nival regime 606
15.3.2.2 Modifications of the nival regime 607
15.3.2.3 Spring-fed regime 608

15.4 GROUNDWATER 608
15.4.1 Permafrost hydrogeology 608
15.4.2 Infiltration and recharge 610
15.4.3 Karst systems 613
15.4.4 Groundwater discharge 616
15.4.5 Geothermal systems 622
15.4.6 Groundwater chemistry 623

15.5 OUTSTANDING ISSUES 627
15.5.1 Construction of pipeline and

highway infrastructure 627
15.5.2 Mining development 629
15.5.3 Contamination issues 631
15.5.4 Climate change 632

CANADA'S GROUNDWATER RESOURCES



15.6 CONCLUSIONS
BOX 15-1 OLD CROW, YUKON
BOX 15-2 CIGAR LAKE, SASKATCHEWAN

PART V: EMERGING ISSUES,

634
635
635

CONCLUSIONS, AND PERSPECTIVESG637

CHAPTER 16 GROUNDWATER
MANAGEMENT IN CANADA

16.1 INTRODUCTION

16.2 GROUNDWATER USE IN CANADA

16.3 EXISTING LEGISLATIVE FRAMEWORK

16.4 MANAGEMENT VERSUS GOVERNANCE

16.5 GROUNDWATER MANAGEMENT ACTIVITIES

639
640
640
644
645
647

16.5.1 Groundwater supply allocation in the provinces

and territories
16.5.1.1 Approaches to groundwater allocation
16.5.1.2 Exemptions and terms of licences
and permits
16.5.1.3 Changing values and water use
16.5.2 Environmental and groundwater

quality protection

16.5.2.1 Waste discharges and contaminated sites

16.5.2.2 Protection of drinking water sources

CANADA’S GROUNDWATER RESOURCES

647
649

649
649

650
650
650

16.5.2.3 Land use and watershed planning

16.5.3 Best management practices and standards
16.5.4 Groundwater monitoring networks
16.5.5 Inter-agency cooperation
16.6 ISSUES IN GROUNDWATER MANAGEMENT
IN CANADA
16.6.1 Quantity issues
16.6.1.1 Aquifer depletion
16.6.1.2 Oil sands development
16.6.1.3 Transboundary aquifers
16.6.2 Quality issues
16.6.2.1 Nitrate contamination
16.6.3 Other issues
16.6.3.1 Aboriginal and treaty rights to water
16.6.3.2 Effects of climate change
16.6.3.3 Limited place-based knowledge
of the resource
16.7 CONCLUSIONS AND RECOMMENDATIONS

GLOSSARY
REFERENCES
CONTRIBUTORS
INDEX

D

651
652
652
653

655
655
655
656
657
657
657
659
659
659

660
662

664
674
772
780



