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Abstract: Geological and hydrogeological investigations of the Oak Ridges Moraine (ORM) and Greater Toronto
Area (GTA) have been used to develop a regional hydrostratigraphic framework that consists of five principal
units: i) bedrock, ii) lower deposits, iii) Newmarket Till, iv) Oak Ridges Moraine sediment, and v) Halton Till.  This
conceptual model is now being used to develop a data-driven hydrostratigraphic model by integrating field data
with archival data in a relational database and GIS.  A multi-step approach is used that involves: i) manually coding
field data; ii) manually coding geotechnical and hydrogeological borehole data; iii) generation of individual
stratigraphic surfaces that integrate geological map boundaries; iv) interpretation and integration of Ministry of
Environment and Energy (MOE) waterwell data to refine the spatial elevation variability of these surfaces.  The
structural elevation surfaces can be used to produce sediment thickness maps as well as to constrain
hydrogeological modeling.

Municipalities, conservation authorities and other agencies can use this hydrostratigraphic model to provide a
regional context and to improve the hydrogeological understanding of site-specific investigations.  For example,
current groundwater modeling efforts that only rely on a small number of waterwell records for geological and
hydrostratigraphic control can be significantly improved by using this model to develop a regional context.

Introduction
In order to quantify potential groundwater resources, and to produce flow models necessary for water resource
management, accurate 3D hydrostratigraphic models are required.  The Geological Survey of Canada (GSC) and
its partners are developing a regional 3D stratigraphic model of the Oak Ridges Moraine and GTA for this
purpose.  A series of structural, stratigraphic unit elevation surfaces are generated that can then be used to
produce accurate sediment thickness (isopach) maps by subtracting one from another in a GIS overlay operation.
 Stratigraphic mapping is based on the surficial geology of the GTA  (Sharpe et al. 1997; Sharpe et al. 1999) and a
regional stratigraphic framework (e.g. Sharpe et al. 1996).  Four stratigraphic surfaces were produced: i) Lower
deposits, ii) Newmarket Till, iii) Oak Ridges Moraine and iv) Halton Till (Fig. 1).  This report is a summary of the
approach used.

Data Sources
A diverse suite of field and archival geological data were integrated in a GIS (Fig. 2a. e.g. Russell et al. 1996). 
New field data include shallow roadside, river and lake bluff sections, boreholes, and seismic reflection data. 
Archival data include borehole data collected for hydrogeological and geotechnical studies, and MOE waterwell
data.  Sediment descriptions from these datasets differ considerably in their level of detail, ranging from thorough
lithological descriptions of continuously cored material by geologists (e.g. GSC drillcore, Russell et al. 1998b) to
one or two-word descriptions of wash borings by well drillers (e.g. MOE, Russell et al. 1998a). Seismic data were
integrated (e.g. Hubbard, et al., 1999) by generating seismic borehole logs positioned at 200-500 m intervals along
the seismic profile.  Depth coverage of datasets range from shallow, predominantly < 5 m deep mapping sites to
complete sediment penetration down to bedrock.  MOE waterwells are the most extensive dataset with ~55,000
wells in the area, however, only ~ 40 % of the complete sedimentary basin is intercepted.   A topographic DEM
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(Kenny et al. 1999) provides a reference datum and
1:50 000 scale surficial geology mapping provides
additional stratigraphic control (e.g. Sharpe et al.
1997).

Method
The modeling procedure consists of: i) data pre-
processing, ii) manual and automated borehole log
interpretation and iii) interpolation to produce
stratigraphic surfaces.  Data analysis and processing
was completed using Microsoft Access (1997) and
Visual Basic for Applications.  GIS interpolation from
point to areal coverage was completed using
Triangular Irregular Networks (TIN) in MapInfo (1998)
and Vertical Mapper (1998).

Data Pre-Processing
Integration of diverse datasets required recoding to a
standard lithological classification.  A ten-unit
classification was developed to integrate the range of
material descriptions found in the aforementioned
data sources (Russell et al. 1998b).   Coding was
completed manually for field and archival geotechnical
data.  A rule-based system was developed that
enabled automatic classification in a relational
database of MOE waterwell data (Russell et al.,
1998b).  Location errors in the waterwell data are a
known limitation of this dataset (Hunter and
Associates and Raven / Beck, 1996). Consequently,
the location accuracy was verified using the OBM
cadastral fabric and the surface topographic DEM
(Kenny et al. 1997).  The analysis identified that ~30 % of the data was likely incorrectly located.  Furthermore,
waterwells tend to be clustered due to human settlement patterns.   Data redundancy as well as shallow and poor-
quality waterwell data were identified and removed thereby reducing the dataset by ~ 55% to 18 161, or < 2 wells
km2.  The surficial geology polygons were recoded to the four regional stratigraphic units and appended to the first
unit in each well.  The absence of any stratigraphic unit in a borehole was accounted for by the addition of zero-
thickness records in the database.  All stratigraphic intervals were flagged as: 1 - positive thickness, known
bottom; 2 - positive thickness, unknown bottom; 3 - zero thickness, known elevation; 4 - zero thickness, unknown
elevation.

Modeling
The stratigraphic modeling procedure consisted of database analysis, GIS interpolation, and overlay operations
completed in two stages.  Stage I used manually coded data to generate preliminary surfaces used for interpreting
the waterwell records in Stage II.  Stage II involved stratigraphically coding waterwells and merging the two
datasets to produce final surfaces and isopachs.

Stage I: anchor points and preliminary surfaces
All manually coded records flagged as types 1, 2 or 3 for a specific stratigraphic unit were selected and combined
with corresponding points from map polygon boundaries (Fig. 2.b).   The data were then interpolated to produce a
continuous stratigraphic elevation surface (Fig. 2c The surface was checked using data flagged as type 2 for the
overlying stratigraphic unit and for incomplete penetration of a stratigraphic unit. This ensures that the surface
honours all of the data (Fig. 2d,e).  The surface was then interpolated a second time using the appropriate ‘push-
down’ data. The process was then repeated for the remaining stratigraphic units.  Each surface is continuous
across the study area.  In areas where a stratigraphic unit is not present, its top elevation surface

Fig. 1: Conceptual model of the stratigraphic framework
of the Greater Toronto Area.
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Fig. 2: Schematic illustration of process used in generation of the stratigraphic surfaces.
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will be coincident with that of the next lower stratigraphic unit.  Slight differences in the interpolated triangular
facets can produce overlap in elevations.  Surface mismatches were resolved by forcing the lower surface to be
coincident with the overlying surface.  Finally, areas of the surface that correspond with mapped geology polygons
are stamped with the topographic surface DEM (Fig. 2f).

Stage II: automated waterwell interpretation and coding
To integrate regional geological knowledge into the automatic stratigraphic coding, data on depth to top of each
preliminary surface (Stage I) and distance buffer value were appended to each waterwell record.  A proximity
analysis was completed to determine the degree of influence that manually coded data had on the automated
stratigraphic coding process (Fig. 2g,h). This buffer distance was different for each stratigraphic unit and involved
a linear decay away from anchor sites.  Starting from the surface unit of each waterwell, four steps were followed
to code the stratigraphy:  i) use initial stratigraphic code assigned to unit one, ii) check material code rules, iii)
check thickness and elevation rules, iv) verify stratigraphic coding with stage I surface.  Following stratigraphic
coding, the waterwells were integrated with manually coded data into one dataset. The sequence of steps outlined
in Stage I was then repeated with the combined dataset (see above).

Fig. 3a: Oak Ridges Moraine sediment thickness map.
Note variation of sediment thickness across the Richmond Hill sites.

Fig. 3b: Cross section through all stratigraphic surfaces.
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Example: mapping the thickness of the ORM
Stratigraphic surfaces derived from geological data allow watershed and site specific studies to be carried out
using the most consistent and reliable 3-D sub-surface information available. Current site development studies in
Richmond Hill can be used as an example to illustrate the utility of a regional stratigraphic model.  The regional
thickness map of the Oak Ridges Moraine and related sediment indicates thick aquifer material beneath the
proposed development sites (Fig. 3a).  It shows that the site is situated on very thick, permeable sediment at a
topographic high.  A corresponding depression in the Newmarket Till surface and a thin to absent Newmarket Till
suggests the presence of a channel as seen in cross section (Fig. 3b).  Hence, aquifers of lower deposits
(Scarborough or Thorncliffe formations) may be hydraulically connected via more permeable sands of the Oak
Ridges Moraine and channel fills to surface aquifers.  Consequently, site investigations may need to verify the
potential absence of aquitard material by drilling to an adequate depth to establish the site stratigraphy and
confirm the thickness of channel aquifer sediments.  Local waterwells and geotechnical borings alone are not
deep enough to show this architecture.

Summary
The stratigraphic surfaces (Fig. 3) provide a regional model for the GTA using a well-documented procedure that
integrates regional geological knowledge.  This model can be used for reconnaissance in regional planning, for
establishing the hydrostratigraphic setting in site-specific studies, and for improved groundwater flow modeling. 
As recently noted (LeGrand and Rosen 1998), the integration of this type of regional information into the
preliminary stages of site-specific studies should help to improve their cost-effectiveness. In addition, groundwater
modeling that only relies on waterwell records for geological and hydrostratigraphic control can be significantly
improved by the use of these techniques.
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