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Executive Summary
INTRODUCTION
In the Regional Municipality of Durham, the municipal water supply for larger towns comes from
Lake Ontario; however, smaller inland towns rely on groundwater as their water supply. The
Region operates 27 municipal supply wells within eight communities. Because of this reliance on
groundwater resources, protection and management of this water resource is an important issue.
This report presents results from a numerical modelling study in which groundwater flow was
simulated in Durham Region.
OBJECTIVES
The primary goal of this study was to develop and calibrate a regional-scale numerical model of the
groundwater flow system within the Region of Durham. This model – referred to as the “Durham
Model” – is used to simulate groundwater flow in the region.
BACKGROUND
The numerical model presented here is an extension of earlier work that was conducted as part of
the partnership between four municipalities (York, Peel, Durham and the City of Toronto – YPDT),
and the Conservation Authority Moraine Coalition (CAMC). CAMC-YPDT Technical Report 01-06
(Kassenaar and Wexler, 2006) presented a regional-scale groundwater flow model – referred to as
the “Core Model” that included York Region and parts of Durham and Peel Regions. The Durham
Model presented in this report builds on this to cover all of Durham Region.
CONCEPTUAL MODEL
The hydrostratigraphic model for the Durham Model has built upon the Core Model by increasing
from eight to ten layers. Conceptually, the main difference in the geologic model is that the
“Newmarket Till” has been subdivided into three units:
o Upper Newmarket Till Aquitard,
o Inter-Newmarket Sediment (INS) Aquifer, and;
o Lower Newmarket Till Aquitard.
Within the ten-layer hydrostratigraphic model, there are four aquifer units (from top to bottom): (1)
Oak Ridges Aquifer Complex (ORAC), (2) Inter-Newmarket Sediments (INS), (3) Thorncliffe
Aquifer Complex and (4) Scarborough Aquifer Complex (SAC)
MODEL CALIBRATION
Calibration Targets
Calibration of the numerical model was carried out by comparing the model results with observed
field data, which included both water-level and streamflow data. Water level data include static
water levels from the MOE, as well as other geotechnical and consulting wells, and average water
levels from long-term monitoring sites. Some filtering of these static water levels was carried out to
check and screen for obvious outliers. Possible outliers were checked visually and excluded if they
failed a visual inspection. The other target for model calibration was to match annual average
simulated baseflow to data from Environment Canada HYDAT streamflow gauges.
Calibration Procedures
Earthfx Inc.
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The goal of model calibration is to improve the match between simulated and observed values by
refining the estimates of model parameters such as hydraulic conductivity, anisotropy and
recharge, within reasonable ranges. Calibration of the Durham Model was conducted using a trialand-error process, whereby successive model runs were used to improve the initial estimates of
model parameters. Statistical tests helped to determine whether the calibration met the required
goodness-of-fit criterion. Calibration was refined with an automated parameter estimation code
called PEST.
Sensitivity and Uncertainty
A series of calibration sensitivity analyses was performed to evaluate the effects of parameter
uncertainty and variability on the results. The Durham Model was found to be sensitive to changes
in aquifer hydraulic conductivity, and less sensitive to changes in aquitard hydraulic conductivity.
Hydraulic heads in the shallower aquifer were more sensitive to changes in groundwater recharge
rates than were the deeper aquifers.
MODEL RESULTS
Simulated hydraulic heads were drawn on maps and visually compared with observed heads. The
calibrated model was able to match observed water level data with a better match in areas with
good data coverage. The model matched key features and groundwater flow patterns such as the
groundwater mounds underlying the Oak Ridges Moraine and bending of contours in the vicinity of
streams.
The mass balance for the Durham Model indicated approximately 17 m3/s is recharged to the
aquifer, of which about 50% occurs in the ORM area. About 94% of the recharge is discharged to
streams and wetlands north and south of the moraine. Model simulations indicate that stream
baseflow discharge patterns are highly variable, and are controlled by a complex combination of
topography and subsurface layer geometry and permeability.
While the Oak Ridges Moraine dominates the physical setting within Durham Region, conditions on
the north and south of the moraine are quite different. Aquifers on the south slope of the moraine
dip more steeply resulting in a stronger regional flow system. On the north slope, groundwater flow
gradients are weaker and local flow systems, between the till uplands and the numerous wetlands
in the tunnel valleys, are more prevalent.
MODEL APPLICATIONS
Specific applications of the model were beyond the scope of the current study. However, the
model could be used as a tool for a wide range of studies related to Source Water Protection and
environmental impact assessment and water resource management. For example, the calibrated
model can be used in preparation or assessment of permit-to-take-water applications for municipal
wells and other large takings. The model would be used to assess drawdowns, potential well
interference with nearby users, and the potential impacts on streams and wetlands.
The model can also be used in conjunction with the USGS MODPATH code to delineate capture
zones and time-of-travel zones for municipal wells. The capture zones and time-of-travel zones
provide critical information for source water protection and aquifer vulnerability analysis. The
model can also be applied in environmental assessments for some engineering projects such as
land development or construction dewatering. The model could be used to analyze the affects of
urban development on groundwater and surface water through linking the MODFLOW model to a
surface water model, such as PRMS.

Earthfx Inc.

10

Simulation of groundwater flow in the Regional Municipality of Durham

November, 2010

1 INTRODUCTION
1.1 Overview of Project
The Regional Municipality of Durham (Figure 1) lies east of the City of Toronto within the Greater
Toronto Area (GTA) and encompasses an area of approximately 2600 square kilometres (km2).
The population was estimated at 531,000 in 2001 and is expected to reach 760,000 by 2011.
Population centres within the area include a number of urban communities along the Lake Ontario
shoreline and a variety of small towns, villages, and hamlets that lie further inland. The region
includes portions of the Lake Simcoe and Lake Scugog shorelines. The Oak Ridges Moraine, a
significant physiographic feature and an area of high groundwater recharge, runs parallel to the
shoreline about 24 kilometres north of Lake Ontario.
Municipal water supply for the larger towns is taken directly from Lake Ontario, however, most of
the inland towns derive their water supply from groundwater sources. The Region operates 27
municipal wells associated with eight communities. A list of these communities and the number of
wells operated in each is provided in Table 1. Provincial records show that approximately 18,350
private water wells have also been drilled within Durham Region. Groundwater protection and
management is, therefore, an important issue for the Region.

1.2 Objectives
To advance the understanding of the groundwater system in the Regional Municipality of Durham,
Earthfx Incorporated (Earthfx) was contracted by the YPDT-CAMC Program to create a numerical
model to simulate groundwater flow in the municipality. This model is referred to in this report as
the “Durham Model”.
The primary goal of the study was to create a regional-scale representation of the groundwater flow
system. Model boundaries were extended to natural hydrologic boundaries (i.e., Lake Ontario,
Lake Scugog, Lake Simcoe, major groundwater divides, and rivers centrelines). Model layers
represent the major hydrostratigraphic units which reflect the geology in the Quaternary-aged
unconsolidated sediment and the shallow bedrock. The difference between hydrostratigraphic
layers versus geologic layers is discussed in more detail in Section 2.4
The purpose of this report is to describe the development and calibration of the Durham Model.
Specific applications and local refinements of the model are beyond the scope of the current study.
It is envisioned, however, that the model could be used as a tool for various applications, including
Source Water Protection studies, engineering investigations, wellfield protection studies, wellfield
optimization, and monitoring network design.

1.3 Link to Previous YPDT-CAMC work
The development of this model represents an extension of earlier investigations of groundwater
flow in the Oak Ridges Moraine (ORM) area. These investigations were conducted by a
partnership developed between four municipal governments (Regional Municipalities of York, Peel,
and Durham, and the City of Toronto (YPDT)) and the Conservation Authority Moraine Coalition
Earthfx Inc.
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(CAMC) made up of the Conservation Authorities (CAs) whose jurisdictions include part of the
ORM (Nottawasaga Valley, Credit, Toronto and Region, Lake Simcoe Region, Kawartha, Central
Lake Ontario, Ganaraska, Lower Trent and Otonabee). Figure 2 shows the CD boundaries for all
CAs in the CAMC. In 2003, the YPDT-CAMC partnership initiated a regional hydrogeologic study
of the Oak Ridges Moraine (ORM) area that included database compilation, geologic interpretation
and regional scale groundwater modelling. In addition to the development of the regional scale
model, a refined model of the Yonge Street area in York Region and the Toronto and Regions
Conservation Authority (TRCA) watersheds was also created. The results of much of this work are
reported in the CAMC-YPDT Technical Report 01-06 (Kassenaar and Wexler, 2006), hereafter
referred to as the “2006 Report”.
In earlier work geologic, hydrogeologic, hydrologic, and climate data for the ORM area were
compiled in a comprehensive database for the YPDT-CAMC partnership. The database presently
contains over 305,000 boreholes or outcrops, 1,210,0000 geologic descriptions, several million
water levels, as well as streamflow records and climate data. The YPDT-CAMC database has
continued to grow with the addition of new borehole, water level, and climate data as they became
available. These data, along with additional information on water use, were used extensively in
developing and calibrating the Durham model.
Geologic logs, geological mapping, outcrop information, and supplementary data were used in the
earlier 2006 study to create an eight layer-conceptual hydrostratigraphic model. This conceptual
model, in turn, was based on a revision of the 5-layer stratigraphic model developed by the
Geological Survey of Canada (GSC) (e.g., Sharpe et al., 2002a and Sharpe et al., 2002b). Further
refinement of the hydrostratigraphic model was undertaken prior to and as part of this project. New
geologic surfaces were prepared by YPDT-CAMC and Earthfx staff for the Durham Model.
Techniques used in the creation of the new geologic surfaces are similar to those described in
Appendix D of the 2006 Report.
In the 2006 Report, two numerical groundwater models were created to represent groundwater flow
in the ORM area. The first model, referred to as the Regional Model (Figure 3), covered an area
encompassing all watersheds that originate on the ORM (240 m x 240 m), while the second,
referred to as the Core Model, covered the TRCA watersheds, York Region, and parts of Durham
and Peel Regions at a finer resolution (100 m x 100 m). The Durham Model builds on these earlier
modelling approaches and uses the same resolution to cover all of Durham Region. The Core and
Durham Models overlap in the vicinity of the Pefferlaw Brook and Duffins Creek watersheds. Many
of the initial estimates of model parameters were derived from those obtained in calibrating the
Core Model.

1.4 Previous Investigations
Numerous watershed-scale and local-scale hydrogeologic studies have been conducted in Durham
Region for water supply, urban development, and waste disposal by consultants. Where used in
the development of the Durham Model, the relevant reports are cited further on in this report.
Several of the more important regional-scale studies are cited here.
Studies by the GSC and the Ontario Geological Survey (OGS) have significantly advanced the
understanding of the key geological processes that contributed to the formation of the Oak Ridges
Moraine area (e.g., Barnett et al., 1998; Sharpe et al., 1999; and Logan et al., 2001). The GSC
produced regional-scale maps of surficial geology, bedrock surface topography, and isopach and
surface topography maps for a five-layer stratigraphic model of the overburden units (see Sharpe
et al., 2002a for example). Updated digital maps of surficial and bedrock geology for Southern
Earthfx Inc.
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Ontario have been compiled by the OGS and digital elevation models (DEM) have been produced
by the Ontario Ministry of Natural Resources (MNR). Data from these studies were used directly in
the development of the Durham Model.
Several subregional-scale groundwater and surface water models have been developed in recent
years in Durham Region. For example, Gerber and Howard [2002] used the USGS MODFLOW
model to simulate groundwater flow in the Duffins Creek watershed. Li et al. (2008) applied a fullyintegrated modelling approach to the Duffins Creek watershed using the HydroGeoSphere code
developed at the University of Waterloo. Singer (1981) developed a two-dimensional model for
flow in the Bowmanville, Soper, and Wilmot Creeks watersheds. Jagger Hims Limited (2003a, b, c,
d, e, f) and Gartner Lee Limited (2003, 2004) conducted wellhead protection studies for all
groundwater-based communities. These included field investigation and numerical modelling.
Jagger Hims Limited (2006) evaluated the vulnerability of other municipal wells in Durham Region
using local-scale groundwater flow models.
Considerable work has been done in the Durham Region on the watershed scale. Studies of note
include those by Sibul et al., 1977, Ostry (1979), Gerber and Howard (1996) and Gerber et. al.
(2001) in Duffins Creek watershed and those by Funk (1977) and Singer (1981) in the
Bowmanville, Soper, and Wilmot Creeks watersheds. The Central Lake Ontario Conservation
Authority (CLOCA) completed a watershed characterization study (CLOCA, 2006a) and a
conceptual water budget study (CLOCA, 2006b) for the watersheds under its jurisdiction. Earthfx
(2008) used this information to build a groundwater model and hydrologic model to conduct a Tier 1
water budget analysis for the CLOCA watersheds. Results of this CLOCA work were incorporated
in the Durham Model.

GIS Layer
Roads
Streams
Wetlands
MOE Wells
Township/County
Boundaries
Surficial Geology
Bedrock Geology
Lake Outlines
Oak Ridges Boundary
Permits To Take Water

Earthfx Inc.

Acquired
From:
MNR (LIO)
MNR (LIO)
MNR (LIO)
MOE
MNR (LIO)
MNDM
MNDM
MNR (LIO)
MMAH
MOE

Date Acquired

2006-2009

Coordinate
System (e.g.NAD
27/NAD-83, etc.)

Modified For
Durham Project
No
No
No
Yes/No
No
No
Yes (MJF)
No
No
No
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2 PHYSICAL SETTING
2.1 Topography and Physiography
Land surface topography, based on a 5-metre (m) DEM provided by MNR, is shown in Figure 4.
Higher elevations occur along an east-west ridge formed by the ORM that runs across the middle
of the study area and forms a major surface water divide. Land surface topography in the study
area varies from a minimum elevation of 75 metres above sea level (masl) at Lake Ontario to a
maximum of about 405 masl on the crest of the ORM south of Uxbridge.
The study area falls within six major physiographic regions that include: the Oak Ridges Moraine;
the South Slope; the Iroquois shore, the Peterborough drumlin field, the Schomberg Clay Plain and
Simcoe Lowlands (Figure 5) (Chapman and Putnam, 1984).
The ORM contains four major wedge-shaped sediment deposits with narrower bands of sediments
connecting them. The middle two wedges, the Uxbridge wedge to the west and the Pontypool
wedge to the east, are located near the western and eastern ends in the centre of the study area,
respectively. The ORM is characterized by predominantly sandy surface soils and hummocky
topography. The ORM represents the most significant groundwater recharge area in Durham
Region and serves as the headwaters for the major streams that drain the study area. Areas of
hummocky topography, associated with the ORM, shown in Figure 6, often act as zones of focused
recharge.
The South Slope physiographic region extends southward from the base of the ORM towards Lake
Ontario. Chapman and Putman (1984) describe the South Slope as a drumlinized plain, consisting
of areas of thin aeolian sand deposits underlain by glacial deposits, mainly till. The South Slope is
characterized by south trending drainage with sharply incised valleys.
The southernmost physiographic region is the Iroquois shore which includes an east-west trending
band of sandy beach and shallow water lacustrine deposits approximately 2 km wide in the north
and a plain formed by fine-grained lacustrine deposits to the south. Both are remnants of Glacial
Lake Iroquois. Because of the difference in material and hydrologic function, this physiographic
region is often separated into two areas: the Iroquois beach and the Iroquois plain regions. The
Iroquois beach region is marked by low-lying bluffs and gravel bars. These deposits serve as a
source of groundwater for domestic use and provide groundwater discharge to streams. The
Iroquois plain region is generally flatter and composed of much finer-grained deposits. The smaller
streams that discharge directly to Lake Ontario, such as the tributaries to Frenchman’s Bay,
Corbett Creek, and Tooley Creeks, have their headwaters on the Iroquois beach.
North of the ORM is the western part of the Peterborough drumlin fields. The limestone bedrock in
this area is covered by a sandy till that thins to the north. The region is noted for its drumlins,
drumlinized hills, and eskers, such as the one just west of Cannington (Chapman and Putnam,
1984). The area is cut by deep valleys with wide, swampy bottoms which are occupied by northflowing streams such as the Black River, Pefferlaw and Uxbridge Brooks, and the Nonquon River.
Lake Scugog occupies two valleys and was formed by damming the former Scugog River. The
Schomberg Clay Plain, that surrounds Lake Scugog with Durham, is composed of deposits of
stratified,varved clay/silt and sands that occupy former basins on the till plain. The clay thickness
averages about 5 m (Chapman and Putnam, 1984).
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The northwest corner of the study area falls within the Lake Simcoe basin portion of the Simcoe
lowlands physiographc region with elevations ranging between 218 and 260 masl. This area was
flooded by Glacial Lake Algonquin and consists of lacustrine sand, silt and clay. The area is
bordered by Lake Algonquin shoreline cliffs, beaches, and terraces (Chapman and Putnam, 1984).

2.2 Geologic Setting
The geology of Durham Region and the surrounding area consists of Quaternary sediments of
variable thickness overlying bedrock.
2.2.1

Bedrock Geology

Bedrock is comprised of a succession of Middle to Late Ordovician carbonate rocks and shales,
typically with gradational unit contacts, which rest unconformably on the Precambrian basement. A
map of the bedrock units that subcrop in the area is shown in Figure 7.
The basement complex is composed of metamorphic rocks of the Grenville Province’s Central
Metasedimentary Belt, possibly a southerly extension of the Elsevier Terrane (Easton, 1992). The
Precambrian rock in deep drill holes in south Durham Region is described as pink to grey, mediumgrained granitic gneiss with poorly developed gneissic foliation. The depth of the Precambrian
unconformity in Durham Region probably ranges from 200 to 250 metres below ground surface; at
Darlington, three deep drill holes intersected Precambrian rock at 116.3, 125.2 and 129.8 metres
below mean sea level with ground elevations between 75 and 83 masl.
The Ordovician sedimentary rocks of the study area make up most of Sequence 2 of Johnson, et
al. (1992). These rocks are essentially undeformed and dip gently to the south or southwest. The
oldest Paleozoic unit in the area is the Shadow Lake Formation, which is composed mainly of silty,
dolomitic or calcareous sandstone and terrigenous mudstone with occasional silty to sandy
dolostone interbeds. Typically the Shadow Lake is 2 to 3 m thick, but locally can reach a thickness
of 15 m.
The Shadow Lake Formation grades upward into the Gull River Formation, which is primarily a
fine-grained limestone but locally, can be argillaceous, silty or dolomitic. The unit has been
subdivided into two members; the lower member contains interbedded limestone and silty
dolostone. The next unit in the sequence is the Bobcaygeon Formation, a predominantly dark to
light grey or brown to blue grey interbedded micritic- to coarse-grained limestone. It is generally
more fossiliferous than the Gull River Formation and ranges from 7 to 87 m thick. It should be
noted that these units do not subcrop in Durham Region and therefore do not appear on Figure 7.
The Verulam Formation gradationally overlies the Bobcaygeon Formation and consists of
interbedded micritic to coarse-grained fossiliferous limestone with interbeds of calcareous shale. It
is thin to medium bedded and 32 to 65 m thick (Johnson et al., 1992).
The Lindsay Formation subcrops in most of northern and eastern Durham Region (see Figure 7). It
has two members: (1) the Collingwood Member and (2) an unnamed lower member. The lower
member is argillaceous, fine- to coarse-grained limestone with a distinct nodular appearance and is
very fossiliferous. The Collingwood member is also noted for its high fossil content and consists of
up to 10 m of interbedded black organic-rich limestone and calcareous shale. This unit was
formerly assigned to the Whitby Formation of Liberty (1969) but was reassigned to the Lindsay by
Russell and Telford (1983) based on the gradational contact with the underling Lindsay strata and
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its calcareous nature. However, the names “Whitby Formation” and “Whitby shale” are still in
common use by many geologists and often appear in drillers' logs.
The youngest rock unit in the area is the Blue Mountain Formation. Its mapped subcrop area is
south of the ORM (Armstrong and Dodge, 2007). Baseline Road is the apparent southern
boundary of the subcrop belt of this formation (see Figure 7). The lower contact with the Lindsay
Formation is sharp and disconformable and it marks the start of Sequence 3 of Johnson et al.
(1992). Generally these rocks are blue-grey, poorly fossiliferous, noncalcareous shale with minor
limestone.

2.2.2

Quaternary Geology

The bedrock is overlain by a succession of sediments deposited by glacial, fluvial, and lacustrine
processes over the last 135,000 years. The Quaternary geology of the study area has been
mapped by the Ontario Geological Survey (Barnett and Henderson, 1995; Barnett, 1996b) and the
GSC (Brennand, 1997) and is included on the compilation maps of Sharpe et al. (1997) and the
OGS (2003). The Quaternary deposits are shown schematically in Figure 8 and in map view in
Figure 9 (OGS, 2003). The geology of the Oak Ridges Moraine area is summarized in Kassenaar
and Wexler (2006), although some ideas about the stratigraphy of the region have been revised
since the publication of this report.
Like all of southern Ontario, the Region of Durham was repeatedly glaciated during the Pleistocene
Epoch, although locally there is only clear evidence for glacial activity during the Wisconsinan, the
final major glacial episode. Regionally, sediments of Quaternary age form a complex blanket of
unlithified deposits on the bedrock surface. Most of these sediments were deposited either directly
from glacier ice, in meltwater streams, or in ice-marginal or ice-dammed lakes. The pattern of
glaciation in the Great Lakes region is typically lobate, with relatively thin glacier ice flowing from
the north filling the lake basins and then spreading out radially as the ice mass became thicker.
The best record in Ontario of the Early Wisconsinan (now called the Ontario Subepisode, see
Karrow et al., 2000) is from the Toronto area where it is represented by the deltaic and fluvial
sediments of the Scarborough and Pottery Road formations and the fine-grained diamictons and
lacustrine sediments of the Sunnybrook Drift (Karrow 1967, 1974; Barnett, 1991). Kelly and Martini
(1986) studied the Scarborough Formation was in some detail and concluded that it represents a
lacustrine-deltaic sequence strongly affected by a nearby glacier. The Thorncliffe Formation
makes up the major package of Middle Wisconsinan (Elgin Subepisode) sediments in the Toronto
area; it is composed of stratified sand, silt, and clay of glaciolacustrine and glaciofluvial origin,
along with two intervening diamicton units – the Seminary and Meadow tills – that divide the
formation into three members (Karrow 1967, 1989). Inland, these two diamicton units seem to
pinch out and the Thorncliffe is a single continuous unit (Barnett, 1991). The high level lakes in
which the Scarborough and Thorncliffe formations were deposited required ice blockage of the St
Lawrence valley; the ice margin was within the Lake Ontario basin during those lake phases
(Barnett, 1991). The Scarborough and Thorncliffe formations and the Sunnybrook drift (or the
equivalents) are considered to be present to some degree in the subsurface in Durham Region.
The geological record of the Late Wisconsinan (Michigan Episode), which began roughly 25,000
years before present, is clearly the best understood and most continuous in Ontario (Barnett,
1992). It records three major phases of glacial ice advance that affected the Lower Great Lakes
region – the Nissouri, Port Bruce, and Port Huron stades (now simply called phases by Karrow, et
al., 2000) - separated by two periods of ice front recession – the Erie and Mackinaw interstades
(now called phases as well by Karrow et al., 2000). The maximum extent of glacial ice was
reached about 18,000 to 20,000 years ago during the Nissouri Phase when the ice margin
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extended into central Ohio and Indiana (Dreimanis and Goldthwaite, 1973; see Barnett, 1992, Fig.
21.56a). The lake basin-controlled ice lobes in Ontario had completely coalesced and regional ice
flow was to the south or southwest. The major sedimentary unit deposited during this phase was
the Catfish Creek Drift, which comprises several layers of subglacial till with intervening stratified
glaciolacustrine and glaciofluvial sediments and supraglacial tills. The major layer of Catfish Creek
Till is widespread in southwestern Ontario and is mapped at surface in the Dundalk area.
Typically, it is a stony, highly calcareous, overconsolidated sandy silt to silt till of remarkable
textural consistency (Barnett, 1992). Within the Durham Region and the ORM study area, a coarsegrained till has been recognized in boreholes north of the ORM that is clearly older than the
regional surface till, commonly called the Newmarket Till (see below). P.J. Barnett (OGS geologist,
personal communications, 2006 and 2007) has found limited exposures of this till near the bases of
till upland features (see below), overlain by stratified deposits that are, in turn, capped by
Newmarket Till. This lower till has been informally named the “lower Newmarket till” and is probably
correlative with the Catfish Creek Drift. Ice front recession followed the glacial maximum during the
Erie Phase (see Barnett, 1992, Fig. 21.56b); there is evidence to suggest that Durham Region
became at least partly ice free at this time (P.J. Barnett, OGS geologist, personal communication,
2007).
Glacial activity during the Port Bruce Phase was again lobate in nature in southern Ontario and
produced a complex till stratigraphy that has been well documented by many workers, with a very
useful summary in Barnett (1992). The Newmarket Till, a major regional till sheet, was deposited in
Durham Region and adjacent areas at this time. This till is described as very compact, pebbly
sand to silty sand till by Gwyn (1972), who named this unit and traced it from the Niagara
Escarpment to Lake Scugog. Gwyn states that this is the same till as the “lower northern till’ of
White (1975; open file report from 1971 cited by Gwyn). This is the major surface till of the region
and forms drumlinized caps on upland areas from the Barrie area east to Rice Lake. In the
uplands, this till commonly overlies stratified subaqueous fan or glaciolacustrine deposits (Barnett,
1996a; Barnett and Mate, 1998; Barnett et al., 1999) that are informally called inter-Newmarket
sediments (INS) and may be of Erie Phase or early Port Bruce age.
Around the beginning of the Mackinaw Phase - roughly 13,500 years before present – large scale,
high energy subglacial drainage events created a system of major erosional features known as
tunnel channels (Shaw and Gilbert, 1990; Brennand and Shaw, 1994; Barnett et al., 1998). As flow
waned in these channels, they were partly infilled with water-borne sediments, which typically fine
upwards from a cobble or boulder lag. The tunnel channels deeply dissected the Newmarket Till
plain, leaving the discrete till upland areas mentioned above. The erosional surface defined by the
steep-walled tunnel channels and the drumlinized Newmarket Till surface is considered an
important regional unconformity (Barnett et al., 1998). Tunnel channel erosion and sedimentation
was followed by or was partly contemporaneous with the formation of the east-west trending Oak
Ridges Moraine, which is an important regional physiographic and hydrogeologic feature. This
moraine formed as a re-entrant which developed between Lake Ontario basin glacier ice and
northern ice. It is discontinuous and comprises several smaller landforms. Sedimentation was
rapid and took place in several environments: subglacial, ice-marginal and proglacial lacustrine
(Barnett et al., 1998).
During the Port Huron Phase, glacial ice again advanced both from the north and out of the Lake
Ontario basin. The Lake Ontario lobe advanced as far north as the crest of the Oak Ridges
Moraine and deposited the Halton Till, a texturally variable diamicton that ranges from a sandy silt
till to a silty clay till depending on the overridden substrate (Barnett, 1992). This till unit can be
traced from the Niagara River, around the western end of Lake Ontario as far east as Orono (OGS
2003). North of the ORM, the Lake Simcoe sublobe deposited the Kettleby Till, a clast-poor, silty
clay to clay diamicton (Gwyn, 1972), which is patchy in its distribution and generally only about 2
metres thick (Barnett, 1992, 1996a). Barnett (1996a) observes that outcrops of this till are generally
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confined to valley locations and it is usually associated with fine-grained glaciolacustrine deposits.
This unit is the “upper northern till’ of White (1975), who observed that it directly overlies the Halton
Till at an exposure in King Township (lot 26, concession VIII), which suggests that the movements
of the northern and Lake Ontario lobes were somewhat asynchronous.
With the recession of the last ice sheet near the close of the Wisconsinan, the southern parts of
Durham were inundated by Glacial Lake Iroquois, which formed prominent wave cut bluffs and
terraces and raised beaches, modified drumlins and other positive relief features, and deposited
extensive sheets of fine sand, as well as deeper water deposits of silt and clay. Much of the
northern part of the region was affected by the early stage of Glacial Lake Algonquin, with a pattern
of sedimentation and shoreline processes similar to Lake Iroquois. Subsequently, this lake fell to
the Main Glacial Lake Algonquin level with the opening of the Kirkfield outlet, reducing the area of
inundated land within Durham Region (Chapman and Putnam, 1984, Figures 11j, k, and l).
With lowering of the postglacial lake levels, geological processes in the region were mainly erosion
and sedimentation along streams; aeolian (wind) erosion and redeposition of existing sediments,
generally in the form of sand dunes; and accumulation of organic material in poorly drained areas
as deposits of peat and muck. The Admiralty stage of in the Lake Ontario basin was lower than the
modern lake (Mirynech, 1962), during which streams flowing into the basin would have eroded their
beds significantly in response to the low base level, possibly breaching surface or near surface till
aquitards. The lake level subsequently rose to the modern level, and rivers regraded themselves
by depositing thick vertical sequences of alluvial sediments – sand, gravel and silt.
In a recent study in the southwest part of Durham Region, intensive drilling found a thick
“Newmarket Till” sequence with relatively minor, discontinuous stratified glaciofluvial or
glaciolacustrine sediments within the till. The till overlies sediments of the Thorncliffe Formation
This study (in review) was conducted by Conestoga Rovers and Associates and Earthfx as part of
an environmental evaluation of the proposed Southeast Collector trunk sewer and involved drilling
of more than 160 boreholes, 140 of which were drilled on 100-m centres along the proposed route.
Borehole data from the Darlington area show a relatively thick “upper till” with only minor stratified
material in the till sequence. The apparent lack of inter-Newmarket sediments (INS) has led to the
assumption that both the upper Newmarket till and INS are largely missing south of the crest of the
ORM (see section 2.3.3). To the north of the ORM, the sediments separating these two till units
can be more that 10 m thick and locally can be quite gravelly (P.J. Barnett, OGS geologist,
personal communication, 2007). Where Quaternary sediments thin in the northern part of Durham
Region, many boreholes show only a single identifiable till unit or have one thick till with minor thin
diamicton units interbedded with stratified sediments. The thick till units may represent a “till
continuum” that spans the time from the advance of the ice front during the Nissouri Phase to
recession of the ice during or after the Port Bruce Phase, or it may reflect erosion of some part of
the sediment package. Sharpe (1990) observed an apparent till continuum between the Catfish
Creek Till and the texturally similar Elma Till (which is roughly equivalent to the Newmarket Till)
north of Singhampton Moraine near Holstein. South of this moraine there is an intervening till unit,
the fine-grained Tavistock Till, which, along with other sediments, separates the older Catfish
Creek Till from the Elma Till. It is a distinct possibility that a similar till continuum exists south of the
ORM. As the ice front receded and the ice mass thinned during the Erie Phase, a lobate pattern of
glaciation would have been re-established in the Great Lakes region. The Lake Ontario lobe may
have been more stable that the Lake Simcoe sublobe (northern ice) due perhaps to greater
thickness, possibly aided by ice supply and continued to occupy an area roughly bounded on the
north by what is now the crest of the ORM. Till deposition may have been fairly continuous
producing the thick, relatively uniform diamicton sequence observed in boreholes.
Detailed sedimentological studies were carried out along the Lake Ontario bluffs east of Oshawa by
Brookfield et al. (1982) and Martini et al. (1984), who made provisional stratigraphic correlations
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with sediments in the Scarborough bluffs and the Toronto area. Martini and Brookfield (1995) and
Brookfield and Martini (1999) applied the principles of sedimentary sequence analysis to the
Bowmanville bluffs area and divided the sediments into a glacial assemblage and a lacustrine
assemblage. In their Bowmanville area studies, Brookfield et al. (1982) and Martini et al. (1984)
identified:
1. a lowermost silt till (diamicton) unit with few pebbles that directly overlies bedrock in
boreholes (Singer, 1974) and was informally named the Port Hope Till;
2. a complex middle unit of lacustrine and glaciofluvial sediments with several thin silt till
(diamicton) units (Thorncliffe Formation or the equivalent);
3. a discontinuous unit of glaciofluvial sands with minor gravel, which unconformably overlies
units 1 and 2;
4. a till unit consisting of two sandy, pebbly tills, in places separated by and passing laterally
into glaciofluvial sands and gravels (Bowmanville Till);
5. a silt till that overlies unit 4 in a few sections (Bouchette Till); and
6. varved clays and sands that unconformably overlie all older units.
Singer (1974) carried out a hydrogeologic study of the Bowmanville-Newcastle area with special
emphasis on Quaternary stratigraphy. He correlated his Unit 1 with the Sunnybrook Till of the
Scarborough area (Karrow, 1967). Unit 4 was informally named the Bowmanville till by Brookfield
et al. (1982), who correlated it provisionally with the Lower Leaside Till of Karrow (1967), and
traced it as far north as the Oak Ridges Moraine (ORM). This till has been mapped at surface
south of the ORM by Barnett (1996b) and Brennand (1997) as “Newmarket Till” or “northern till”.
Unit 5 of Brookfield et al. (1982) is a till that they informally call the Bouchette Till but correlate
regionally with the Halton Till.
Surficial glaciofluvial deposits in the study area are found mainly in the ORM in the centre of the
study area (OGS, 2003). These deposits consist mainly of stratified sand and gravel, but may
include subordinate amounts of silt and even thin diamicton units. Some of the granular materials
found in the subsurface south of the ORM are probably also of glaciofluvial origin. The glaciofluvial
sediments of Unit 3 of Brookfield et al. (1982) are discontinuous and probably cannot be easily
differentiated from the Thorncliffe Formation (Unit 2) in boreholes.
Glaciolacustrine sediments are widespread in the Durham Model area, both at surface (OGS,
2003) and in the subsurface. As mentioned above, surficial glaciolacustrine deposits are mainly
products of sedimentation in Glacial Lake Iroquois and its successors to the south of the ORM and
Glacial Lake Algonquin to the north. There is a broad, irregular band of glaciolacustrine fine sand
across the centre of the area between the ORM and Lake Ontario and fine-grained deposits of silt
and clay are common nearer the shore (see OGS, 2003). Older glaciolacustrine sediments, mainly
silt and silty clay, are exposed in the valley of Bowmanville Creek near the village of Enniskillen
and are thought to predate the upper Newmarket till (Barnett, 1996b; P.J. Barnett, OGS geologist,
personal communication, 2008). These are probably inter-Newmarket sediments (INS). At
present, this unit has not been traced in the subsurface into the southern part of the model area.
As mentioned above, a thick sequence of glaciolacustrine sediments, with associated diamicton
units in the Bowmanville bluffs was described by Brookfield et al. (1982) and Martini et al. (1984)
and correlated provisionally with the Thorncliffe Formation in the Scarborough Bluffs. This
correlation was strengthened, in the opinion of Sharpe and Barnett (1984), by facies association
that includes the diamicton units which are analogous to the Meadowcliff and Seminary tills of
Scarborough (Karrow, 1967). This complex unit underlies the Newmarket Till.
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2.3 Stratigraphic Framework
The conceptual stratigraphic model of the ORM continues to evolve, and the Durham Model
represents the latest realization of that understanding. The following is a brief summary of the
development and evolution of the model.
As noted in the previous section, considerable work has been done in the study area. Many of the
main features of the conceptual stratigraphic model were first mapped and identified by others
(e.g., Karrow, 1967; Gerber and Howard, 2002) however the Durham Model is based primarily on
the evolution of two major conceptual models: the 2002 GSC Model and the 2006 YPDT-CAMC
Model. For a more detailed description of the Quaternary geological layers that are used in this
Durham report, the reader is referred to the 2006 Report and CAMC/YPDT (2007)
2.3.1

GSC 2002 Conceptual Stratigraphic Model

Beginning in the early 1990’s, the Geological Survey of Canada spent considerable effort
investigating the ORM area and, in 2002, constructed a three-dimensional stratigraphic model that
included the following five stratigraphic units:
1.
2.
3.
4.
5.

Halton Till (youngest);
Oak Ridges Moraine Deposits;
Newmarket Till;
Lower Sediments; and
Bedrock (oldest).

In the development of the 5-layer model, the GSC placed a particular emphasis on the depositional
and sedimentological processes that were critical to the development of the Oak Ridges Moraine.
These are well documented in Sharpe et al., 2002a and Sharpe et al., 2002b, and are shown
schematically in Figure 10.
While the Durham conceptual stratigraphic model includes additional layers and other refinements
(outlined below), it is based on the same sedimentological processes as identified by the GSC
(e.g., tunnel channel formation, Newmarket unconformity, and moraine deposition between ice
lobes). The GSC conceptual model was used to build the CAMC-YPDT Regional Model described
in the 2006 Report.

2.3.2

YPDT-CAMC 2006 Conceptual Hydrostratigraphic Model (Core Model Area)

The GSC conceptual model provided the foundation for the projects initiated by the CAMC-YPDT
study. These studies built on the stratigraphic insights and processes identified by the GSC but
placed a greater emphasis on the aquifer and aquitard layers. The following issues were identified
and addressed by this conceptual refinement:





Interconnected bedrock valley systems
Subdivision of the “lower sediments” for the purpose of better understanding the deep
municipal water supply aquifers
Semi-confining silt layers and aquifers associated with the tunnel channels
Thickness, extents and hummocky character of the Halton Till, and the influence of this till
on aquifer recharge
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The use of density-related material codes in the lithologic logs as an indicator of Newmarket
Till.
The use of well screen positions and clusters for aquifer delineation

These and other aspects of this conceptual stratigraphic model refinement are described in the
2006 Report. In summary, the following main hydrostratigraphic layers were defined:
1.
2.
3.
4.
5.
6.
7.

Halton Till Aquitard (youngest);
Oak Ridges Moraine Aquifer Complex (ORAC);
Newmarket Till Aquitard;
Thorncliffe Aquifer Complex (TAC)
Sunnybrook Aquitard;
Scarborough Aquifer Complex (SAC); and
Bedrock (oldest).

One of the most significant refinements in the 2006 conceptual stratigraphic model was the
subdivision of the GSC Lower Sediment deposits into three additional stratigraphic units (i.e., the
Thorncliffe Formation, Sunnybrook Drift, and Scarborough Formation). This refined aquifer and
aquitard classification was needed to develop the hydrostratigraphic (aquifer and aquitard) layers
as shown in Figure 10. Names for the lower units were selected based on the stratigraphy along
the Lake Ontario shoreline. This conceptual model was used to build the YPDT Core Model.
One issue identified, but not formally addressed, in the 2006 study was an observation that the till
uplands north of the moraine appeared to be made of multiple units, including an upper till,
intervening aquifer, and a lower till unit. In much of the northern area, the upper till was “picked” as
Kettleby Till, although it was recognized at the time that the Kettleby Till was limited in its extent.

2.3.3

YPDT-CAMC 2008 Conceptual Model (Durham Model)

Numerous discussions related to the conceptual model were held during the initial phases of the
development of the Durham Model. The stratigraphic framework set out in Kassenaar and Wexler
(2006) needed some revision but the decision to undertake a refinement of the conceptual model
was difficult, because a change would require efforts to modify the previous geologic "picks",
update the surface interpolation constraint lines, update the scripts used to correct and adjust the
interpolated surfaces, and revise the model construction methodology. On the other hand, the
recognition that the major surface till to the north of the ORM was of a different age than the
Kettleby Till, and that it does not overlie the moraine sediments, as the Halton Till does in the
south, were key considerations that warranted the revision. The surficial till units north and south
of the moraine could not be effectively represented by one layer.
A number of conceptual improvements were identified and incorporated into the layer picking and
construction process. These are listed below:
2.3.3.1 Subdivision of the Newmarket Till
As noted, two tills were identified in the uplands north of the moraine during the construction of the
2006 model. During the development of the Durham Model these were formally subdivided into the
following three units:
o
Earthfx Inc.
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Inter-Newmarket Sediment (INS) Aquifer, and;
Lower Newmarket Till Aquitard.

This layer subdivision corrected the nomenclature problem associated with Kettleby Till picks north
of the moraine. The picks were reviewed and renamed to upper Newmarket Till where appropriate.
It should be noted that this subdivision of the till uplands north of the moraine is consistent with
mapping completed by the OGS (Barnett, 1996a; Barnett and Mate, 1998; Barnett et al., 1999).
There remains some uncertainty as to whether the Upper Newmarket Till is present south of the
moraine. South of the moraine the INS, if present, has not been observed to have any significant
thickness. The presence of the Halton Till and Mackinaw Interstadial sands on the south flank of
the moraine, further obscures and complicates the identification and differentiation of the tills.
Given these uncertainties, the hydrostratigraphic model for the Durham area has been constructed
with the assumption that the Upper Newmarket and INS are both largely missing south of the
moraine. If present in the area south of the moraine, the Upper and Lower Newmarket Tills
constitute one uninterrupted unit.
2.3.3.2 Development of an Upper Newmarket unconformity surface.
The GSC identified a regionally significant geologic unconformity at the top of the (Upper)
Newmarket Till (Figure 10). During the development of the 2006 conceptual model this
unconformity surface (Top of Newmarket) was used to constrain all of the lower formation surfaces.
With the assumption that the Upper Newmarket is missing south of the ORM, it became necessary
to represent this unconformity in a more formal manner. A new, continuous unconformity surface
was created. North of the ORM the unconformity was developed from the "Top of Upper
Newmarket" surface. South of the ORM, the unconformity was developed from the "Top of Lower
Newmarket" surface. Beneath the moraine itself, the unconformity was defined by the "Base of
ORAC" surface, as discussed below.
2.3.3.3 Development of a Base of ORAC surface
Little is known about the base of the ORAC unit and whether the deposition of this unit resulted in
some erosion of the underlying tills. Defining the base of the ORAC and, in particular, the
interconnection between the ORAC and other north and south flank aquifers (INS, Mackinaw
Interstadial) is very important because this interconnection controls the lateral movement of
groundwater from the high recharge areas of the ORM.
South of the ORM, with the Upper Newmarket and INS units missing, the ORAC aquifer is likely
interconnected to, and likely transitions into the Mackinaw Interstadial deposits, and both aquifer
units are confined by the Halton Till. There is little evidence on the south flank of the moraine that
the ORAC has eroded significantly into the Lower Newmarket.
Beneath the ORM, little is known about the base of the ORAC and its interconnection to the lower
sediments. Modelling has indicated that there is some resistance to downward flow within the
ORAC sediments, and during the calibration of the Core Model it was necessary to create a lower
permeability zone in the Newmarket Till beneath the moraine to maintain elevated groundwater
levels within the high permeability ORAC unit. An alternative was to consider silt layers within the
ORAC unit as playing a role in limiting vertical groundwater movement within the ORAC.
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On the north flank of the moraine, it appears that the base of the ORAC extends downward to
create an interconnection between the ORAC and tunnel valley aquifers. Recent drilling south of
Port Perry might shed some light on the interconnection between the tunnel valleys and the ORAC
unit.

2.3.4

Durham Model Surfaces

Bedrock surface topography developed for the Durham Model is shown on Figure 11. The surface
is known to be dissected by valleys which are sometimes aligned with the present-day stream
system. The deepest bedrock valley is in the southwest corner of the region; the longest extends
north and then northeast from Ajax to Lake Scugog and has three known tributaries. The extent
and shape of the bedrock valley thalwegs, shown in Figure 11, were inferred from the available
borehole data. In general, it has been assumed that only one dominant drainage system has
played a main role in dissecting or eroding the valleys into the bedrock surface. The inferred
thalwegs were used as constraint lines when interpolating the borehole data. For the purposes of
modelling groundwater flow, the bedrock surface is presumed to be weathered to some depth,
assumed to be about 15 m in this study. This is similar to the assumption used in the 2006 Report.
Quaternary sediment thickness in the model area, obtained by subtracting the interpolated bedrock
from the land surface topography map is shown on Figure 12. The overburden deposits are
thickest at the crest of the ORM, increasing from west to east from about 170 m to over 210 m
thick. The overburden is also relatively thick in the vicinity of the till highlands that form the
headwaters of Harmony, Farewell, and Black Creeks and in the vicinity of the till highlands that
border Lake Scugog and separate Uxbridge Creek, Pefferlaw Creek, and the Beaver River (Note
that “Beaver River” and “Beaverton River” are used interchangeably). The overburden thin
considerable in the northern part of Durham Region; north of Cannington it is commonly less than
10 metres thick. There a few bedrock outcrops in the Beaverton area and numerous outcrops in
the extreme north end of the region on the Carden plain. Drift is also fairly thin in the southern part
of the region, in dissected areas between Pickering and Whitby.
Tops of the overburden units were determined by inspecting borehole data from the Ontario
Ministry of Environment (MOE) Water Well Information System (WWIS), geotechnical boreholes,
and high quality boreholes drilled by the OGS, GSC, and consultants to determine, if possible, the
tops of the stratigraphic layers. The geologic "picks" were then interpolated to form provisional
surfaces. Post-processing of the layers was conducted to identify areas where the surfaces
crossed or the interpolation did not appear correct. The surfaces were corrected where needed
and, in some cases, three-dimensional constraint lines were added and the surfaces were then reinterpolated and inspected. A general description of the process can be found in the Methodology
section of the 2006 Report (Appendix D).
As was done in the 2006 Report, all model surfaces were constructed using a grid that consists of
100-m by 100-m cells.
Additional details regarding the construction of the geologic model can be found in Section 3 of
CAMC/YPDT (2007)

2.3.5

Geologic Cross Sections
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Several regional geologic cross sections are presented here to illustrate the extent and relative
thickness of the geologic units comprising the stratigraphic model. Section locations are shown in
Figure 13. Cross-section A–A’ (Figure 14) runs north-south along or parallel to Highway 12/7 and
extends from north-south through the towns of Sunderland, Greenbank, Port Perry, and Oshawa.
Cross-section B–B’ (Figure 15) runs parallel to the Oak Ridges Moraine and extends from west to
east. It illustrates the extent and relative thickness of the layers. Cross-section B–B’ runs westeast along the northern flank of the ORM and generally perpendicular to the principal direction of
groundwater flow. Cross-section C–C’ (Figure 16) also runs parallel to the ORM along Highway 7
and Regional Road 3 between Whitevale and Kendal. It crosses the South Slope area and is also
perpendicular to the principal direction of groundwater flow.
There are a number of features of the stratigraphic framework that were considered to strongly
influence the flow of groundwater through the unconsolidated sediments. These include:

1. The thickness and continuity of the Newmarket Till that separates the shallow aquifer

system from the deeper part of the flow system and the thickness and continuity of the
Sunnybrook Drift that separates the intermediate and deeper aquifers;
2. The location of tunnel channels which have eroded through the Newmarket Till and
possibly through deeper units. The nature of the infill sediments controls the amount of
leakage between the shallower flow system and the deeper flow system; and
3. The thickness, continuity, and nature of the deposits of the Oak Ridges Moraine that
form a regionally-significant recharge area and the thickness, continuity, and nature of
the sediments that form the deeper aquifers.

2.4 Hydrostratigraphy
The term “hydrostratigraphy” is used to reflect the emphasis on using hydraulic conductivity to
distinguish the units that underlie the area and to separate them on the basis of whether they
function primarily as aquifers or aquitards.
The hydrostratigraphic model for the study area is expanded from the eight-layer model described
in the 2006 Report and consists of ten layers representing the overburden and shallow bedrock
system. The principal difference is that the Newmarket Till layer has been subdivided to represent
the Upper and Lower Newmarket Tills and the Inter-Newmarket Sediments.
2.4.1

Hydrostratigraphic Units

The table below lists the ten units represented in the Durham Model. The aquifers and aquitards in
the model area correlate reasonably well with the stratigraphic units. In this study the
hydrostratigraphic units delineated are not “true” hydrostratigraphic units in a sense since the
depositional history of the main aquifer units is generally quite complex with, for example, coarse
grained channel sediments juxtaposed with finer grained off-channel deposits. A prime focus was
therefore directed at delineating the significant aquitard layers within the study area and leaving the
intervening “aquifer” layers to comprise both fine and coarse grained materials. Differentiation of
the coarse and fine grained sediments within the intervening “aquifer” layers was then primarily
based on the hydraulic conductivity of the materials present in the well records. The term “aquifer
complex” has been used to signify a unit with mostly moderate to high permeability sediments that
may or may not be laterally continuous, but are likely derived from similar depositional processes.
For example, the term Thorncliffe Aquifer Complex is used to describe material that is believed to
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have been deposited within the Thorncliffe Formation (or equivalent) that is mainly sand and silty
sand but also includes lower energy, finer grained, and likely smaller-scale, bodies of silt or silty
clay. Additional effort, described further on, was directed at assigning hydraulic conductivity values
to the different zones within the aquifer units based on test data and lithology. The term “or
equivalent” has been used to account for the inherent uncertainty in extending the stratigraphic
nomenclature established in studies along the Lake Ontario shoreline (e.g., Karrow, 1967)
northwards to the rest of the Durham Model area.
Layer 1:
Layer 2:
Layer 3:
Layer 4:
Layer 5
Layer 6
Layer 7:
Layer 8:
Layer 9:
Layer 10:

Recent Deposits, Late Stage Lacustrine and/or weathered Halton Aquitard
(south of ORM); not represented north of ORM
Halton Aquitard (south of ORM); Late Stage Lacustrine (north of ORM)
Oak Ridges Aquifer Complex (ORAC)
Upper Newmarket Aquitard
Inter-Newmarket Sediments
Lower Newmarket Aquitard or Tunnel Channel Silts
Thorncliffe Aquifer Complex or Tunnel Channel Sands
Sunnybrook Aquitard
Scarborough Aquifer Complex
Weathered Bedrock

The upper 15 m of the bedrock (Georgian Bay and Blue Mountain Formations over most of the
area; Collingwood Member of the Lindsay Formation in the south near Lake Ontario) was assumed
to be weathered and was treated as an aquifer layer. It serves as an important source of water to
private wells in the northern part of Durham Region where the overburden is thin.
The Scarborough Aquifer Complex (SAC) primarily incorporates the Scarborough Sand unit of the
Scarborough Formation. The thickness of the unit is shown in Figure 17. These deposits are
found throughout in the western part of the model area but are generally restricted to the area
beneath the Oak Ridges Moraine in the eastern part of Durham. The unit is interpreted to be
absent or thin in areas with relatively high bedrock surface elevations and tends to be thickest in
the bedrock valleys.
The Scarborough Aquifer Complex is confined by the Sunnybrook Aquitard which primarily
incorporates the Sunnybrook Drift, a unit consisting of interbedded sand, diamicton, and laminated
clay, and/or equivalent units. The aquitard ranges in thickness from less than zero to 18 m (Figure
18). In Durham Region, it has been interpreted to be more geographically extensive than the
Scarborough Formation, however it is still absent in the northeast and in extensive areas along the
Lake Ontario shore. The Sunnybrook Aquitard is overlain, in turn, by the Thorncliffe Aquifer
Complex (TAC) which correlates with the Thorncliffe Formation, a regionally extensive,
glaciofluvial/glaciolacustrine stratified silt and sand deposit. The unit ranges in thickness from 0 to
over 125 m (Figure 19). This unit is interpreted as being present, but thin, along the Lake Ontario
shoreline to the east and absent in the areas of high bedrock elevation in the northeast of Durham.
Overlying the TAC is the Newmarket Till which consists of the Upper and Lower Newmarket Tills
and/or equivalent units and the Inter-Newmarket Sediments. The Lower Newmarket Till forms an
extensive regional confining unit while the upper Newmarket till is mainly present in the till
highlands north of the ORM. South of the ORM, the INS is present as discontinuous sand lenses
that separate the Halton Till from the Lower Newmarket Till. In this area it is difficult to differentiate
this unit from ORAC/Mackinaw sediments. The INS is thicker and more continuous north of the
ORM. The thickness of each of the units is shown in Figure 20 to Figure 22, respectively. The
overall thickness of the Newmarket package ranges from 0 to 65 m.
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The Newmarket Till was subjected to erosion by sub-glacial drainage events and is missing in
places. These erosional features are referred to in GSC reports as “tunnel channels”. These
tunnel channels were mapped in the Core Model area and have been extended into north Durham
Region as shown in Figure 23. A more complete description of the tunnel channel deposits and
their formation can be found in the 2006 report, but typically the tunnel channels are infilled by
coarser sand or gravel materials in the base with a fining-upward sequence of sands and silts
deposited as the meltwater energy waned. For groundwater flow considerations, the lower-most
coarse channel sands have been incorporated as part of the Thorncliffe Aquifer Complex, while the
upper silt layers have been incorporated within the Lower Newmarket Till Aquitard, a regional
confining unit. These zones are significant in that they can provide stronger hydraulic connection
between the upper and lower aquifers. The INS and upper Newmarket Till, although not referred to
as such, have been mapped by the OGS (e.g. Barnett, 1996) and are seen to often outcrop along
the edges of the till highlands which bound the tunnel channels north of the ORM.
Sediments associated with the Oak Ridges Moraine (ORM) overlie the Newmarket Aquitard and
are composed mostly of sands and gravels with local deposits of finer grained materials, mostly
fine silty sands and silts. The deposits are thickest on the Oak Ridges Moraine itself, in the centre
of the model area (Figure 24). South of the ORM, the ORAC unit is interpreted to be coeval or
even equivalent to the Mackinaw Interstadial sediments, which are present in places as a thin layer
between the Halton and Newmarket Tills. The ORM deposits and Mackinaw Interstadial sediments
(see Figure 8) were grouped into the Oak Ridges Aquifer Complex (ORAC).
Figure 25 shows the thickness of the upper-most layer, and it can be seen that this unit is fairly
discontinuous and because most of this unit is above the water table, it not expected to be
significant.
A late re-advance of ice from the Lake Ontario Basin placed the Halton Till along the south flank of
the ORM. It is a relatively thin, sandy clay till and is represented by the Halton Aquitard unit. South
of the moraine, recent alluvial deposits, as well as beach deposits and deep water lake sediments
of glacial Lake Iroquois, as well as deposits associated with local ponding of glacial meltwater,
collectively form a surface veneer over the Halton Aquitard and comprise the uppermost surficial
unit in the south part of the study area. Similar deposits associated with glacial Lake Algonquin are
found to the north of the ORM, however in this area the Late Stage Lacustrine sediments were
represented in Layer 2, where the Halton Till is missing.
2.4.2

Hydrostratigraphic Cross Sections

A north-south hydrostratigraphic cross-section A–A’ - taken along Highway12/7 - is presented in
Figure 26 to illustrate the extent and relative thickness of the ten hydrostratigraphic layers. This
figure can be compared with the geologic section presented in Figure 14. The interpreted surfaces
are found on a DVD in the back of the report.

2.5 Hydrologic Setting
2.5.1

Precipitation, Evapotranspiration, Recharge

There are 68 climate stations in the study area, 15 of which are designated as active while the rest
have historic records of various lengths. Locations are shown in Figure 27. The stations record
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precipitation (daily rainfall, snowfall, and total precipitation) and/or temperature (minimum and
maximum daily). Mean daily temperature (as measured at 27 stations with more than 10 years of
data) averaged 6.5 °C and ranged from a minimum of -27.3 to a maximum of 28.6 °C.
Temperatures variation tends to be moderated at stations closest to Lake Ontario. Temperature
statistics for the 27 stations with more than 10 years of data are provided in Table 2
10 years of data was chosen because this length of time provides reasonably continuous record.
Spatial detail would be lost had we chosen stations with 30 years (1970 to 2000). Precipitation,
measured at 34 stations in the study area with more than 10 years of data ranged between 725
and 1003 millimetres per year (mm/yr). Figure 28 shows station locations and a colour-scale plot of
the observed values interpolated over the study area using an inverse-distance squared technique.
No clear pattern is present in the distribution other than generally lower values were observed to
the west and higher values to the east. Rainfall, snowfall, and total precipitation statistics for the
stations are provided in Table 2.
Applying the Thornthwaite water balance equation (Thornthwaite and Mather, 1955), the annual
potential evapotranspiration (PET) was estimated to vary between 575 to 579 mm/yr (Environment
Canada, 2002), with a value of 575 mm/yr covering most of the area. The average water surplus
(i.e., average precipitation minus potential ET or P-PET) is about 327 mm/yr. Part of the water
surplus ends up as surface runoff to local streams while the balance infiltrates through the soil
profile and may eventually recharge the groundwater system. The Thornthwaite method is a very
simple method of calculating PET and water surplus and does not account for local variations in
precipitation, snowmelt, soil type, land surface topography, and land use which can affect actual ET
(AET), runoff and recharge rates.
For the 2006 Report, estimates of annual average recharge, based primarily, on surficial geology
type, were made in developing and calibrating the Core Model. Areas with hummocky topography
were assigned higher recharge rates because runoff generated from these soils was interpreted to
be focused into the bottoms of closed depressions where it could readily infiltrate. Recharge rates
in urban areas were reduced compared to those in rural areas to account for the higher runoff
generated by roads, rooftops, and other impervious surfaces. These estimates were used with
some modification in the northern part of the Durham Model area.
Data on land use, climate, and soil properties were analyzed in more detail for the Tier 1 Water
Budget study for the CLOCA watersheds using the U.S. Geological Survey (USGS) PrecipitationRunoff Modelling System (PRMS) code. Model results, discussed in more detail further on in this
report, were used to estimate the components of the water budget including precipitation,
snowmelt, interception losses, depression storage losses, potential and actual ET, and
groundwater recharge. Estimated values of groundwater recharge from the PRMS model analysis
were used in the southern part of the Durham Model.
2.5.2

Drainage

Due to its predominantly sandy surface soils and hummocky topography, the Oak Ridges Moraine
serves as the primary recharge area to underlying aquifers. The ORM forms a surface water and
groundwater divide between water flowing north to Lake Simcoe and the Kawartha Lakes and
water flowing south to Lake Ontario. While few streams are located near the crest of the moraine
itself, springs along the lower slopes of the moraine provide baseflow to streams that drain the till
plains to the north and south. Smaller streams and tributaries have headwaters that emerge on,
and drain the Glacial Lake Iroquois and Lake Algonquin beach deposits.
Within the Durham Model area, major streams draining south to Lake Ontario include Duffins
Creek, Lynde Creek, Oshawa Creek, Farewell/Harmony Creek, Bowmanville/Soper Creek and
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Wilmot Creek watersheds as well as the upper part of the Ganaraska River. Pefferlaw Brook,
Beaverton River, and parts of the Black River drain north to Lake Simcoe. The watersheds,
streams. lakes, and wetlands are shown in Figure 29 and Figure 30.
The surface water network has been classified by MNR based on the Strahler classification system
(see legend on Figure 30, which formed the basis for assigning estimates of stream properties in
the model. In the Strahler classification scheme, headwater tributaries are assigned a value of 1.
If two same-class tributaries combine (e.g., two Class 1 tributaries), the downstream segment is a
higher classification. If a higher and a lower class tributary combine (e.g., a Class 2 and a Class
1), the downstream tributary is given the same order as the higher-order tributary.
Many of the streams flowing south of the ORM are in deeply incised valleys that may penetrate
through the Newmarket Aquitard into the deeper sediments. North of the moraine, most of the
streams are located in broad, relatively flat valley systems that were formed by sub-glacial
erosional processes during tunnel channel formation. These streams exhibit sluggish flow and
drain wetland areas adjacent to the stream channels. This is partially due to topographic variation
which is much greater from the crest of the moraine southward to Lake Ontario (greater than 400
mASL to 75 mASL at Lake Ontario) than it is to the north towards Lake Simcoe and the TrentSevern system (greater than 400 mASL to 219 mASL at Lake Simcoe).

2.5.3

Streamflow and Baseflow

Figure 31 shows the location of long-term stream gauges monitored by Environment Canada and
the Conservation Authorities as well as locations where spotflow measurements have been taken.
As can be seen, Duffins Creek has the largest number of stream gauges, but only two are currently
active. The other major streams have only one or two (active or historic) gauges. Recently,
CLOCA, GRCA and LSRCA have reactivated some gauges and expanded the surface water
monitoring network.
Table 3 lists values of annual average streamflow at gauges with more than five years of data.
Flow in a stream is composed of two components: (1) overland runoff and (2) baseflow, which is
assumed to be primarily groundwater discharge to the stream but can include discharge from large
impoundments, wetlands, and sewage treatment plants. Average streamflow values can help
quantify the average losses due to evapotranspiration over the contributing areas. For example,
flow at Pefferlaw Brook near Udora (149127) averaged 3.29 m3/s, which is equivalent to 313 mm/yr
over the 332 km2 watershed. Using an average rate of precipitation at Udora (6119055) of 874
mm/yr, then total losses due to ET is about 561 mm/yr which is close to the Thornthwaite estimate
of 575 mm/yr. This analysis assumes that all groundwater recharge occurring within the
contributing area to the gauge exits as baseflow to the steam above the gauge and that net lateral
inflow of groundwater across watershed boundaries is small.
Flow in a stream is composed of two components: (1) overland runoff and (2) baseflow. Baseflow,
as referred to in this study (as well as the 2006 Report), represents the component of groundwater
discharge to a stream. Baseflow separation techniques are used to estimate the relative
contribution of baseflow to streamflow. Several automated techniques have been developed for
processing long-term flow records, some more conservative (i.e., assuming change in groundwater
discharge is negligible during a storm event) to more aggressive (i.e., assuming that groundwater
discharge increases significantly during the storm event). Conservative estimates can be used to
determine a minimum value of baseflow while the more aggressive techniques can be applied to
estimate baseflow in streams with a good hydraulic connection to the groundwater system/ and
where the groundwater response is assumed to be rapid.
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One filter method (Clarifica, 2002) has been applied to several of the southern Durham watersheds
and was found to produce reasonable results. In the method, a six-day running minimum flow
value is obtained from the daily flow data (3 day backward and 2 day forward). In a second pass, a
five-day running average (2 day backwards and 2 day forwards) of the minimum flow value is
obtained and compared against the actual flow. The minimum of the actual flow and the running
average is assumed to be the baseflow value. The running minimum flow and running average of
the minimum flow are both forward weighted by one day. An example of the results from this
method for Pefferlaw Creek streamflow data is provided in Figure 32. The method tends to be
biased towards increasing the amount of groundwater contribution to the storm hydrograph
compared to the smoothed minima method (FREND, 1989) which tends to connect the low flow
points on the hydrograph (also shown in Figure 32).
Estimates of annual average baseflow using the two methods are provided Table 3. Depending on
the stream and on the baseflow estimation method used, the estimated baseflow was found to
represent between 31 to 87% of the total flow in the streams, with most streams in the range of 50 60%. As noted, the separation methods cannot distinguish between groundwater discharge and
other relatively steady flows, such as discharge from sewage treatment plans or discharge from
impoundments and large wetlands. There are few wetlands south of the ORM but many wetlands
in the northern part of Durham Region. For those stations in the farther north parts of Durham that
lie downstream of larger wetlands (e.g. Pefferlaw, Beaverton) the estimated baseflow values shown
in Table 3 may over-estimate the actual baseflow because of discharge from these wetlands.
Average baseflow values can provide an estimate of the average rate of groundwater recharge.
For example, baseflow at Pefferlaw Brook near Udora (149127) averaged 2.23 m3/s using the
smoothed minima method is equivalent to 212 mm/yr. This analysis assumes that baseflow is
derived from recharge within the catchment upstream of the gauge. This assumption is not always
valid, particularly where the net underflow (inflow minus outflow of groundwater across the
watershed boundaries) is a significant component of the water balance. Average baseflow values
are an important calibration target. Although discussed later in this report, the simulated values
were compared to estimates of groundwater discharge to streams derived from the numerical
model (Table 3).

2.6 Aquifer Properties
The hydraulic properties of the overburden aquifers and confining units are extremely variable. An
effort was made to obtain an accurate representation of the spatial variations in aquifer properties
(i.e., aquifer thickness and hydraulic conductivity), since these variations influence the lateral
movement of groundwater. Estimates of the distribution of aquifer properties were obtained
primarily through an analysis of lithologic log data. Local aquifer performance test (APT) data for
the study area were reviewed (primarily contained in reports such as Jagger Hims, 2003) but did
not provide significant insight into the distribution of hydraulic conductivity on a regional basis.
While it is recognized that the quality of the lithologic logs are highly variable, there is no other data
set with the density of spatial coverage comparable to the WWIS (Water Well Information System –
MOE) data.
The method for estimating and interpolating the hydraulic conductivity values obtained from
lithologic logs is based on work conducted by Martin and Frind (1998) for the Waterloo Moraine.
The method was modified and applied to the ORM study as discussed in the 2006 Report and was
further refined for this study. A brief explanation follows.
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The lithologic logs in the YPDT-CAMC list the primary, secondary, and tertiary lithologic material
codes (referred to as Material 1, Material 2, and Material 3) for each lithologic unit encountered in a
borehole along with the unit top and bottom elevations. A list of all 908 Material 1/Material 2
combinations occurring in the logs for wells in the Durham area was extracted. The list was
reviewed to eliminate combinations that were the result of coding errors (such as "till" + "very"), to
eliminate bedrock descriptors (such as "granite" or "limestone"), and to eliminate descriptors that
provided little information (such as "light-coloured" or "sticky"). Reasonable estimates of hydraulic
conductivity were assigned to each material type (e.g. "sand" was assigned a hydraulic conductivity
of 1x10-4 m/s, "silt" was assigned 1x10-7 m/s, and clay was assigned 1x10-9 m/s) based on
published ranges (e.g. Freeze and Cherry, 1979). Combinations of materials were assigned
weighted average hydraulic conductivity values based on a set of rules (see Appendix B). For
example, a "silt" + "clay" was classified as a group of two fine-grained materials and was assigned
a value of 1x10-8 m/s, the harmonic mean (i.e., the antilog of the average of the log hydraulic
conductivities) of the two individual values. Mixtures of coarse and fine-grained materials were
assigned a weighted average of the log-hydraulic conductivities with the weights based on which
material was primary. For example, where Mat 1 is clay and Mat 2 is sand the material was
assigned a lower hydraulic conductivity (4.64x10-8) than where a Mat 1 is sand and Mat 2 is clay
(2.15x10-6). Modifiers, such as "dense" and "weathered" were assigned factors (e.g., 0.5 and 10,
respectively) used to multiply the hydraulic conductivity of the primary material.
Transmissivities were calculated for each lithologic unit or partial unit within each aquifer layer by
multiplying the assigned hydraulic conductivity by the unit thickness. Equivalent hydraulic
conductivities for each modeled aquifer layer were then determined by dividing the sum of the
transmissivities by the aquifer thickness. The log of the hydraulic conductivity estimates were then
screened for obvious outliers and interpolated to the model grid. A filter was passed through the
gridded data (a rounding to the nearest half-order of magnitude and elimination of extreme values)
to create uniform sub-areas.
Several limitations and biases of this method were recognized. Most significant is the imprecision
and inaccuracy in the reporting of geological materials in the well records. For example, a “clay" +
"sand” combination might refer to zones where alternate layers of sand and clay were encountered
and not necessarily a zone of sandy clay. Russell et al. (1998) noted that many drillers tend to
report silt as clay. Detailed descriptors such as “fine sand” or “coarse gravel”, which could have
provided insight regarding the hydraulic conductivity of the material, were rarely used in the waterwell driller’s logs. "Sand" appearing alone is the most common descriptor (10.4% of all
occurrences), yet the total number of occurrences of "fine sand", "medium sand", and "coarse
sand" is about 0.1%. "Sand" was assigned the same properties of "medium sand". Similarly
"gravel" occurs frequently, but descriptors like "medium gravel" occur rarely. Another common
occurrence is "clay" + "stones" (10.3%). This, along with "clay" + "gravel" and "clay" + "boulders"
were interpreted as surrogates for till. As well, every geological unit was not picked at all
boreholes, and therefore the resulting interpolated geologic surfaces do not go through all
boreholes at a lithologic contact. Thus, a lithologic sand unit can cross into the confining units and
clays and tills are also found within the aquifers. Using only the "picked" boreholes would reduce
this error but at the expense of discarding a large part of the borehole data.
The effect of the above was a high degree of spatial variability in the point values of hydraulic
conductivity. This, in turn, was reflected in the high nugget values and short correlation lengths
(range) determined through the variogram analysis prior to interpolation. Results of variogram
analysis for the four aquifers are provided in Table 4. The highest nugget is for the SAC (3.3), and
the range of nuggets is 1.7 to 3.3. For the SAC, the square root of the nugget (1.82), and this is
typically taken to be the local-scale error; however, because we kriged the negative log values of
hydraulic conductivity, the local-scale error is a factor of 10±1.82 (for example, the error in a value of
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(-1.18)

10 is a range of 10
to 10
). This includes variation due to both measurement error and
natural variation. The distribution of initial estimates of hydraulic conductivity for the ORAC, INS,
TAC, and SAC are shown in Figure 34 through Figure 37, respectively. These are compared to the
final K estimates later in the report. Values of hydraulic conductivity were modified from these
initial estimates during the process of model calibration. Anisotropy values of 0.5 were assumed
for the aquifer units.
Groundwater flow is largely controlled by the variation in aquifer transmissivity (i.e., hydraulic
conductivity multiplied by aquifer thickness). As an example, the transmissivity distribution for the
TAC (Layer 5), calculated using the hydraulic conductivity (Figure 36) and aquifer thickness values
(Figure 19) is shown in Figure 38. The transmissivity distribution for the SAC (Layer 7) is shown in
Figure 39. The ORAC is generally under unconfined (water-table) conditions in areas of its
greatest thickness. The effective transmissivity of the unit, therefore, depends on the saturated
thickness rather than the total thickness of the unit and is not shown in the report.
Hydraulic conductivity for the surficial aquifer, which represents the recent deposits and weathered
tills, was created by kriging the geologic borehole data, in a manner similar to the other aquifers.
Little data are available on the spatial variation in hydraulic properties of the weathered bedrock
unit and uniform properties were assumed for each geologic unit based on previous models.
Hydraulic conductivity for weathered Georgian Bay and Collingwood Member of the Lindsay
Formation were assigned values of 5.3x10-7 m/s. The Lower Member of the Lindsay Formation
and the Verulam Formation were assigned values of 1.06x10-6 m/s. A 15 m thickness was
assumed for the weathered zone. The anisotropy (Kh/Kv) value was assumed equal to 1.0 for all
rock units.

2.7 Aquitard Properties
Equally important were variations in the thickness and continuity of the aquitards which control the
vertical movement of water between aquifers. Unfortunately, there are little data on the spatial
variation in hydraulic properties within the aquitard units. Studies (e.g., Gerber, 1999; Gerber and
Howard, 1996, Gerber and Howard, 2002; and Gerber et al., 2001) suggest that the Newmarket
Aquitard can be considered a dual porosity medium with the bulk vertical hydraulic conductivity
controlled by features such as fractures, sand dykes, and steeply-dipping shear surfaces. Bulk
hydraulic conductivity values were on the order of 5x10-9 to 10-10 m/s while till matrix samples had
lower values ranging from 10-11 to 10-10 m/s
Hydraulic conductivity values assigned to the aquitards are shown here:
Aquitard Name

Halton Till
Upper Newmarket Till
Lower Newmarket Till
Sunnybrook
Channel Silt

Horizontal Hydraulic Conductivity (m/s)
-7

5 × 10
-8
1 × 10
-8
1 × 10
-8
1 × 10
-7
5 × 10

Anisotropy
0.3
0.2
0.2
0.2
0.2

One refinement of the Durham Model was the adjustment of aquitard hydraulic conductivity based
on the thickness of the units. This approach was developed to account for the likely decrease in
the density of vertical fractures at greater depths within the till. Tills less than 3 m thick were
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assumed to be highly weathered and therefore more permeable. Estimates of hydraulic
conductivity for weathered tills were increased by a factor of 10 and the anisotropy was set to 1.
Tills greater than 3 m thick were assigned an anisotropy value which decreased exponentially from
1 to 0.1 based on aquitard thickness. Aquitards with a thickness greater than 14 m were assigned
an anisotropy of 0.1. The base horizontal hydraulic conductivity for the Sunnybrook and Upper and
Lower Newmarket aquitards was set to 1x10-8 m/s, the base value for the Halton aquitard was set
to 5x10-7 m/s. . Anisotropy was calculated as:

  exp((thick  3) / 5)
  0.1

for thickness between 3 and 14 m
for thickness greater than 14 m

2.8 Aquifer Heads and Groundwater Flow
Groundwater level patterns in Durham Region reflect the complex aquifer layer geometry, recharge
patterns, influence of streams, and changing historical stresses. Observed groundwater levels
(also referred to as aquifer heads or potentials) served as the primary calibration targets for the
Durham Model and were extracted from the YPDT-CAMC database.

2.8.1

Well Screen Classification

The first step in the analysis of water level data was to assign an aquifer to each well based on well
screen information and based on the hydrostratigraphic layers. Analysis of the water level data
with respect to hydrostratigraphic layers allowed the determination of rates and direction of both
horizontal and vertical flow and allowed for correlation of observed water level patterns with
properties of the different aquifers, such as variation in hydraulic conductivity or thickness.
Distinguishing between water levels in the shallow and deeper aquifers made it easier to recognize
the influence of surface water features on shallow groundwater flow.
Well screen assignment was made based on the position of the well screen relative to a particular
layer top and bottom. It should be noted that there are many instances where wells are screened
partially within aquitards (likely due to interpolation of the surface elevations using a subset of the
data) and where well screens straddle two aquifers, making it necessary to apply a level of
judgement in the assignment process. When selecting wells for water level analysis, we discarded
wells that straddled multiple aquifers. Wells partially screened within aquitards were incorporated
into the water levels analyses only when the screens penetrated less than half the thickness of the
confining units above and below. Where no screens were reported in the well logs, the screen was
assumed to be located at the bottom of the well, and potentials were assigned to the geologic layer
where the well bottom is. Wells screened in the shallow bedrock were included with the SAC wells.
The number of wells screened in each aquifer unit is shown below:
Aquifer Name
ORAC
TAC
INS
SAC
Other layers
(1,2,4,6,8,10)

Earthfx Inc.
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6389
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Locations of wells, classified by aquifer sampled, are shown in Figure 40. In general, high well
densities are found in the ORM area and to the south with the exception of the urbanized areas
along the Lake Ontario shore (primarily because many of the wells in these areas were drilled
before records were collected and most have since been abandoned as lake-based supply was
brought in).
Also shown in Figure 40 are the locations of wells screened in aquitards and
unclassified wells, which occur when well screens do not meet the criteria to be included as aquifer
or aquitard wells (i.e., wells that are screened across more than two hydrostratigraphic units).
Overburden well coverage is sparse in the northeast part of Durham Region where the overburden
is thin. In this area, the SAC classified wells are mostly screened in the shallow bedrock. Good
coverage of the ORAC is provided in the ORM area but, as can be expected, data are sparser
north and south of the ORM where the aquifer is thin or missing. Coverage for wells screened in
the INS is limited to the till highlands in the area north of the ORM. Well coverage for the
Thorncliffe and Scarborough is poor beneath the ORM because drillers tend to find sufficient water
at shallow depth. Thorncliffe wells are more common north and south of the ORM. Similarly, wells
screened in the SAC (or shallow bedrock) are more common close to the shores of Lake Ontario
and Lake Simcoe. A table of water levels for wells interpreted to be in each aquifer is in the digital
database (subset of YPDT-CAMC Master Database) accompanying this report.

2.8.2

Water Level Data Analysis – Model Calibration Targets

Water level data include static water levels originally obtained from the MOE Water Well
Information System (WWIS) database, static water levels from other geotechnical and consultant
wells, and average water levels from long-term water-level monitoring sites. Locations of wells
having water level data are shown in Figure 41 through Figure 44 for the four aquifers (ORAC, INS,
TAC, and SAC/Weathered Bedrock). The colour-coding shows the relative water level in masl.
These data were used in the calibration of the Durham Model.
There are problems that have long been recognized with the static water levels recorded in drillers’
logs submitted to the MOE and the data could not be used without some filtering. Sources of error
include positional and depth measurement errors and questions as to whether static conditions
were achieved prior to measurement. Seasonal and year-to-year water-level variations also
introduce random noise in the data; these are most noticeable when analyzing clusters of water
level data. It is therefore uncertain whether a particular measurement in the data set is accurate
and, even if accurate, whether it represents a reasonable measurement of an average water level
at that point. The accuracy of maps produced from these data is similarly affected. However, the
MOE WWIS data are the only data set with sufficient spatial coverage to allow mapping of
potentiometric surfaces over the entire model area and, in general, it is important to note that the
water levels and the spatial trends observed in the mapped water level surfaces appear consistent
and reasonable.
Wells were filtered to eliminate ones with obvious location inaccuracies. Posting of the water level
data using colour-shaded symbols (as shown in Figure 41 through Figure 44) allowed for the
checking and screening of obvious outliers. A statistical test for outliers was also conducted by
sampling the 32 nearest neighbours to the well and using the Rosner statistic (Rosner, 1983) to
flag possible outliers. Possible outliers were checked visually and excluded from further
processing if they failed visual inspection. This filtering technique is most effective where there are
a relatively large number of wells in close proximity to the well being checked. It was more difficult
to detect outliers in areas of sparse coverage or near the boundaries of the study area. Figure 45
shows the locations of these outliers for each aquifer unit.
Earthfx Inc.

33

Simulation of groundwater flow in the Regional Municipality of Durham

November, 2010

The remaining water level data, shown in Figure 41 through Figure 44, were interpolated using a
geostatistical technique referred to as “kriging” to determine general patterns of groundwater flow
and head differences between the aquifer units. Kriging is a weighted averaging interpolation
method that attempts to minimize variance and bias in the results while honouring the local values
at the data points. Prior to the interpolation, all possible data pairs were examined to determine the
relationship between sample variance and lag distance. A theoretical variogram was fitted to the
sample data and then used in the construction of the variance matrix needed to calculate the
weights. Along with interpolated water levels, the kriging analysis produces estimates of the
variance and standard error of estimate at each interpolation point.
The interpolated groundwater levels for the ORAC are shown in Figure 46. It should be
emphasized that these maps are interpolations of the raw data and do not include additional
constraints such as requiring the contours to match surface water elevations where the contours
intersect streams or lakes.
Results of the variogram analysis for the water level data in the four aquifers are provided in Table
5. The non-zero nugget values indicates that the water level data have an average systematic
error ranging from about ±4 m in the INS to ±7 m in the TAC. Note that this is even Ywith outliers
removed. These values compare reasonably well to those determined in the 2006 Report, where,
for the Core Model, the nugget values were found to be 20 m2 (ORAC), 50 m2 (TAC), 70 m2 (SAC).
In the Core Model, the wells screened in the weathered bedrock were not combined with the SAC
wells, resulting in the larger nugget value for the Core Model SAC variogram. Interpolated
groundwater levels for the ORAC, INS, TAC, and SAC are shown in Figure 46 through Figure 49,
respectively. The white areas on the map indicate areas where the aquifer is thin or missing and/or
areas where the kriged variance was more than four times the nugget value due to data sparsity.
The variogram fittings in Durham Model are similar to Core Model. The nuggets in Durham Model
are lower than in the Core Model. For comparison, Table 5 shows the variogram results from the
Core Model.
The interpolated ORAC water levels (Figure 45) show a number of significant features in the study
area that needed to be matched by the numerical model, including:








high water levels under the Oak Ridges Moraine and in the till highlands north of the
ORM;
high water level that extend southward to the headwaters of Duffins, Harmony, Farewell,
and Black Creeks;
strong southward flow from the ORM toward Lake Ontario;
a general tendency for surface water divides to also serve as groundwater divides,
although cross watershed flows occur in Soper and Bowmanville Creek watersheds and
between Farewell and Black Creek watersheds;
the influence of the shallow streams on the groundwater levels (as seen in the
pronounced bending of the contours around the streams);
relatively flat gradients at the top of the ORM indicating high hydraulic conductivity or
low recharge rates; steeper gradients along the flank of the moraine, suggesting
confinement and/or a thinning and/or fining of the aquifer materials, flat gradients in the
South Slope area which likely indicates that little recharge is occurring, and local areas
of steeper gradients where the aquifer thins or pinches out.

Interpolated groundwater levels for the INS (Figure 47) show that high water levels occur within the
till uplands north of the ORM and that groundwater drains out to the adjacent lowlands, leading to
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the discontinuous water surface. Data are sparse elsewhere where the unit is thin or missing. The
interpolated TAC water levels (Figure 48), exhibit a number of significant features, including:







the potentiometric surface in the TAC is generally a subdued replica of the ORAC
surface although much of the area under the ORM is blanked out on Figure 48 because
of high variance due to data sparsity;
water levels are generally lower in the TAC than the ORAC indicating that downward
leakage is occurring over most of the area where both units are found;
a general tendency for surface water divides to also serve as groundwater divides even
in the deeper system;
the influence of the major streams, particularly the lower reaches of Duffins, Oshawa,
Bowmanville, and Soper Creeks, on the groundwater levels (as seen in the pronounced
bending of the contours around the streams);
steeper gradients along the south flank of the moraine indicating a thinning and/or fining
of the aquifer.

The interpolated SAC water levels (Figure 49) show a number of significant features in the study
area that needed to be matched by the numerical model, including:



The influence of topography and streams is much more subdued than in the upper aquifers
although this may be due to limitations in data coverage;
higher water levels under the Oak Ridges Moraine, indicating that downward leakage is
likely providing recharge to the SAC.

Groundwater is exchanged between the different aquifers as leakage across the aquitards. The
direction of vertical flow depends on the relative heads in the different aquifers. Leakage rates vary
locally depending on the magnitude of the vertical gradients and on the thickness and hydraulic
conductivity of the confining units. Leakage is downward beneath the ORM, especially where the
Newmarket Till is thin. Gradients are generally downward over most of the study area and are
steepest where the Newmarket Till is thickest. Local reversals in the gradient are noted in the
vicinity of streams where water levels in the upper aquifer are depressed , in the southern part of
the study area along the Lake Ontario shoreline, and in the northwest along the Lake Simcoe
shoreline although the data to support these observations is sparse.
One difference between the north and south portions of the study area is the presence of the
Halton Till confining layer on the south slope. Where the Halton till has crested the topographic
divide of the moraine the groundwater divide is shifted northward. Since the regional groundwater
divide forms under high recharge window, the groundwater and surface water (topographic) divides
are spatially separated.

2.9 Groundwater Use
The majority of the population of Durham Region area is concentrated on the Iroquois plain with
most settlements serviced by pipelines from Lake Ontario. Smaller communities are currently
serviced by municipal wells (see Figure 1) or shallow private wells. Groundwater is also extracted
from the aquifers in the study area for agricultural use, industrial use, golf course irrigation, and
snowmaking. Extraction of over 50,000 litres of water per day from a surface or groundwater
source requires a Permit to Take Water (PTTW) from the Ministry of Environment. Actual water
use is generally less than the permitted water takings. New regulations have been implemented
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requiring permit holders to report actual water use to the MOE but these data were not available at
the time of the study.
Table 7 provides estimates of municipal pumping compiled by CAMC staff. Information on water
use for municipal supply is maintained by the municipalities. Gartner Lee (2003) compiled data on
other water use by watershed. The most important source of information on individual large
groundwater user is the MOE PTTW database. Verifying these data, eliminating temporary permits
(e.g. for an aquifer test), and associating the permit with specific wells, and estimating actual
consumption is difficult. The Conservation Authorities have done considerable work with the
database as part of the water budget studies conducted for the Source Water Protection program.
Table 8 lists information for other groundwater uses compiled by TRCA for wells in their jurisdiction.
Information on groundwater use in the CLOCA watersheds was compiled by Earthfx for a Tier 1
Water Budget study. This information is summarized in Table 9.

2.10 Conclusions
This concludes the description and discussion of the geologic and hydrogeologic conditions in the
Region of Durham. In summary, while the Oak Ridges Moraine dominates the physical setting,
conditions on the north and south of the moraine are quite different. Aquifers on the south slope of
the moraine dip more steeply resulting in a stronger regional flow system. On the north slope,
groundwater flow gradients are weaker and local flow systems, between the till uplands and the
numerous wetlands in the tunnel valleys, are more prevalent.
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3 GROUNDWATER MODEL DEVELOPMENT
3.1 Introduction
The development of a groundwater model involves a number of complex data compilation,
numerical analysis and interpretation tasks. While considerable insights about the study area can
be drawn from the data compilation, conceptual model development, and model input data
preparation (presented in the previous section), additional understanding is drawn from the model
calibration and testing phase, outlined below.

3.2 Groundwater Flow Model
A groundwater flow model is simplification of the physical, hydrologic and hydrogeological factors
that affect rates and direction of groundwater flow and includes descriptions of pertinent physical
characteristics such as:








stratigraphy (e.g., descriptions of bedrock and overburden stratigraphic layers, stratigraphic
correlations, unit top and bottom elevations, lateral extent and thickness);
hydrostratigraphy (e.g., descriptions of the aquifers and aquitards in the study area, their
top and bottom surface elevations, lateral extent and thickness;
aquifer and aquitard properties (i.e., estimates of hydraulic conductivity, anisotropy, and
saturated thickness, and transmissivity);
inputs to the hydrologic system needed to estimate groundwater recharge and discharge
(e.g., rates of precipitation, evapotranspiration, overland runoff, infiltration, and baseflow);
properties of the surface water system and factors controlling groundwater/surface water
interaction;
anthropogenic inputs and outputs from the groundwater system (pumping rates and return
flows); and
other significant features (e.g., surficial geology and topographic features such as areas of
hummocky topography that may affect recharge, discharge, and groundwater flow).

The groundwater flow model represents a synthesis of this information. Developing a refined
conceptual flow model was a significant component of this study and led to an improved
understanding of the study area and to creation of a numerical model that better represented the
behaviour of the groundwater system and its response to changes in stress. The development of
the conceptual model is presented in the previous report section; however in this section the issues
related to representing those concepts in the flow model are discussed.

3.3 Durham Model Specifications
The groundwater model for Durham Region was developed to incorporate the geologic and
hydrogeologic information described in the preceding section. Development of the numerical
model drew upon the knowledge and experience gained from previous work done for the 2006
Report and in the Tier1 Water Budget study for CLOCA (Earthfx, 2008). The 2006 Report
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describes model conceptualization, geologic interpretation, hydrostratigraphic surface generation
methods, recharge estimation and model calibration techniques. The CLOCA study (Earthfx, 2008)
focussed on the hydrology of the southern part of Durham Region and the distribution of
groundwater recharge. These studies, in turn, built on the earlier investigations by the Geological
Survey of Canada (GSC) (e.g., Sharpe et al., 1999), Ontario Geological Survey (OGS) (e.g.,
Barnett et al., 1998), Ministry of the Environment (e.g., Sibul et al., 1977), and University of Toronto
researchers (e.g., Gerber and Howard, 2002) that have helped to characterize the hydrogeology of
Durham Region.
Initially, the Core Model (with preliminary modifications to the geologic model) was extended to the
east to cover most of Durham Region. This version, referred to as the "East Model", was used in
the CLOCA Tier 1 water budget study. With the change in the geological model as described
earlier, a separate Durham Region focused model was developed. Specific requirements and/or
refinements of the Durham focused numerical model included:
1. creation of a new model grid to cover all of Durham Region;
2. selection of new model boundaries that allowed for detailed analysis of local effects but
extended to natural hydrologic boundaries;
3. incorporation of the latest interpretation of regional geology, including:
- updates to the overburden stratigraphy "picks" based on the revised
interpretation (i.e., subdivision of the Newmarket Till aquitard into the Upper and
Lower Newmarket tills and INS units) as well as new information and geologic
insight;
- updated elevations of the hydrostratigraphic surfaces (i.e., unit tops and
bottoms);
4. application of statistical outlier tests to improve the quality of data used in calibration
targets;
5. improvements in the method of estimating hydraulic properties;
6. adjustments to methods for estimating hydraulic conductivity of aquitards;
7. improvements to methods for estimating rates of groundwater recharge;
8. incorporation of updated water use estimates to represent groundwater extraction in the
model;
9. representation of wetlands as well as all perennial streams; and
10. usage of parameter estimation techniques (PEST) to optimize model calibration.
Many of the refinements have been discussed in the previous section. The remaining aspects are
discussed below.

3.4 Groundwater Flow Equation
Groundwater flow is governed by Darcy’s Law, which states that flow is proportional to the
hydraulic gradient and to the hydraulic conductivity of the aquifer material and is given by:

q  K

dh
dx

(Eq. 1)

where q is the specific discharge or rate of flow per unit area, K is the hydraulic conductivity, and
dh/dx is the hydraulic gradient (change in hydraulic head per unit length). Groundwater flow is also
governed by the Law of Conservation of Mass which states that, under steady-state conditions, all
inflows to an area are balanced by outflows. When the mass balance equation is combined with
Darcy’s Law, it yields the governing equation of groundwater flow. The groundwater flow equation
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for two-dimensional flow in a confined aquifer with recharge, discharge, and leakage from above
and below can be written mathematically (Bear, 1979) as:
Nwell
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transmissivity in the x direction;
transmissivity in the y direction;
hydraulic head;
vertical hydraulic conductivity of an overlying (or underlying) confining
unit
thickness of the overlying (or underlying) confining unit;
head in the aquifer layer overlying/underlying the confining unit;

=
=

rate of groundwater recharge;
pumping rate (per unit area) at well k

U

N
Q’K

A similar equation can be written for each aquifer in a layered sequence of aquifers and confining
units. When an aquifer layer is unconfined, the transmissivity terms TXX and TYY are replaced by
the effective transmissivity, equal to KXX(h-b) and KYY(h-b)where b is the base of the aquifer layer
and Kxx and Kyy are the hydraulic conductivities in the x and y directions .
Equation 2 is a differential equation which forms the basis of the mathematical model developed for
the study area. The equation is “solved” to determine aquifer heads at all points in the model area.
Information in the form of aquifer properties, recharge and discharge rates, and conditions along
the study area boundaries, are provided as input to the model to make the solution unique to the
study area. Numerical methods were used to solve Equation 2 because study area boundaries are
irregular and aquifer/aquitard properties, aquifer geometry (stratigraphy), and rates of recharge and
discharge vary spatially within the study area.

3.5 MODFLOW Model Code
The groundwater flow model used to solve Equation 2 in this study is the U.S. Geological Survey
MODFLOW code. This code is recognized worldwide and has been extensively tested and
verified. The MODFLOW code is extremely well-suited for modelling regional and local-scale flow
in multi-layered aquifer systems and can easily account for irregular boundaries, complex
stratigraphy, and spatial variations in hydrogeologic properties. The version of MODFLOW used is
documented in McDonald and Harbaugh (1988) and Harbaugh and McDonald (1996). Best
practices for groundwater modelling and professional judgement were followed when applying and
calibrating the numerical models as outlined in the ASTM (2000) standards for groundwater flow
modelling.

3.6 Model Grid
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MODFLOW uses the finite-difference method for approximating the differential equation of
groundwater flow. The method requires that the study area be subdivided into a grid of small
rectangular cells. Aquifer properties, such as top and bottom elevations for each layer, hydraulic
conductivity, and recharge and discharge rates, are assigned to each cell in the grid. Boundary
conditions are specified for cells that lie along lines corresponding to the physical boundaries of the
flow system (e.g., edges and rivers/drains). The model grid for the Durham area has 826 rows and
800 columns with square cells, each 100 m on a side.
MODFLOW works in a local, grid coordinate system based on row and column numbers. The
VIEWLOG pre-processor was used to help translate geo-referenced map data into MODFLOW
coordinates. The local origin for the model grid is at UTM coordinates 630000 E and 4848000 N.
All digital maps and well data for the study area were referenced using NAD83 (UTM Zone 17) grid
coordinates.

3.7 Model Layers
There are a number of approaches that can be used to represent the hydrostratigraphy in the
MODFLOW model. In the Durham Model, the study area was subdivided into layers, where each
layer represented a separate hydrostratigraphic unit, either an aquifer or aquitard.
Ten model layers, coinciding with the ten hydrostratigraphic layers described in the previous
section, were used to represent the overburden and shallow bedrock. This differed from the Core
Model in that the Newmarket Aquitard was subdivided to represent the Upper and Lower
Newmarket Tills and the Inter-Newmarket sediments. Land surface forms the uppermost model
layer surface (i.e., top of Layer 1). Land surface topography is shown in Figure 4. The 5-m digital
elevation model (DEM), provided by MNR, was re-sampled to the model grid.
The numerical model code used in this study requires continuity of aquifer layers whereas the
hydrostratigraphic model allows units to have zero thickness. A pre-processor code was written
with a set of rules to adjust layer thickness and properties to maintain layer continuity. Where
upper layers pinched out, layer thickness was set to zero and the cells were designated as
“inactive” (i.e., they were no longer considered part of the groundwater flow system and continuity
was not required). Lower layers were then checked for zero thickness. Where this occurred in an
aquifer layer, the aquifer layer was assigned a minimum thickness (1.0 m). A minimum thickness
of 0.5 m was set where aquitard thickness was zero and the hydraulic conductivity was increased
to allow vertical flow between the overlying and underlying aquifers. Figure 50 shows a north-south
cross section along line A-A' showing model layers and how layer continuity was enforced in the
numerical model.
The hydraulic conductivity of Layer 6, shown in Figure 51, representing the Lower Newmarket was
adjusted in the tunnel channel areas (see Figure 23). The aquitard was interpreted to be missing in
these areas but a degree of confinement of the lower units was still afforded by silt layers deposited
in the tunnel channels. The higher vertical permeability of the silts (5x10-7 m/s in the calibrated
model) allowed for a greater exchange of water between the ORAC, INS, and TAC. Other areas of
higher hydraulic conductivity (Figure 51) represent areas where the Lower Newmarket Till was
exposed at surface and/or is thin. White areas within the model boundary represent areas where
the overburden layers 1 through 6 were thin or missing.
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3.8 Model Boundary Conditions
MODFLOW can represent three general types of conditions along the physical boundaries of the
model. All three boundary condition types - constant head, no-flow, and head-dependent
discharge boundaries - were employed in the numerical model to represent natural hydrologic
boundaries.
Figure 52 shows the location of constant head and no-flow boundary cells in Layer 10. Cells
bordering Lake Ontario and Lake Simcoe were treated as constant head cells with the elevation set
to average lake levels of 75.2 masl and 219 masl, respectively. Cell underlying Lake Scugog were
also set as constant head cells with the elevation set to an average lake level of 250 masl.
A no-flow boundary condition was applied along the lateral boundary of the model area, indicating
that flow across the external watershed boundaries was expected to be small. A no-flow boundary
condition was applied at the base of the lowest model layer representing the assumption that the
bedrock below a relatively thin weathered zone is much less transmissive than the weathered
zone.
Figure 53, Figure 54, Figure 55, and Figure 56 show the location of constant head and no-flow
boundary cells for Layers 7, 4 to 6, 3 and 1, respectively. Additional cells have been set as inactive
(or no-flow) where the overburden in Layers 1 to 6 is thin or missing.

3.9 Stream and Wetland Boundaries
Groundwater discharge to streams was simulated using two different types of head-dependent
discharge boundaries, referred to in MODFLOW terminology as “rivers” and “drains” (McDonald
and Harbaugh, 1988). Locations of the drain and river cells are shown in Figure 57. MODFLOW
drains were used to simulate discharge to the headwater tributaries of the streams (Strahler Class
1, 2, and 3). The key assumption regarding drains is that leakage occurs in only one direction,
from the aquifer to the drain (Figure 58a). When simulated aquifer heads drop below the
controlling elevation of the drain, the drain is presumed to go dry and no flow occurs from the drain
back to the groundwater system (Figure 58b). A MODFLOW parameter, called the “drain
conductance”, is calculated as the stream length within the cell multiplied by the top width and by
the streambed hydraulic conductivity and divided by the streambed thickness. Drain conductance
values and drain control elevations were specified for each drain segment that passed through a
model cell.
MODFLOW rivers were used to simulate groundwater discharge to the lower reaches of major
streams (Strahler Class 4 and above, Figure 57). The key assumption regarding MODFLOW rivers
is that leakage can occur in either direction when the aquifer head is above the bottom elevation of
the streambed (Figure 58c). When aquifer heads drop below the base of the streambed, the river
is assumed to be perched and water leaks out of the river at a constant rate based on the
difference between the river stage and the elevation of the streambed bottom (Figure 58d). A
MODFLOW parameter, called the “river conductance”, is calculated as the stream length within the
cell multiplied by the top width and by the streambed hydraulic conductivity and divided by the
streambed thickness. River conductance, river stage, and streambed bottom elevation values
were assigned to each river segment that passed through a model cell.
Some simplification was necessary to automate the process of assigning stream properties.
Stream reaches were first assigned a Strahler classification number (see Figure 29) and then each
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stream reach was assigned an average width and bed thickness (B’) based on the Strahler
number. Both river and drain stream bed thickness are 1 metre, and streambed base elevation is 1 meter relative to topography. Bed Widths are shown in the table below.
Strahler Class
1
2
3
4
5
6

Stream Bed Width (m)
1
2
4
8
12
15

Stream segments were assigned a model layer based on the geologic model. Streambed hydraulic
conductivity (K’) values were set equal to a standard value (5.0x10-6 m/s), which is in the range of
silt to silty-fine alluvial sand, unless the stream was within a lower permeability unit, in which case,
the streambed hydraulic conductivity was set to one-fifth of the aquitard hydraulic conductivity.
(Note, a factor of 1/5 was chosen because it’s lower than the hydraulic conductivity, and we have
assumed finer material along the streambed). Where streams cross coarser sediments, the
streambed still limits the conductivity of the stream, and as a result, these coarser sediments are
not considered. The 5-m DEM was used in estimating controlling elevations for the drains and
rivers. VIEWLOG was used to prepare the river and drain data sets.
There are a large number of wetlands in the study area (Figure 29) with the larger ones located
north of the ORM. Wetland areas were treated as MODFLOW drains because we assumed the
wetlands (which tend to be in lowlands) were points of groundwater discharge, and we did not feel
that there was significant loss of water from the wetlands to the aquifer in the discharge zones.
Each cell underlying the wetland was assigned a drain conductance calculated using a length and
width equal to the length and width of the MODFLOW cell and a hydraulic conductivity (K’) value
set to 1.0x10-7 m/s unless the wetland was located on a lower permeability unit. The stage for the
wetlands was set to one metre above the DEM. Lake Scugog was treated as a lake to allow for
leakage at the downstream end.
A total of 74,675 drain segments and 8542 river segments were used to represent all the streams
and wetlands in the Durham Model.

3.10 Groundwater Recharge Estimates
The rate of groundwater recharge varies over the study area and is controlled by the spatial
distribution of precipitation, soil properties, topography, vegetation, and land use. Rates of
recharge used in the previous 2006 modelling were estimated based primarily on surficial geology
and land use and refined in model calibration. To further refine local estimates of recharge in
southern Durham Region, the USGS Precipitation-Runoff Modelling System (PRMS) code
(Leavesely, 1983) was applied to the Central Lake Ontario Conservation Authority (CLOCA) area.
Detailed discussions of the PRMS model development and application can be found in Earthfx
(2008). A brief summary is provided below.
The PRMS code calculates a water budget for each Hydrologic Response Unit (HRU), defined as a
watershed or catchment with similar hydrologic properties. The code was modified by Earthfx to
allow each HRU to represent one grid cell and, thereby, easily link PRMS to the MODFLOW model.
The CLOCA area watershed was discretized with a 25-m cell size to better represent land use and
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surficial geology variation. The estimated recharge values determined for the 25-m cells were
summed and remapped to the 100-m Durham Model cells.
The PRMS model was run in “daily” mode and used daily rainfall and temperature from eight
Environment Canada climate stations. The model tracks water in each HRU (25-m cell) as it
moves through a number of “storage reservoirs”, such as interception storage, depression storage,
snowpack, shallow soil moisture, “subsurface water” (a perched water zone), and the groundwater
reservoir. Water in the snowpack is subject to sublimation and melting/refreezing. The
interception, depression, and soil moisture storage reservoirs are subject to evaporation and/or
evapotranspiration (ET) on a daily basis.
Each HRU (25-m cell) can contain pervious and impervious surfaces and the water balance for
each type is computed separately. The model computes interception by vegetation in pervious
areas and capture by depression storage in impervious areas. Net precipitation is added to the
snowpack, if present, and the snowpack depth, density, and temperature are adjusted based on
maximum and minimum air temperature and solar radiation. Net precipitation plus snowmelt on
impervious areas is assumed to runoff and contribute to daily streamflow. Net precipitation plus
snowmelt on pervious areas is partitioned between infiltration and runoff. Runoff was computed
using the U.S. Soil Conservation Service (SCS) curve number technique. Deposits in areas of
hummocky topography were assumed to have lower runoff and higher infiltration rates than similar
deposits in non-hummocky areas. A more detailed description of the treatment of hummocky areas
is provided in Section 3.2.6 of Earthfx (2008).
Water entering the soil in pervious areas is subject to ET. Excess water (above field capacity of
the soil) percolates beyond the active soil zone and enters the subsurface reservoir. The depth of
the active soil zone was estimated by the water table depth and soil type, and adjusted as part of
model calibration. Percolation to groundwater from the subsurface reservoir, which is dependent
on hydraulic conductivity, is assumed to have a maximum daily limit and excess infiltration is held
back in the subsurface. This water can discharge to streams (as interflow) or percolate to the
groundwater reservoir over several days. The groundwater reservoir discharges to baseflow at a
rate dependent on a discharge coefficient and the volume of water stored in the reservoir. The
model was calibrated to surface water flow data collected at Environment Canada gauges in the
study area. Estimates of baseflow (assumed to be mainly groundwater discharge to streams) were
also compared to simulated baseflow as part of the calibration process.
The PRMS model was run over a 19 water year simulation period (from October 1980 to
September 1999). Figure 81 (See Appendix A) shows the average annual precipitation over the
CLOCA watersheds based on the 19 years of daily data used as input to the PRMS model.
Highest rates occur in the Tyrone area. Figure 82 shows the net ET over the CLOCA watersheds.
This includes evaporation from interception and depression storage as well as soil moisture ET.
ET rates are generally lower on the sandier soils which allow rapid infiltration and percolation to
depth. Figure 83 shows the annual average surface runoff from both pervious and impervious
surfaces. High runoff rates occur in the urban areas and especially in the commercial/industrial
areas south of Highway 401 in the Oshawa area. Very low rates occur on the ORM. Annual
average rates of groundwater recharge are shown in Figure 84. As can be expected, rates are
highest on the ORM and lower on the till soils and urban areas.
Outside the CLOCA watersheds, recharge was estimated from surficial geology using values
similar to those determined for the Core Model in the 2006 Report. Areas with hummocky
topography were assigned higher recharge rates. Tills in the northern part of the study area were
assigned slightly higher recharge rates due to the flatter topography. During model calibration,
recharge estimates for the ORM area were increased to better match the observed heads in the
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area. The calibrated recharge rates are listed in Table 11. A map showing the combined recharge
distribution used in the calibrated Durham Model is presented in Figure 59.

3.11 Groundwater Taking
Simulated pumping rates for the municipal wells were assigned based on the data shown in Table
7. Extraction for other water uses in the TRCA and CLOCA watersheds was based on information
in Table 8 and Table 9. Figure 60 shows the locations of these pumping wells. Pumping was
assigned to the appropriate model layer based on the placement of the well screen (where known).
It should be noted that the purpose of the study was not an assessment of the impact of water use
on the groundwater system. Pumping was simulated solely to provide a better target for calibration
of the model to observed water levels.

3.12 Model Calibration
3.12.1 Calibration Procedures
The overall goal of model calibration is to improve the match between simulated and observed
values (i.e., the calibration targets) by systematically refining the estimates of model parameters,
such as hydraulic conductivity (K), vertical anisotropy, and recharge, within reasonable ranges.
Calibration targets were the observed water levels in the ORAC, INS, TAC and SAC as well as the
estimates of groundwater discharge to streams.
Calibration of the model was performed using a trial-and-error process in which results of
successive model runs were used to improve the initial estimates of model parameters. Statistical
tests, in which the observed and simulated groundwater heads and groundwater discharge
estimates were compared, helped determine whether the calibration met the required goodness-offit criterion. In addition to matching heads at the wells, we also conducted visual comparisons to
assure that the flow patterns and other critical features of the potentiometric surfaces were properly
represented.
The automated parameter estimation code PEST (Doherty, 2004) was selected to assist in
refinement of the calibration. PEST is a nonlinear parameter estimation and optimization package
that can be used with any model code for model calibration. The PEST code requires information
on the observed values and the set of parameters to be optimized. An initial estimate and upper
and lower bounds to be used as constraints must also be specified for each parameter selected.
We used PEST to get one average value for each layer, which was then compared to the
distributed values, to get an idea to adjust K. We still manually adjusted the K values based on
each model run. The heads did not usually match well using the initial K from lithology, and as a
result, the K values were smoothed, and limited at the low and high ends.
As noted earlier, one of the primary targets for model calibration was the observed static water
levels obtained primarily from the MOE Water Well Information System (WWIS) database as well
as from the other water levels that are in the YPDT database. Inherent error in the data and gaps
in data coverage set a practical limit on the degree of calibration. It was felt that there was no
justification for matching heads to a greater accuracy than the mean error in the data in both the
manual and automated calibration.
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The other target for model calibration was to match annual average simulated baseflow to data
from the Environment Canada HYDAT streamflow gauges with long-term record in the model area.
As noted earlier, because there are inherent errors and uncertainty in the application of automated
hydrograph separation techniques, the baseflow values can not be treated as absolute values.
The final calibrated hydraulic conductivity distributions tended to be confined to a narrower range
than the initial estimates determined from the borehole lithology analysis. Calibrated hydraulic
conductivity (post-PEST) for Layer 3 (ORAC), Layer 7 (TAC), and Layer 9 (SAC) are shown in
Figure 61 through Figure 63, respectively. It should be noted that in areas where the ORAC layer
was absent, a minimum thickness of one metre was assigned, and the K of the underlying unit was
assigned to the ORAC. The INS was assigned a uniform hydraulic conductivity of 5x10-5 m/s
because there is little known about the INS, and there were no specific measurements for this unit.
For aquitard units, K was also changed during the calibration process.

3.12.2 Calibration Statistics
A scatterplot for the observed water levels in the ORAC versus simulated heads in Layer 3 is
shown in Figure 69. Ideally, all data points should fall on the 45 line shown on the graph. The
scatterplots show that most data points fall within bands defined by ±10 m. The plot also shows
that the residuals are somewhat biased and that the model tends to overpredict heads at the lower
end (less than 290 masl). The model also appears to underpredict heads at the high end ( > 320
masl), possibly because with the high elevation of the Oak Ridges Moraine, the ORAC layer is thick
in these areas, and there are likely to be silt/clay lenses that were not delineated. As a result,
some measured water levels are possibly related to perched water tables.
A scatterplot for the observed water levels in the INS versus simulated heads in Layer 5 is shown
in Figure 70. The data appear more scattered and the model tends to slightly underpredict heads.
A scatterplot for the observed water levels in the TAC versus simulated heads in Layer 7 is shown
in Figure 71. The scatterplots show that most data points also fall within bands defined by ±10 m.
These residuals are also biased and indicate that the model tends to overpredict heads, especially
observed potentials in the range of 150 to 250 masl. A scatterplot for the observed water levels in
the SAC versus simulated heads in Layer 9 is shown in Figure 72. These residuals are also biased
and indicate that the model tends to overpredict head.
Three calibration statistics were used to assess and demonstrate model accuracy: the mean error
(ME), mean absolute error (MAE), and root mean squared error (RMSE). These are given by
Anderson and Woessner (1992) as:
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Calibration statistics for the simulated heads in the ORAC, TAC, and SAC are presented in Table
12. The magnitudes of the absolute error are relatively small but the negative signs on the ME
values for the ORAC, TAC, and SAC indicates that, on average, simulated values are generally
higher than the observed values. The MAE and RMSE provide a good estimate of the average
magnitude of the difference between the observed and simulated values. It should be noted that
the inherent errors in the observed data (equal to the square root of the nugget values in Table 5)
are about 40 to 60% of the RMSE values.
Values for MAE and RMSE are often compared to the overall response of the model (Anderson
and Woessner, 1992). The total range for hydraulic head in the model area is shown in Table 12. ,
The RMSE as a percent of range varied between 3.4% for the ORAC to 8.76% for the INS and
indicates an acceptable calibration. It should be noted that the scatterplots still have a significant
number of outliers despite the screening effort and these values can affect the magnitude of the
RMSE statistic. Even so, there is room for improvement in the calibration to remove the biases
noted.
A scatterplot of observed baseflows (determined using the smoothed minima flow method for
baseflow separation) versus simulated groundwater discharge to the streams, is presented in
Figure 73. Calibration statistics are listed in Table 13. Ideally, all points should fall on the 45° line.
Most simulated flows are within 22% of the estimated baseflow; however, errors in the observed
data and uncertainty related to groundwater model parameters prevent a perfect match. Points are
scattered evenly above and below the line, indicating that the model is not biased. As noted
earlier, steady discharge of surface water from wetlands and other steady flows may be included in
the estimated baseflow values determined for the gauges.

3.12.3 Mass Balance
A steady-state model can provide useful information on the long-term average groundwater
balance within the model area. The principal components of the groundwater balance are
recharge, discharge to surface water, groundwater withdrawals, and net lateral inflow across model
boundaries flow, as shown in the equation below. The lateral flow term includes discharge to the
constant head boundaries representing the lakes. No discharge occurs across the no-flow
boundaries. The long-term average water budgets derived from model results are listed in the
Table 14.

QRecharge = QDischarge + QGW Withdrawal + QGW Lateral Inflow
The long-term average recharge over the Durham Model area is about 17.0 m3/s, and groundwater
discharge to streams and wetland is approximately 16.0 m3/s. Groundwater discharge directly to
the lakes is a small part of the water balance. Overall, discharge to surface water in rivers
accounts for 97.8% of recharge. Groundwater takings from municipal wells and other water user
account for 0.58 m3/s and about 3.4% of total recharge although this value may be revised with
further study. For a regional model, such as presented here, the error (0.94%) shown in Table 14
is considered to be relatively low.
The model output can be analyzed to conduct water budget analyses for sub-areas within the
model domain. Depending on the way they are drawn, lateral inflows across the subarea
boundaries can be a significant component of the water balance.
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3.12.4 Sensitivity and Uncertainty Analysis
A series of calibration sensitivity analyses, as defined in Anderson and Woessner (1992) and
ASTM (2000), were carried out to evaluate the effects of parameter uncertainty and variability on
Durham Model results. While the calibration process itself provided insight about the range of
model sensitivity, post-calibration sensitivity analyses were also conducted as a means of
demonstrating that the calibration was optimal.
To conduct a sensitivity analysis, a single model parameter, such as the hydraulic conductivity of
an aquifer layer, was scaled within a reasonable range. For some parameters, the scaling was
done on an arithmetic scale, while for others it was done on a log scale. For example, hydraulic
conductivity was scaled from 0.1 to 10 while recharge was scaled from 0.6 to 1.6.
The model was then run with the scaled value and residual errors were calculated and plotted.
Model runs were done for a complete set of scale factors (both increasing and decreasing the
parameter value) to create a sensitivity graph. Ideally, the calibrated model values should lie at
minimum points on the residual error versus scale factor graphs. The process was then repeated
for each critical model parameter.
In several cases, model results were not obtained when using the extreme scale factors because
the model became “unstable”. The observation that the model became unstable does not imply
that the physical system would become unstable under these conditions. Rather, it reflects that
under these conditions, the model tends to overshoot and undershoot in the process of converging
towards the true solution and large numbers of model cells go dry or re-wet. This can create
isolated regions where the simulated heads grow extremely large and destabilize the rest of the
model. Stable solutions can be obtained with the model by making an incremental change, saving
the intermediate solution as an initial guess for the next incremental change, and repeating the
process until the total change is achieved. This time-consuming process was not carried out in the
sensitivity analysis since the trend was usually established by model results for changes in the
stable range.
Results of tests on the most important parameters are discussed below.

3.12.5 Sensitivity to Aquifer Hydraulic Conductivity
Figure 74 shows the results of multiple model simulations in which the calibrated hydraulic
conductivity values for Layer 3 (ORAC) were multiplied by scale factors ranging from 0.1 to 10.0
while all other model parameters were held constant. The graph shows plots of MAE and RMSE
for simulated versus observed heads in Layer 3. Heads in Layer 5, 7, and 9 were not affected
greatly by the changes over the range tested and are not shown for this sensitivity analysis. Both
lines on the graph exhibit the classic “U” shape indicating that the model is sensitive to the
hydraulic conductivity values within the range tested. The calibrated value is at the minimum error
indicating that the calibrated value was properly selected.
Figure 75 shows the results of model simulations in which the calibrated hydraulic conductivity
values for Layer 7 (TAC) were multiplied by scale factors ranging from 0.1 to 10 while all other
model parameters were held constant. The graphs show that the TAC heads are sensitive to an
increase in hydraulic conductivity but much less sensitive to a decrease in the value. The
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calibrated value was at a local minimum error value, but as can be seen, the error value decreases
again beyond a factor of 0.63.
Figure 76 shows somewhat similar results for model simulations in which the calibrated hydraulic
conductivity values for Layer 9 (SAC) were multiplied by scale factors ranging from 0.1 to 10 while
all other model parameters were held constant. The graphs also show that the SAC heads are
sensitive to an increase in hydraulic conductivity but less sensitive to a decrease in the value.
Results indicate that a slightly better calibration would have been achieved for the SAC heads by
scaling the hydraulic conductivity by a factor of 0.3.
It should be noted that slight decreases in hydraulic conductivity for the TAC and SAC result in a
slightly better head distribution; however, these adjustments didn’t result in any significant
improvement overall.

3.12.6 Sensitivity to Aquitard Hydraulic Conductivity
Multiple simulations were conducted to determine the sensitivity of the model to the vertical
hydraulic conductivity of the Newmarket Aquitard. Calibrated vertical conductance values between
model Layers 3 and 4 and between Layers 4 and 5 were multiplied by scale factors ranging from
0.1 to 10 while all other model parameters were held constant. Figure 77 shows calibration
statistics for heads in Layer 3 (ORAC) while Figure 78 shows calibration statistics for heads in
Layer 7 (TAC). The graphs show that the calibration statistic for the ORAC heads is at a minimum
value while slightly better results would have been achieved for Layer 7 (TAC) heads by increasing
the vertical hydraulic conductance by a factor of 1.6.

3.12.7 Sensitivity to Groundwater Recharge Rates
Figure 79 shows the results of simulations in which the calibrated recharge rates were multiplied by
scale factors ranging from 0.6 to 1.6 while all other model parameters were held constant. Graphs
are presented showing calibration statistics for heads in Layer 3 (ORAC) and indicate that the
ORAC heads were sensitive to changes in the recharge rates and that the calibrated value was at
the minimum error value. Figure 80 shows the corresponding results for heads in Layer 7 (TAC)
and indicates that, as might be expected, the heads were much less sensitive to changes in the
recharge rate. .
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4 Model Results
Simulated steady-state heads in model Layer 3, which mostly represents the ORAC, are shown in
Figure 64. White areas on the figure denote places where the simulated water table lies below the
base of Layer 3 and generally corresponds to areas where the ORAC is thin or missing. The map
shows that the model matches the general features of the potentiometric surface in the ORAC
including the high groundwater levels underlying the ORM and the depression of water levels in the
vicinity of the streams, particularly to the south of the moraine where significant discharge of
groundwater occurs, as indicated by the bending of contours around the streams. The interpolated
observed heads (shown as red lines) in the ORAC are overlain on the simulated heads (shown as
black lines) in Figure 64. Although this figure is more difficult to interpret, it does show that the
model was able to achieve a good match to the heads and overall flow patterns. A better match
was achieved in the west where the number of observations is greater. A perfect match was not
expected due to simplifications inherent in the model and the inherent error in the observed water
levels.
Simulated steady-state heads in model Layer 7, which represents the TAC, are presented in Figure
66, and simulated steady-state heads in model Layer 9, which represents the SAC, are presented
in Figure 67. The water levels in the lower aquifers tend to be subdued replicas of the water levels
in Layer 3 and gradients tend to be downward over most of the study area. Upward gradients
occur in the southern part of the study area and in the vicinity of the stream valleys. Simulated
heads, flow directions, and gradients matched well with the observed.
Figure 68 shows a colour-coded map of simulated groundwater discharge to streams and
wetlands, in litres per second (L/s), for each Durham Model cell that is intersected by a stream
reach or falls within a wetland area. Cell-by-cell discharge values were summed over the
contributing area to each Environment Canada gauge with long-term record to calculate the total
simulated groundwater discharge. These values were compared with the estimated baseflow in
Table 3.
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5 SUMMARY
A groundwater flow model, referred to as the Durham Model, was developed to simulate regionalscale groundwater flow in the area surrounding the Regional Municipality of Durham. The model
was based on an interpretation of the geologic, hydrologic, and hydrogeologic setting of the area.
The conceptual hydrogeologic model has been built on earlier studies by Earthfx for YPDT-CAMC
in the Oak Ridges Moraine area (Kassenaar and Wexler, 2006) and for the CLOCA watersheds
(Earthfx, 2008).
Model boundaries extend to natural hydrologic boundaries (i.e., Lake Ontario, Lake Scugog, Lake
Simcoe, major groundwater divides, and rivers centrelines). Model layers represent the major
aquifers and aquitards in the unconsolidated sediment (overburden) and the shallow bedrock using
10 hydrostratigraphic layers, which now includes a Newmarket Till aquitard subdivided into an
upper and lower Till unit and an intervening Inter-Newmarket Sediments aquifer. The model
represents all streams and wetlands in the study area. Recharge to the model in the southern part
of Durham Region was initially estimated using the USGS PRMS model developed for the CLOCA
watersheds. Initial estimates of hydraulic conductivity were determined for analysis of borehole
lithology.
Model calibration was conducted by adjusting hydraulic conductivity and recharge values to best
match observed static water levels in the 4 aquifer units (ORAC, INS, TAC, and SAC/Weathered
bedrock) and to match estimated baseflow in streams with long periods-of record. An automated
calibration program, PEST, was applied to refine the calibration process.
Output from the model is in the form of simulated heads for each model layer, simulated
groundwater discharge to streams, and a groundwater budget for the study area. The calibrated
model was able to match observed water level data with a better match in areas with good data
coverage. The model matched key features and groundwater flow patterns such as the
groundwater mounds underlying the ORM and strong bending of contours in the vicinity of streams.
The mass balance for the Durham Model indicated approximately 17 m3/s is recharged to the
aquifer, of which about 50% occurs in the ORM area. About 94% of the recharge is discharged to
streams and wetlands north and south of the moraine. Model simulations indicate that stream
baseflow discharge patterns are highly variable, and are controlled by a complex combination of
topography and subsurface layer geometry and permeability. Less than 4% of the recharge
discharges directly from the aquifers into Lake Ontario, Lake Simcoe, or Lake Scugog.
Permitted groundwater pumping is a small percent (1.2%) of the simulated water budget. Most of
municipal wells pump water from the TAC. Only one of Stouffville wells pumps from the ORAC.
One of Stouffville’s municipal wells and four wells in the Cannington wellfield take water from the
SAC/Weathered bedrock. Pumping for golf courses and farm use is assumed to be derived
primarily from the shallow aquifers. Pumping from the deep aquifers minimizes (distributes)
impacts on the stream network and provides better wellhead protection because of long travel
times through the overlying aquitards.

5.1 Potential Model Applications

Earthfx Inc.

50

Simulation of groundwater flow in the Regional Municipality of Durham

November, 2010

Specific applications of the model were beyond the scope of the current study. It is envisioned,
however, that the model could be used as a tool for a wide range of studies related to Source
Water Protection and environmental impact assessment and water resource management. For
example, the calibrated model can be used in preparation or assessment of permit-to-take-water
applications for municipal wells and other large takings. The model would be used to assess
drawdowns, potential well interference with nearby users, and the potential cumulative impact on
streams and wetlands.
The model can be used in conjunction with the USGS MODPATH code to delineate capture zones
and time-of-travel zones for municipal wells. The capture zones and time-of-travel zones provide
critical information for source water protection and aquifer vulnerability analysis. This has been
done with the Core Model for York Region municipal wells.
The model can be applied in environmental assessments for some engineering projects such as
land development or construction dewatering. For example, the Core Model was used to assess
impacts of dewatering for several large-scale sewer construction projects in York and Durham
Region. The model could analyze the affects of urban development on groundwater and surface
water through linking the MODFLOW model to a surface water model, such as PRMS. Other uses
could include wellfield optimization, where pumping can be distributed between wells and over time
to minimize impacts while minimizing costs or maximizing yields, and monitoring network design.
Application of the model to practical problems would provide an opportunity to test the conceptual
model, and model performance and to improve the local scale calibration.
All analysis and modelling files, including input data and information, are provided on a CD/DVD
that accompanies this report.
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6 LIMITATIONS
Services performed by Earthfx Inc. were conducted in a manner consistent with that level of care
and skill ordinarily exercised by members of our technical profession. This report does not
exhaustively address all possible conditions that may exist in the study area. Computer models are
a simplification of the real world, built from limited and potentially erroneous data, so their results
should be considered with care and independently verified. It should be recognized that the
passage of time affects the information provided in this report. Environmental conditions can
change. Computer simulations are based upon information that existed at the time the data and
model was formulated.
Report prepared by:

E.J. Wexler, M.Sc., M.S.E., P.Eng.
Vice President, Senior Hydrogeologist

Qing Li
Hydrogeologist/Groundwater Modeller

Dirk Kassenaar, M.Sc., P.Eng.
President, Senior Hydrogeologist

John Ford
Senior Geologist
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8 Glossary
The following is modified from the 2006 Report:
Anisotropy: In hydrogeology, the condition of having different physical properties in different directions. For
example, hydraulic conductivity in the vertical direction might be much lower than hydraulic conductivity in the
horizontal direction.
Aquifer complex: A group of stacked or adjacent aquifers interbedded with finer grained aquitard materials,
that none-the-less have hydraulic connection and which effectively behave as one aquifer.
Baseflow: The continuous portion of streamflow that is not due to overland runoff. The term can refer to
groundwater discharge to a stream if that is the primary source of the continuous flow. Slow discharge from
lakes or wetlands can also be considered as part of baseflow.
Baseflow separation: The technique of separating a streamflow hydrograph to distinguish between rainfall
and snow-melt (runoff) events versus the longer-term discharge of groundwater. A number of graphical
techniques are available for baseflow separation.
Boundary conditions: Boundary conditions define the physical state at the model boundaries. In
groundwater modelling, boundary conditions specify the head, flow rate, or both (i.e., a head-dependent
discharge boundary). Boundary conditions are set at the model top, bottom, and lateral extent where the
model can intersect a lake or stream, a groundwater divide, or impermeable body.
Channel infill: The sediment infill of a fluvial channel, a bedrock channel or a tunnel channel system.
Conductance: Conductance is a term used in MODFLOW and is the product of hydraulic conductivity and
cross-sectional area of flow divided by the length of the flow path (e.g., the distance between cell centres or
the thickness of a streambed). See also streambed conductance and vertical conductance.
Constant-head boundary: A boundary condition along which the hydraulic head (water level) is specified;
also called a Type 1 boundary. See also Boundary Conditions.
Convergence criteria: In groundwater flow modeling, the specified target for which the change in the
solution (head change) at each point must be achieved between iterations. When using iterative solvers, this
is the criterion that the equations have been solved to the level of accuracy desired. For iterative solutions to
non-linear problems, it is the indicator that re-forming the equations and solving again will not significantly
change the results.
Diamict/Diamicton: Any poorly-sorted clast-sand-mud mixture regardless of depositional environment,
whether glacial or other. This is in contrast to the often misused term till, which is used to describe any
poorly-sorted clast-sand-mud mixture whose particles have been brought into contact by the direct agency of
glacier ice. Lithified diamict is termed diamictite.
Drain: In MODFLOW, the term for a kind or river or canal represented in the model that acts in only one
direction to drain water (i.e. receive groundwater discharge) from the groundwater system. Drains cannot
leak water back to the groundwater system to underlying aquifers. In contrast, MODFLOW Rivers can
recharge underlying aquifers.
Drift: A generic term for all material transported and deposited by glaciers, either directly from the ice or
through the agency of meltwater. It generally applies to Pleistocene deposits in large regions that no longer
contain glaciers.
Drumlin: A low, smoothly rounded, elongate hill of compact till, or rarely other kinds of glacial drift that were
formed by glacial erosion or deposition. The mechanism of formation (erosion or deposition) is currently
subject to debate; two popular but opposing views are that they were eroded or deposited directly by glacial
ice, or they were eroded by catastrophically released meltwater flows.
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Finite-difference method: A numerical method that, in formal terms, uses the Taylor series expansions to
derive approximations for first and second-order derivatives in the groundwater flow equation. The method
can also be seen as a conservation of mass technique that computes a flow balance for each cell based on
the hydraulic head in the adjoining cells. The USGS MODFLOW code is one example of a finite-difference
based groundwater modelling code.
Fluvio-deltaic system: A continuum of depositional environments from upstream fluvial (river) deposition to
downstream deltaic deposition at the terminus of the fluvial system in a lake or ocean. Sediments deposited
in these environments are often fairly coarse-grained due to the intensity of flow in these systems. Grain size
tends to decrease from the fluvial system to the deltaic system because fluid velocity and sediment carrying
capacity decreases as the fluvial system enters a standing body of water.
Flux (also Darcy’s Flux): The rate of flow (m /s) per unit area (m ).
3

2

Gaussian variogram: Used in a variance analysis in geostatistics, this relationship is a model for fitting the
theoretical variogram showing little variation within short distances of the data point. Variance increases then
increases linearly with distance before approaching the sill asymptotically. When using the Gaussian model,
a small nugget must be added; otherwise the kriging matrix becomes ill conditioned.
Geostatistics: The statistics of geographically distributed data. General statistics often assumes that data
are random and uncorrelated. However, spatial data sets which are in close proximity geographically
typically show less variability than data sets in which the points are farther apart from each other. The exact
nature of this spatial correlation and how it decreases with increasing distance varies from data set to data
set. Geostatistics is used to develop simple models of spatial correlation and then use these models to
better extrapolate or interpolate spatial data.
Glaciofluvial: Pertaining to a depositional environment comprising a fluvial system within an overall glacial
environment. A glaciofluvial system typically occurs in front of an advancing or retreating glacier and carries
glacial meltwater.
Glaciolacustrine: Pertaining to a glacial lake setting. A glacial lake is partially or entirely fed by meltwater or
is held by a morainal or ice dam.
Groundwater discharge: Water that discharges from the groundwater system to the surface as springs,
seeps or upwellings. If volumes are significant the discharge can become baseflow of a stream. Areas of
groundwater discharge generally have upward hydraulic gradients.
Groundwater divide: A line, on either side of which, the potentiometric surface slopes downward. It is
analogous to a drainage divide between two watersheds or drainage basins at the land surface.
Head-dependent discharge boundary: A type of boundary condition in which the flow across the boundary
is dependent on a known head external to the boundary. Typically used to represent the connection between
surface and groundwater systems where the hydraulic conductivity of the streambed sediments is generally
lower than that of the aquifer.
Hummocky topography: Pertaining to an area where the topography is undulatory with a predominance of
closed depressions that minimize surface water runoff and enhance groundwater infiltration.
Hydrostratigraphy: The classification of the stratigraphic units into aquifers or aquitards including the
combination of vertically continuous geologic units with similar hydraulic properties into a single unit.
Intermittent stream: A stream that does not flow year round but rather only in times of high rainfall or during
spring melt. Perennial streams, on the other hand, flow year round and are typically sustained by
groundwater flow between rainfall events.
Interstadial (interstade): A warmer substage of a glacial stage, marked by a temporary retreat of the glacial
ice.
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Kriging: An interpolation technique for obtaining statistically unbiased estimates of surface elevations from a
set of control points. Kriging uses a mathematical model of the semi-variogram to calculate estimates of the
surface at a grid node. It is named after D.G. Krige, who developed the method.
Lake Iroquois: A glacial lake that occupied the Lake Ontario basin at about the same time as Lake
Algonquin (12,000 years ago). Remnants of the Lake Iroquois shoreline remain evident in the form of
beaches, bars, cliffs and boulder pavements.
Lithology: The description of rocks or sediment on the basis of such characteristics as colour, mineralogical
composition and grain size.
Model calibration: The process in numerical groundwater flow modelling during which key parameters (e.g.,
recharge or hydraulic conductivity) are adjusted so that modeled predictions more closely aligned with
observed field measurements.
Moraine: A mound or ridge of glacial sediments, chiefly till, deposited by direct action of glacial ice. Includes
ground moraines, lateral moraines, medial moraines and terminal moraines.
No-flow boundary: A boundary condition in Modflow across which no groundwater flows such as at a
watershed divide.
Nugget: In geostatistics, the semivariance at the point where the variogram curve crosses the y-axis. It is
related to the local-scale variation in the data and includes the inherent measurement error.
Numerical groundwater flow model: A groundwater flow model is a mathematical representation of a
physical groundwater system. In a numerical model, the governing partial differential equation and boundary
conditions are approximated by a set of algebraic equations. The study area is sub-divided into many small
blocks and the flow equations are solved for the aquifer head in each block. Two common techniques, the
finite-difference and finite element methods, are used to in numerical modelling.
Overburden: Unconsolidated sediments overlying bedrock.
Pinched/pinchout: The termination or end of a stratum that narrows or thins progressively in a given
direction until it disappears and the consolidated or unconsolidated units it once separated are in contact.
Potentiometric surface: A contour map of hydraulic head in a confined aquifer that provides an indication of
the directions of groundwater flow in that aquifer.
Range: In geostatistics, the distance beyond which there is no longer any significant correlation between
measurements at different locations. (The range is the distance at which the variogram sill is reached.)
Recharge: The inflow of water to a groundwater reservoir from the surface (e.g., infiltration of precipitation
and its movement (subject to ET losses) to the water table).
Runoff: Overland runoff refers to non-channelized flow on the land surface which travels downslope towards
the nearest surface water body.
Semi-confined aquifer: Also referred to as a leaky aquifer, this type of aquifer is overlain by an imperfect
aquitard that allows some inflow of water to the aquifer.
Sensitivity analysis: A calibration sensitivity analysis is conducted to assess whether the model parameters
truly provide the best match to the observed data. The analysis is carried out by adjusting model parameters
both upwards and downwards and plotting the resulting change in calibration statistics.
Sill: In geostatistics, the maximum variance which is reached at a distance equal to the variogram range.
Specific capacity: The pumping rate at a given well divided by the drawdown. This unit (typically measured
as gallons per minute per foot of drawdown) is a measure of well yield.
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Spotflow: is an instantaneous measurement of the flow in a stream. Spot measurements along a stream
reach can be compared to determine the increase in groundwater discharge along the reach.
Steady-state flow: Steady-state flow occurs when the magnitude and direction of the flow velocity are
constant with time. A steady-state numerical groundwater flow model, therefore, is one in which heads and
flow rates are constant and do not change with time.
Strahler classification system: A methodology for quantitatively designating stream orders developed by
Strahler in 1952. Streams with no tributaries are designated first-order streams; The confluence of two firstorder streams is the beginning of a second-order stream. When a second and first-order stream combine, the
downstream reach is still second-order.
Streambed Conductance: In MODFLOW, the term used to represent the geometric and hydraulic properties
of a leaky streambed. It is calculated in each model cell as the product of the length of the stream segment,
stream width, and streambed hydraulic conductivity divided by the streambed thickness.
Surface-water divide: The surface trace of the boundary that delimits a watershed. The divide is traced by
connecting topographic highs on a topographic map.
Till: An unconsolidated, typically structureless sediment containing all grain sizes from clay to boulders
deposited by glacial action.
Till plain/till sheet: An extensive area, with a flat to undulating surface, underlain by till often with
subordinate end moraines.
Transient flow: or non-steady flow occurs when the magnitude or direction of the flow changes with time. A
transient groundwater flow model takes into account the time-dependent nature of the stresses on the
system (e.g., variation in recharge and pumping rates) and the effects on aquifer storage.
Transmissivity: a term derived by multiplying the hydraulic conductivity by the aquifer thickness.
Tunnel channel: Refers to a channelized erosional feature of glacial origin created by meltwater flood events
of varying magnitude. In the report the term is sometimes used interchangeably with sub-glacial meltwater
feature. An example of a prominent tunnel channel in Southern Ontario is the Holland Marsh.
Unconformity: A break or gap in the geological record, such as an interruption in the normal sequence of
deposition of sedimentary deposits. An unconformity in sedimentary deposits often occurs with a regional
erosional surface.
Underflow: refers to deeper more regional groundwater flow that does not discharge to local streams etc. but
which crosses watershed divides.
Variogram analysis: A technique for describing spatial variance using the normalized semivariance
statistic. The plot of semi-variance versus distance is called the experimental semivariogram.
Vertical conductance: Similar to conductance as defined above, however in MODFLOW, the user is
allowed to adjust the vertical conductance manually to better represent flow across aquitards,
Watershed (also drainage basin, river basin or catchment): The land area where precipitation runs off
into a surface water network that drains via a common main channel to a lake or ocean. A watershed can be
delineated by tracing a line along the height of land on a map.
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2011
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2016
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2006
2006
2009
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Taking (%)
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Actual Pumping 2007
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November, 2010

Pumping Rate Avg
Annual 2007 (L/day)

003208

Permit Rate (L/min)

16716MMNB6

Permit Rate (L/day)

003204

Year Expire

54256NTJMN

Year Issued

003206

2006

MW-6
MW-7
MW-1
MW-2

01186VDVQX

2009

Uxbridge
Uxbridge
Uxville
Uxville

003201

2006

MW-7
MW-8
MW-2
MW-3
MW-4
MW-6
MW-7
MW-8
MW-1
MW-3
MW-4
MW-5
MW-6
MW-3
MW-4
MW-5
MW-3
MW-5
MW-6
MW-1
MW-2
MW-5

2006

MW-1

Blackstock
Blackstock
Cannington
Cannington
Cannington
Cannington
Cannington
Cannington
Greenbank
Greenbank
Greenbank
Greenbank
Greenbank
Orono
Orono
Orono
Port Perry
Port Perry
Port Perry
Sunderland
Sunderland
Uxbridge

PERMIT TO TAKE
WATER (PTTW) NUMBER

Blackstock

WATER PERMIT
NUMBER

Well Name

Community
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190,000

132

216

0

0

985,000
985,000
121,000
259,200
276,500
229,000
389,000
817,920
100,800
130,000
98,500
98,500
130,000
872,640
872,640
872,640
6,541,920
2,616,480
2,616,480
1,372,500
1,372,500
4,320,000

684
684
84
180
192
159
270
568
70
91
68
68
91
909
909
909
4,543
1,817
1,817
1,023
1,023
3,000

0
138,803
61,953
131,438
76,973
21,622
202,359
171,501
17,008
35,543
23,346
21,017
33,773
236,909
97,775
0
195,318
186,246
2,285,832
219,455
126,490
1,245,748

0
139
62
131
77
22
202
172
17
36
23
21
34
237
98
0
195
186
2,286
219
126
1,246

0
14
51
51
28
9
52
21
17
27
24
21
26
27
11
0
3
7
87
16
9
29

3,926,880
4,320,000
1,898,000
1,898,000

2,727
3,000
1,318
1,318

1,791,704
0
33,142
2,642

1,792
0
33
3

46
0
2
0

Table 1: Distribution of municipal supply wells in Durham Region. See locations on Figure 1.
Note: The permitted and actual water takings shown in this table were updated during the
Source Water Protection work program. The “actual takings” were not represented in the
current model; however they should be used in future modelling runs.
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Temperature
Climate Station

Station
ID

Period of Record
Start Date

End Date

BOWMANVILLE MOSTERT

6150830

01-Jul-66

31-Mar-02

BURKETON MCLAUGHLIN
CAMPBELLCROFT
GANARASKA

6151042

01-Feb-69

31-Mar-02

6151136

01-May-79

30-Nov-92

CLAREMONT

6151545

01-Mar-62

30-Sep-91

GREENWOOD MTRCA

6153020

01-Jan-60

30-Nov-93

JANETVILLE

6153853

01-Jun-81

28-Feb-05

LESKARD

6154410

30-Sep-96

LINDSAY
LINDSAY FILTRATION
PLANT

6164430

21-Sep-78
01-Feb1880

6164432

01-Oct-64

31-May-90

LINDSAY FROST

6164433

09-Oct-74

28-Feb-05

LORNEVILLE

6164615

01-Jun-65

31-Jul-87

MARKHAM

6154987

01-Mar-57

30-Jun-72

MARKHAM MOE

6154992

01-Oct-61

31-Mar-80

ORONO

6155854

28-Apr-96

OSHAWA

6155876

17-Apr-23
01-Sep1882

30-Jun-59

OSHAWA FIRE HALL #3

6155877

01-Jun-76

29-Jun-92

OSHAWA WPCP

6155878

21-Aug-69

28-Feb-05

PEFFERLAW

6116308

01-May-48

30-Sep-59

PICKERING

6156513

01-Oct-65

31-Oct-76

PICKERING AUDLEY

6156515

01-Oct-58

30-Jun-85

PORT DARLINGTON WPCP

6156634

01-Aug-82

30-Dec-94

PORT PERRY NONQUON

6156682

01-Sep-83

28-Feb-05

RAVENSHOE

6116902

09-Apr-70

31-Jul-92

ROUGE PARK

6157194

01-Jul-60

31-Dec-93

STOUFFVILLE WPCP

6158084

30-Mar-93

SUTTON WEST
TORONTO HIGHLAND
CREEK

6118187

12-Nov-71
31-Mar1871

6158598

01-Nov-55

30-Jun-72

TORONTO METRO ZOO

6158741

18-Apr-76

28-Feb-93

TYRONE

6159048

01-Jul-67

31-Oct-99

UDORA

6119055

28-Feb-05

UXBRIDGE

6159122

01-Sep-89
01-May1899

30-Nov-23

UXBRIDGE 2

6159124

18-Apr-48

30-Jun-77

UXBRIDGE 3

6159125

06-Jan-70

31-Jan-81

WOODVILLE

6169647

01-Aug-87

31-Aug-00

31-Jan-71

31-Mar-08

Precipitation

Avg.

Avg.

Daily

Daily

Daily

Min.

Max.

Mean

(°C)
2.2

(°C)
12

(°C)
7.1

752

93

2.2

10.9

6.6

769

136

1.2

11.8

6.5

844

132

734

112

729

108

762

185

823

175

1.2

11.8

Avg.

6.5

Rain-

Snow-

Total

fall

fall

(mm)

(mm)

(mm)

0.4

11.6

6

624

212

0.8

11.4

6.1

664

183

1.4

11.4

6.4

712

167

1.1

10.8

6

707

251

615

155

1.4

11.5

6.5

685

128

1.8

12.2

7

719

144

1.7

11.6

6.7

567

116

3.5

13.1

8.3

671

79

3.7

11.9

7.8

746

119

0.4

12.3

6.4

629

217

668

120

685

125

741

114

1.4

11.8

6.6

0.8

12

6.4

643

143

1.8

11.3

6.6

715

185

706

93

2

11.4

6.7

719

126

0.4

11.2

5.8

531

194

-0.7

9.4

4.3

610

179

3

12.2

7.6

739

99

1.6

11.7

6.7

795

143

1.5

11.6

6.6

716

158

1

11

6

609

157

1.6

11.5

6.5

650

150

0.2

10.3

5.3

632

176

1.7

11.6

6.7

763

241

845
905
979
847
839
946
998
838
848
879
958
771
814
864
694
759
865
846
788
810
856
793
900
803
851
725
793
839
938
874
768
801
809
1003

Table 2: Temperature and precipitation data for Environment Canada climate stations with more
than ten years of record. (Note: dates shown were not necessarily used in the PRMS analysis.)
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Station
ID

Station
Number

149118

02EC011

149115

02EC008

149119

02EC012

149295

02HD006

149256

02HC019

149284

02HC049

149243

02HC006

149302

02HD014

149293

02HD003

149301

02HD013

BV1
149255

02HC018

149312

02HG001

149280

02HC045

149313

02HG002

149294

02HD004

149297

02HD008

149125

02EC018

149127

02EC103

149274

02HC039

149296

02HD007

149270

02HC035

149126

02EC101

149273

02HC038

149261

02HC026

149276

02HC041

149298

02HD009

149281

02HC046

November, 2010

Catchment
Area
(km2)

Average
Stream
Flow
(m3/s)

Count
of
Values

Avg.
Baseflow1
(m3/s)

Avg.
Baseflow2
(m3/s)

Beaverton River near
Beaverton
Black River at
Baldwin
Black River at Sutton

282

2.84

9821

1.94

1.49

Simulated
Baseflow
(m3/s)
1.3

274

2.11

6850

1.38

1.04

0.373

324

2.61

5025

1.73

1.30

0.323

Bowmanville Creek at
Bowmanville
Duffins Creek above
Pickering
Duffins Creek at Ajax

82.9

1.29

13086

0.86

0.77

0.75

93.5

1.20

16004

0.78

0.70

0.75

251

2.55

5694

1.53

1.33

1.49

Duffins Creek at
249
2.84
14587
1.72
1.53
Pickering
Farewell Creek at
58.5
0.72
4453
0.36
0.30
Oshawa
Ganaraska River near
67.3
1.13
16717
0.88
0.84
Osaca
Harmony Creek at
41.6
0.42
8664
0.17
0.13
Oshawa
LSRCA-SW-BV
282
2.62
2922
(Beaverton River)
Lynde Creek near
106
0.91
15607
0.48
0.38
Whitby
Mariposa Brook near
189
1.76
8151
1.09
0.82
Little Britain
Michell Creek below
25.9
0.22
2870
0.12
0.10
Claremont
Nonquon River near
32.6
0.27
4383
0.16
0.14
Port Perry
North West
42.7
0.48
12623
0.35
0.33
Ganaraska R. near
Osaca
Oshawa Creek at
95.8
1.09
16353
0.71
0.64
Oshawa
Pefferlaw Brook near
332
2.96
6491
2.08
1.75
Udora
Pefferlaw Brook near
332
3.29
5929
2.32
2.23
Udora
Reesor Creek above
38.3
0.40
7155
0.25
0.26
Green River
Soper Creek at
77.7
0.87
9342
0.57
0.51
Bowmanville
Stouffville Creek
15.3
0.17
2999
0.12
0.10
below Stouffville
Uxbridge Brook at
24.3
0.36
5378
0.32
0.31
Uxbridge
West Duffins Cr.
52
0.62
5314
0.42
0.38
above Green River
West Duffins Cr. at
98.1
1.12
8397
0.65
0.54
Green River
West Duffins Cr. near
21.7
0.31
2877
0.22
0.20
Altona
Wilmot Creek near
82.6
0.96
12997
0.69
0.64
Newcastle
Wixon Creek below
10.6
0.15
2990
0.10
0.09
Altona
1: Baseflow separation using the a filter method (Clarifica, 2002))
2: Baseflow separation using the smoothed minima method (FREND, 1989)
3: Part of watershed outside model boundary (data not used in comparison).

1.49

Station Name

.23
0.67
0.23
1.3
0.61
0.64
.095
0.17
0.57
0.59
1.61
1.61
0.10
0.71
0.04
0.13
0.35
0.49
0.18
0.47
0.12

Start
Date

End
Date

01-Oct66
05-Nov64
09-Oct69
05-Apr59
22-Jul60
31-May89
01-Oct45
01-Jul80
16-Jul58
01-Jul80
01-Jun90
05-Apr59
08-Sep82
28-Jun74
01-Jan93

20-Aug93
31-Dec04
12-Jul83
31-Mar95
31-Dec04
31-Dec04
31-Dec89
30-Jun93
31-Dec04
31-Dec04
31-May98
31-Dec04
31-Dec04
20-May82
31-Dec04

16-Jul58
05-Apr59
26-Mar87
14-Nov69
04-Mar74
21-Mar59
05-Mar74
21-Oct70
06-Mar74
01-Oct63
22-Jun74
03-Jun65
01-Mar74

31-Dec04
31-Dec04
31-Dec04
31-Dec86
04-Oct93
15-Jun87
20-May82
25-Aug85
04-Oct93
15-Apr88
07-May82
31-Dec04
07-May82

Table 3: Observed and simulated flows at HYDAT stations with more than five years of record.
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Aquifer
ORAC
INS
TAC
SAC

November, 2010

No. of
Variogram Nugget Sill Range
Boreholes
Shape
(m2)
(m2)
(m)
12721
Spherical
1.7 3.88 19500
7106
Gaussian
3.0 3.65
800
8186 Exponential
3.2 4.20 3000
1461 Exponential
3.3 5.10 2500

Table 4: Results of variogram fitting for estimating log hydraulic conductivity for the aquifers.

No. of
Variogram Nugget Sill
Water
Shape
(m2)
(m2)
Levels
ORAC
5691 Gaussian
25 5200
INS
3403 Spherical
16 530
TAC
5279 Spherical
50 5600
SAC/Weathered Bedrock
1965 Gaussian
25 8000
Aquifer

Range
(m)
16600
20500
56000
47000

Table 5: Results of variogram fitting for water level data.

No. of
Variogram Nugget Sill Range
Aquifer
Water
Shape
(m2)
(m2)
(m)
Levels
ORAC
Gaussian
28 1655 11151
TAC
Gaussian
190 2520 33334
SAC/Weathered Bedrock
Gaussian
427 6077 52139
Table 6: Results of variogram fitting for water level data in Core Model.
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Well Name
Stouffville No. 1
Stouffville No. 2
Stouffville No. 3
Uxbridge #1
Uxbridge #5
Uxbridge #6
Uxville #1
1902555 (Janetville)
6404390 (Banks Court)
6404393 (Seagrave)
6405402 (Banks Court)
6406025 (Janetville)
6406099 (Oakwood)
6406100 (Oakwood)
6407734 (Manille)
Blackstock-MW1
Blackstock-MW8
Cannington-MW2
Cannington-MW3
Cannington-MW4
Cannington-MW6
Cannington-MW7
Cannington-MW8
Greenbank-MW1
Greenbank-MW3
Greenbank-MW4
Greenbank-MW5
Greenbank-MW6
Newcastle - MW1
Orono-MW3
Orono-MW4
Port Perry-MW3
Port Perry-MW5
Port Perry-MW6
Sumcot TW2/70
Sunderland-MW1
Sunderland-MW2

Easting Northing
642402
642407
641889
649940
651067
649780
641815
679065
667785
664345
667665
682115
669266
669253
660765
674087
673745
654832
655182
656815
657084
654825
656987
659102
658295
658215
657961
657780
693424
690329
690341
665586
665591
665726
673215
655078
655085

4870758
4870738
4871360
4885700
4885351
4884865
4875567
4899833
4898153
4896923
4898843
4898723
4910530
4910521
4908223
4886515
4886972
4911906
4912388
4912383
4912439
4911912
4912408
4890256
4890616
4891313
4891029
4891609
4865659
4871041
4871031
4881312
4881295
4881154
4896723
4903042
4903069

Pumping
Rate
(m3/d)
2946
2946
2946
751
2945
3927
1898
164
27
73
65
95
327
95
157
190
12
118
259
276
229
389
818
98
130
98
98
130
458
654
654
26179
2618
2016
410
686
686

November, 2010

MOE
Purpose
Code

Municipal Well
Municipal Well
Municipal Well
Municipal Well
Municipal Well
Municipal Well
Municipal Well
Municipal Well
Municipal Well
Municipal Well
Municipal Well
Municipal Well
Municipal Well
Municipal Well
Municipal Well
Municipal Well
Municipal Well
Municipal Well
Municipal Well
Municipal Well
Municipal Well
Municipal Well
Municipal Well
Municipal Well
Municipal Well
Municipal Well
Municipal Well
Municipal Well
Municipal Well
Municipal Well
Municipal Well
Municipal Well
Municipal Well
Municipal Well
Municipal Well
Municipal Well
Municipal Well

Model
Layer

SAC
TAC
ORAC
TAC
TAC
TAC
ORAC
TAC
TAC
TAC
TAC
TAC
Bedrock
Bedrock
SAC
TAC
TAC
TAC
SAC
Bedrock
Bedrock
TAC
SAC
TAC
TAC
TAC
TAC
TAC
TAC
TAC
TAC
TAC
TAC
TAC
TAC
TAC
TAC

Table 7: Groundwater extraction rates for municipal supply used in the Durham Model.
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Well
Name
TRCA 458
TRCA 459
TRCA 460
TRCA 466
TRCA 467
TRCA 468
TRCA 470
TRCA 471
TRCA 472
TRCA 474
TRCA 476
TRCA 477
TRCA 478
TRCA 479
TRCA 480
TRCA 481
TRCA 482
TRCA 483
TRCA 485
TRCA 487
TRCA 488
TRCA 489
TRCA 490
TRCA 491
TRCA 494
TRCA 495
TRCA 496
TRCA 497
TRCA 498
TRCA 499
TRCA 500
TRCA 501
TRCA 502
TRCA 503
TRCA 505
TRCA 506
TRCA 509
TRCA 510
TRCA 511
TRCA 512
TRCA 517

Easting Northing
648749
647565
642023
644797
649650
648681
650739
647025
648078
655330
643856
652398
655223
657606
640892
643959
653948
656519
653956
654044
655431
653977
653835
657661
649209
647862
648628
648036
647962
650424
653644
651866
642972
652750
653255
654272
644694
640568
641240
641521
652535

4877418
4874613
4873590
4873168
4874716
4877407
4868742
4866308
4872925
4860757
4870254
4866978
4861129
4862034
4875690
4873345
4859460
4864045
4866934
4866613
4860107
4859286
4859540
4862319
4876008
4873565
4872751
4871775
4871740
4872591
4871576
4872366
4869360
4869366
4866463
4858257
4875175
4872374
4872401
4872273
4870565

Pumping
Rate
(m3/d)
5.6
1.6
1.6
6.4
1.0
5.8
0.4
3.8
1.7
1.6
12.1
251
10.7
8.2
134
10.5
1187
10.7
10.7
5.6
10.7
0.6
9.5
1.0
1.6
1.6
1.6
1.6
15.7
1.6
1.6
5.6
118
280
1.9
15.1
0.3
10.7
1.6
28.7
52.3

MOE
Purpose
Code

Sod Farm
Livestock Watering
Livestock Watering
Cemetery Irrigation
Livestock Watering
Cemetery Irrigation
Cemetery Irrigation
Market Gardens / Flowers
Livestock Watering
Livestock Watering
Market Gardens / Flowers
Golf Course Irrigation
Nursery
Field and Pasture Crops
Golf Course Irrigation
Livestock Watering
Aggregate Washing
Nursery
Nursery
Sod Farm
Nursery
Livestock Watering
Nursery
Livestock Watering
Livestock Watering
Livestock Watering
Livestock Watering
Livestock Watering
Other - Agricultural
Livestock Watering
Livestock Watering
Sod Farm
Aggregate Washing
Golf Course Irrigation
Livestock Watering
Nursery
Livestock Watering
Nursery
Livestock Watering
Aesthetics
Other - Commercial

November, 2010

Model
Layer

ORAC
ORAC
ORAC
ORAC
ORAC
ORAC
TAC
ORAC
ORAC
TAC
ORAC
TAC
TAC
TAC
ORAC
ORAC
TAC
TAC
TAC
TAC
TAC
TAC
TAC
TAC
ORAC
ORAC
ORAC
ORAC
ORAC
ORAC
ORAC
ORAC
TAC
ORAC
TAC
TAC
ORAC
ORAC
ORAC
ORAC
TAC

Table 8: Groundwater extraction rates for non-municipal wells in the TRCA watersheds used in the
Durham Model (data supplied by TRCA).
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Well Name
Carruther's Creek Golf Club (GC)
Carruther's Creek GC
Stonehenge GC
Devil's Den GC
Dagmar Resort Ltd.
Dagmar Resort Ltd.
Dagmar Resort Ltd.
Dagmar Resort Ltd.
Dagmar Resort Ltd.
Dagmar Resort Ltd.
Dagmar Resort Ltd.
Columbus Golf & Country Club
Columbus Golf & Country Club
Columbus Golf & Country Club
Heather Glen GC
Heather Glen GC
Lakeridge Ski Resort
Lakeridge Ski Resort
Royal Ashburn GC
Royal Ashburn GC
Royal Ashburn GC
Royal Ashburn GC
Royal Ashburn GC
Royal Ashburn GC
Skyloft Ski Club
Skyloft Ski Club
Skyloft Ski Club
Oakridge Golf Club
St. Mary's Cement
Quarry Lakes GC
Watson's Glen GC
Watson's Glen GC
Miller Concrete
Ayren Links GC
Winchester GC
Lakeridge Ski Resort
Unknown
Lyndebrook GC
Eldorado GC
Lakeridge Links and Whispering
Ridge GC
Durham Driving Range
Hy Hope Farm
Golfers Dream
Pebblestone GC Ltd.
Harmony Creek Golf and Country
Club

Easting Northing
662350
662440
686762
661004
655623
655743
655760
655389
655597
655470
655499
667010
667045
666775
656610
656426
655614
655822
659343
659343
659343
659569
659568
659822
654797
654787
654655
657572
685538
683192
657628
657951
666274
685110
666025
654209
657731
663536
665820

4857350
4857320
4872340
4867514
4874717
4875299
4875286
4874832
4874741
4874965
4874994
4873025
4872610
4872865
4873922
4873803
4876693
4876568
4873447
4873447
4873444
4873561
4873564
4873491
4877009
4877000
4877183
4877019
4860951
4868301
4869964
4870071
4866252
4872216
4869691
4876732
4866824
4866318
4869462

658284
670689
656315
661776
675712

4871008
4863646
4874651
4878074
4866609

675048

4861776

November, 2010

Pumping
Rate
(m3/d)

132
112
18.5
132
118
968
1183
131
131
131
131
132
66
106
315
3.7
150
958
248
667
10.8
8.4
8.4
1.8
34.1
341
681
2171
5948
250
202
202
80.7
250
3.7
1679
400
250
250

MOE
Purpose
Code

Model
Layer

Golf Course
Golf Course
Other Commercial
Golf Course
Snowmaking
Snowmaking
Snowmaking
Snowmaking
Snowmaking
Snowmaking
Snowmaking
Golf Course
Golf Course
Golf Course
Golf Course
Golf Course
Snowmaking
Snowmaking
Golf Course
Golf Course
Golf Course
Other Commercial
Other Commercial
Maintenance
Snowmaking
Snowmaking
Snowmaking
Golf Course
Dewatering
Golf Course
Golf Course
Golf Course
Concrete Plant
Golf Course
Water Supply
Snowmaking
Golf Course
Golf Course
Golf Course

TAC
TAC
TAC
ORAC
ORAC
ORAC
ORAC
ORAC
ORAC
ORAC
ORAC
ORAC
ORAC
ORAC
ORAC
ORAC
ORAC
ORAC
ORAC
ORAC
ORAC
ORAC
ORAC
ORAC
ORAC
ORAC
ORAC
ORAC
TAC
ORAC
ORAC
ORAC
ORAC
ORAC
ORAC
ORAC
TAC
ORAC
ORAC

250
250
250
250
250

Golf Course
Golf Course
Golf Course
Golf Course
Golf Course

ORAC
ORAC
ORAC
ORAC
ORAC

250

Golf Course

TAC

Table 9: Groundwater extraction rates for non-municipal wells in the CLOCA watersheds used in
the Durham Model.
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Model Layer
Layer 1
Layer 2
Layer 3
Layer 4
Layer 5
Layer 6
Layer 7
Layer 8
Layer 9
Layer 10

November, 2010

Hydrostratigraphic Layer
Recent Deposits
Halton Till
Oak Ridges Aquifer Complex (ORAC)
Upper Newmarket Till
Inter-Newmarket Sediments (INS)
Lower Newmarket Till
Thorncliffe Aquifer Complex (TAC)
Sunnybrook Aquitard
Scarborough Aquifer Complex (SAC)
Weathered Bedrock

Table 10: Layers in the Groundwater Flow Model

Recharge
(mm/yr)
Glacial River Deposits
360
Glacial Lake Sands
180
Glacial Lake Silts and Clays
90
Other Recent Deposits
160
Halton Till – Hummocky Topography
360
Halton Till
90
ORM Deposits – Hummocky Topography
460
ORM Deposits – Non-Hummocky Topography
360
Newmarket Till
90
Lower Sediments (Sunnybrook Drift)
60
/Weathered Bedrock
Lower Sediments – Thorncliffe Formation
300
Organic Deposits
60
River Deposits
150
Urban Areas – recharge value factor
60%
Surficial Material

Table 11: Annual average recharge values used in the Durham Model outside of the CLOCA
watersheds.

Model Result
ORAC Heads
INS Heads
TAC Heads
SAC/Bedrock Heads

Range
No. of
in
Wells Observed
(m)
3985
2131
4465
1747

108 - 355
207 - 328
68 - 325
62 - 328

ME
(m)

RMSE
MAE RMSE % of
(m)
(m)
Range

-0.80
2.88
-1.17
-5.45

6.25
8.12
9.66
8.49

8.37
10.6
13.3
12.3

Table 12: Calibration Statistics for hydraulic heads.
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Range
RMSE
No. of
in
ME
MAE RMSE % of
Model Result
Gauges Observed (m3/s) (m3/s) (m3/s) Range
(m3/s)
Baseflow

24

0.09 – 1.86

0.023

0.109

0.135

Table 13: Calibration statistics for baseflows.

Flow Component

7.63

Flow Rate
(m3/s)

17.0
Groundwater Recharge
16.0
Groundwater Discharge
0.58
Groundwater Withdrawals
0.62
Constant Head Flow
0
Other GW Lateral Flow
-0.16
Mass Balance Error
0.94%
Error as percent of recharge
Table 14: Long-term average groundwater budget for the Durham Model area.

.
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Figure 1: Study Area.
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Figure 2: CA Boundaries.
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Figure 3: Durham Model and Core Model Extents.
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Figure 4: Land Surface Topography (masl). (Data from Ontario Ministry of Natural Resources).

Earthfx Inc.

76

Simulation of groundwater flow in the Regional Municipality of Durham

November, 2010

Figure 5: Physiography (after Kassenaar and Wexler, 2006).
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Figure 6: Areas of hummocky Topography (digital data from MNR).
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Figure 7: Bedrock Geology (after OGS MRD 219 (Armstrong and Dodge, 2007)).
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Figure 8: Quaternary deposits found within the study area (from Eyles, 2002).
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Figure 9: Quaternary Geology (Digital mapping from OGS, 2007)
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Figure 10: Stratigraphic model of the ORM area proposed by the GSC (from Sharpe et al.,
1999) with updated (2006) hydrostratigraphic interpretation (Kassenaar and Wexler, 2006)
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Figure 11: Bedrock Surface Topography (masl).
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Figure 12: Overburden Thickness (m).
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Figure 13: Cross Section Locations.
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Figure 14: Geologic Section A – A’.
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Figure 15: Geologic Section B – B’.
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Figure 16: Geologic Section C – C’.
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Figure 17: Thickness of the Scarborough Aquifer Complex.
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Figure 18: Thickness of the Sunnybrook Aquitard.
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Figure 19: Thickness of the Thorncliffe Aquifer Complex.
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Figure 20: Thickness of the Lower Newmarket Till Aquitard.
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Figure 21: Thickness of the Inter-Newmarket Sediments.
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Figure 22: Thickness of the Upper Newmarket Till Aquitard.
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Figure 23: Tunnel Channels.
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Figure 24: Thickness of the Oak Ridges Aquifer Complex.
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Figure 25: Thickness of the Recent Deposits.
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Figure 26: Hydrostratigraphic Section A – A’.
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Figure 27: Active and Inactive Climate Stations in the Study Area.
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Figure 28: Average Annual Precipitation for Stations in or near Durham Region.
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Figure 29: Major Watersheds and Wetlands.
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Figure 30: Major Watersheds and Streams.
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Figure 31: Surface Water Stations in the Study Area.
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Figure 32: Comparison of two baseflow separation techniques for Pefferlaw Brook near Udora (02EC018) in 2003.
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Figure 33: Initial Estimate of Hydraulic conductivity for the Recent Deposits and Weathered Till
(m/s) (Filtered).
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Figure 34: Initial Estimate of Hydraulic conductivity in the Oak Ridges Aquifer Complex (m/s)
(Filtered).
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Figure 35: Initial Estimate of Hydraulic Conductivity in the Inter-Newmarket Sediments (m/s)
(Filtered).
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Figure 36: Initial Estimate of Hydraulic Conductivity in the Thorncliffe Aquifer Complex (m/s)
(Filtered).
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Figure 37: Initial Estimate of Hydraulic Conductivity in the Scarborough Aquifer Complex (m/s)
(Filtered).
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Figure 38: Initial estimate of Transmissivity in the TAC (m2/s).
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Figure 39: Initial estimate of transmissivity in the SAC (m2/s)
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Figure 40: Wells Locations Classified by Aquifer.
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Figure 41: Well Locations and Observed Potentials in the ORAC.
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Figure 42: Well Locations and Observed Potentials in the INS.
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Figure 43: Well Locations and Observed Potentials in the TAC.
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Figure 44: Well Locations and Observed Potentials in the SAC.
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Figure 45: Outliers of Water Table Wells in ORAC, INS, TAC and SAC Layers.
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Figure 46: Interpolated Potentials in the ORAC.
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Figure 47: Interpolated Potentials in the INS.
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Figure 48: Interpolated Potentials in the TAC.
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Figure 49: Interpolated Potentials in the SAC.

Earthfx Inc.

121

Simulation of groundwater flow in the Regional Municipality of Durham

November, 2010

Figure 50: Section A-A' showing Model Layers.
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Figure 51: Hydraulic Conductivity of the Lower Newmarket Till Aquitard (m/s).
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Figure 52: Model Boundary Conditions - Layer 10.
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Figure 53: Model Boundary Conditions - Layer 7 (TAC).

Earthfx Inc.

125

Simulation of groundwater flow in the Regional Municipality of Durham

November, 2010

Figure 54: Model Boundary Conditions - Layers 4 to 6.
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Figure 55: Model Boundary Conditions - Layer 3 (ORAC).
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Figure 56: Model Boundary Conditions - Layer 1 (Recent Deposits).
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Figure 57: Location of River and Drain Cells representing Streams and Wetlands.
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Figure 58: MODFLOW "rivers" and "drains" showing (a) one-way leakage from aquifer to drain;
(b) no leakage when aquifer head falls below drain elevation; (c) two-way leakage between
aquifer and river; and (d) constant leakage from river when head falls below river bed bottom.
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Figure 59: Average Annual Recharge used in the Durham Model. (Note: the white outline in the
south, near Lake Ontario, shows the extent of the PRMS recharge area.)
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Figure 60: Pumping Well Locations.
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Figure 61: Hydraulic Conductivity of Layer 3 (ORAC) for the Calibrated Durham Model (m/s)
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Figure 62: Hydraulic Conductivity of Layer 7 (TAC) for the Calibrated Durham Model (m/s).
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Figure 63: Hydraulic Conductivity of Layer 9 (SAC) for the Calibrated Durham Model (m/s).
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Figure 64: Simulated Potentials in Layer 3 and Interpolated Observed Heads in the ORAC.
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Figure 65: Simulated Potentials in Layer 5 and Interpolated Observed Heads in the INS.
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Figure 66: Simulated Potentials in Layer 7 and Interpolated Observed Heads in the TAC.
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Figure 67: Simulated Potentials in Layer 9 and Interpolated Observed heads in the SAC.
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Figure 68: Simulated Annual Average Groundwater Discharge to Streams and Wetlands (L/s
per 100-m cell).
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Figure 69: Scatterplot of observed versus simulated heads in the ORAC (Note: 10-m lines are
shown on both sides of the 45-degree line).

Figure 70: Scatterplot of observed versus simulated heads in the INS (Note: 10-m lines are
shown on both sides of the 45-degree line).
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Figure 71: Scatterplot of observed versus simulated heads in the TAC (Note: 10-m lines are
shown on both sides of the 45-degree line)..

Figure 72: Scatterplot of observed versus simulated heads in the SAC (Note: 10-m lines are
shown on both sides of the 45-degree line)..
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Figure 73: Comparison between simulated groundwater discharge to streams and estimated
baseflow.

Figure 74: Sensitivity of ORAC heads to hydraulic conductivity of the ORAC
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Figure 75: Sensitivity of Thorncliffe Aquifer Complex heads to hydraulic conductivity of the TAC

Figure 76: Sensitivity of Scarborough Aquifer Complex heads to hydraulic conductivity of the
SAC
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Figure 77: Sensitivity of ORAC heads to hydraulic conductivity of the Lower Newmarket aquitard

Figure 78: Sensitivity of Thorncliffe Aquifer Complex heads to hydraulic conductivity of the
Newmarket Aquitard
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Figure 79: Sensitivity of ORAC heads to the rate of recharge.

Figure 80: Sensitivity of TAC heads to the rate of recharge.
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11 Appendix A – PRMS Model Results
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Figure 81: Long Term Average Annual Precipitation from the PRMS Simulations. See Earthfx
Inc. (2008) for details.
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Figure 82: Long Term Average Annual ET from the PRMS Simulations. See Earthfx Inc. (2008)
for details.
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Figure 83: Long Term Average Annual Runoff from the PRMS Simulations. See Earthfx Inc.
(2008) for details.
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Figure 84: Long Term Average Annual Recharge from the PRMS Simulations. See Earthfx Inc.
(2008) for details.
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12 Appendix B - Hydraulic Conductivity Values Assigned to
Material 1 + Material 2 Pairs
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Material 1

Material 2

Boulders

Hydraulic
Conductivity (m/s)
5.00E-04

Boulders

Clay

2.63E-06

Boulders

Gravel

2.24E-03

Boulders

Hard

5.00E-04

Boulders

Hardpan

1.66E-05

Boulders

Medium Sand

2.24E-04

Boulders

Sand

2.24E-04

Boulders

Stones

2.24E-03

Clay

Earthfx Inc.
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1.00E-09

Clay

Bedrock

1.00E-08

Clay

Boulders

1.90E-07

Clay

Cemented

1.00E-09

Clay

Clay

1.00E-09

Clay

Clean

1.00E-09

Clay

Coarse Gravel

6.31E-07

Clay

Coarse Sand

1.00E-06

Clay

Conglomerate

1.00E-08

Clay

Dark-Coloured

1.00E-09

Clay

Dense

1.00E-09

Clay

Dry

1.00E-09

Clay

Fill

1.00E-09

Clay

Fine Gravel

6.31E-07

Clay

Fine Sand

1.00E-06

Clay

Fine-grained

1.00E-09

Clay

Fractured

1.00E-09

Clay

Granite

1.00E-08

Clay

Gravel

6.31E-07

Clay

gravel sand

6.31E-07

Clay

Gravelly

6.31E-07

Clay

Hard

1.00E-09

Clay

Hardpan

1.00E-08

Clay

Layered

1.00E-09

Clay

Light-coloured

1.00E-09

Clay

Limestone

1.00E-08

Clay

Loose

1.00E-09

Clay

Medium Gravel

6.31E-07

Clay

Medium Sand

1.00E-06

Clay

Medium-grained

1.00E-09

Clay

Muck

1.00E-09

Clay

Packed

1.00E-09

Clay

Pea Gravel

6.31E-07

Clay

Peat

1.00E-09

Clay

Porous

1.00E-09
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Clay

Quicksand

1.00E-06

Clay

Sand

1.00E-06

Clay

Sand - Gravel

1.00E-06

Clay

sand silt

2.51E-07

Clay

Sandstone

1.00E-08

Clay

Sandy

1.00E-06

Clay

Shale

1.00E-09

Clay

Silt

1.00E-08

Clay

Silt - F Sand

2.51E-07

Clay

Silt - Gravel

1.00E-07

Clay

Silt - Sand

2.51E-07

Clay

Silty

1.00E-08

Clay

Soft

1.00E-09

Clay

Sticky

1.00E-09

Clay

Stones

6.31E-07

Clay

Stony

6.31E-07

Clay

Till

1.00E-08

Clay

Topsoil

1.00E-09

Clay

Unknown

1.00E-09

Clay

Very

1.00E-09

Clay

Water-bearing

1.00E-09

Clay

Weathered

1.00E-09

Clay - Gravel

Sandy

1.00E-06

Clay - Gravel

Silty

1.00E-08

clay sand

1.00E-07

clay sand

cobbles(dup entry)

1.00E-07

clay sand

Gravel

1.78E-06

clay sand

Silt

1.00E-07

clay sand

Silt - Gravel

5.62E-07

clay silt

1.00E-09

clay silt

cobbles(dup entry)

1.00E-09

clay silt

Fine Sand

1.00E-06

clay silt

Gravel

6.31E-07

clay silt

Sand

1.00E-06

clay silt

Sand - Gravel

1.00E-06

Clay Till

Silty

1.00E-07

Coarse Gravel

1.00E-02

Coarse Gravel

Clay

1.58E-05

Coarse Gravel

Clean

1.00E-02

Coarse Gravel

Coarse Sand

1.00E-03

Coarse Gravel

Loose

1.00E-02

Coarse Gravel

Sand

1.00E-03

Coarse Gravel

Water-bearing

1.00E-02

Coarse Sand

Earthfx Inc.
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1.00E-04

Coarse Sand

Clay

1.00E-06

Coarse Sand

Coarse Gravel

1.00E-03
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Coarse Sand

Fine Gravel

1.00E-03

Coarse Sand

Gravel

1.00E-03

Coarse Sand

Loose

1.00E-04

Coarse Sand

Silt

6.31E-06

Coarse Sand

Stones

1.00E-03

Coarse Sand

Water-bearing

1.00E-04

Fine Gravel

1.00E-02

Fine Gravel

Coarse Gravel

1.00E-02

Fine Gravel

Sand

1.00E-03

Fine Sand

1.00E-04

Fine Sand

Clay

1.00E-06

Fine Sand

Clean

1.00E-04

Fine Sand

Coarse Sand

1.00E-04

Fine Sand

Dense

1.00E-04

Fine Sand

Fine Gravel

1.00E-03

Fine Sand

Gravel

1.00E-03

Fine Sand

Loose

1.00E-04

Fine Sand

Medium Sand

1.00E-04

Fine Sand

Silt

6.31E-06

Fine Sand

Silty

6.31E-06

Fine Sand

Soft

1.00E-04

Fine Sand

Very

1.00E-04

Fine Sand

Water-bearing

1.00E-04

Gravel
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1.00E-02

Gravel

Bedrock

2.15E-05

Gravel

Boulders

2.24E-03

Gravel

Cemented

1.00E-02

Gravel

Clay

1.58E-05

Gravel

Clean

1.00E-02

Gravel

Coarse Gravel

1.00E-02

Gravel

Coarse Sand

1.00E-03

Gravel

Coarse-grained

1.00E-02

Gravel

Conglomerate

2.15E-05

Gravel

Dense

1.00E-02

Gravel

Dirty

1.00E-02

Gravel

Dry

1.00E-02

Gravel

Fill

1.00E-02

Gravel

Fine Gravel

1.00E-02

Gravel

Fine Sand

1.00E-03

Gravel

Fractured

1.00E-02

Gravel

Gravel

1.00E-02

Gravel

Hard

1.00E-02

Gravel

Hardpan

1.00E-04

Gravel

Layered

1.00E-02

Gravel

Limestone

2.15E-05

Gravel

Loose

1.00E-02
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Gravel

Medium Gravel

1.00E-02

Gravel

Medium Sand

1.00E-03

Gravel

Medium-grained

1.00E-02

Gravel

Muck

1.00E-02

Gravel

Packed

1.00E-02

Gravel

Porous

1.00E-02

Gravel

Quicksand

1.00E-03

Gravel

Sand

1.00E-03

Gravel

Sand - Gravel

1.00E-03

Gravel

Sandstone

2.15E-05

Gravel

Sandy

1.00E-03

Gravel

Shale

2.15E-07

Gravel

Silt

1.00E-04

Gravel

Silt - Sand

3.16E-04

Gravel

Silty

1.00E-04

Gravel

Soft

1.00E-02

Gravel

Stones

1.00E-02

Gravel

Stony

1.00E-02

Gravel

Till

2.51E-05

Gravel

Topsoil

1.00E-02

Gravel

Very

1.00E-02

Gravel

Water-bearing

1.00E-02

Gravel Sand

1.00E-02

Gravel Sand

Clay

1.58E-05

Gravel Sand

Clay - Silt

1.00E-04

Gravel Sand

Silt

1.00E-04

Hardpan

1.00E-07

Hardpan

Bedrock

2.15E-07

Hardpan

Boulders

8.41E-07

Hardpan

Cemented

1.00E-07

Hardpan

Clay

1.00E-08

Hardpan

Gravel

1.78E-06

Hardpan

Hard

1.00E-07

Hardpan

Medium Sand

5.62E-07

Hardpan

Sand

5.62E-07

Hardpan

Shale

2.15E-08

Hardpan

Silt

1.00E-07

Hardpan

Stones

1.78E-06

Hardpan

Stony

1.78E-06

Hardpan

Water-bearing

1.00E-07

Medium Gravel
Medium Gravel

1.00E-02
Medium Sand

Medium Sand
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1.00E-03
1.00E-04

Medium Sand

Clay

1.00E-06

Medium Sand

Clean

1.00E-04

Medium Sand

Coarse Sand

1.00E-04
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Medium Sand

Fine Sand

1.00E-04

Medium Sand

Gravel

1.00E-03

Medium Sand

Loose

1.00E-04

Medium Sand

Medium Gravel

1.00E-03

Medium Sand

Porous

1.00E-04

Medium Sand

Silt

6.31E-06

Medium Sand

Water-bearing

1.00E-04

Pea Gravel
Pea Gravel

1.00E-02
Sand

Quicksand

1.00E-03
1.00E-04

Quicksand

Clay

1.00E-06

Quicksand

Gravel

1.00E-03

Quicksand

Silt

6.31E-06

Quicksand

Soft

1.00E-04

Sand
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1.00E-04

Sand

Bedrock

3.16E-06

Sand

Boulders

2.24E-04

Sand

Cemented

1.00E-04

Sand

Clay

1.00E-06

Sand

Clay - Gravel

1.00E-06

Sand

Clay - Silt

1.00E-06

Sand

Clayey

1.00E-06

Sand

Clean

1.00E-04

Sand

Coarse Gravel

1.00E-03

Sand

Coarse Sand

1.00E-04

Sand

Coarse-grained

1.00E-04

Sand

cobbles(dup entry)

1.00E-04

Sand

Dark-Coloured

1.00E-04

Sand

Dense

1.00E-04

Sand

Dirty

1.00E-04

Sand

Dry

1.00E-04

Sand

Fill

1.00E-04

Sand

Fine Gravel

1.00E-03

Sand

Fine Sand

1.00E-04

Sand

Fine-grained

1.00E-04

Sand

Gravel

1.00E-03

Sand

Gravelly

1.00E-03

Sand

Hard

1.00E-04

Sand

Hardpan

6.31E-06

Sand

Humus

1.00E-04

Sand

Layered

1.00E-04

Sand

Light-coloured

1.00E-04

Sand

Limestone

3.16E-06

Sand

Loose

1.00E-04

Sand

Medium Gravel

1.00E-03

Sand

Medium Sand

1.00E-04
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Sand

Medium-grained

1.00E-04

Sand

Muck

1.00E-04

Sand

Organic

1.00E-04

Sand

Packed

1.00E-04

Sand

Pea Gravel

1.00E-03

Sand

Peat

1.00E-04

Sand

Porous

1.00E-04

Sand

Quicksand

1.00E-04

Sand

Sand

1.00E-04

Sand

Sandstone

3.16E-06

Sand

Sandy

1.00E-04

Sand

Shale

1.78E-08

Sand

Sharp

1.00E-04

Sand

Silt

6.31E-06

Sand

Silt - Cobbles

6.31E-06

Sand

Silt - Gravel

6.31E-06

Sand

Silty

6.31E-06

Sand

Soft

1.00E-04

Sand

Soil

1.00E-04

Sand

Stones

1.00E-03

Sand

Stony

1.00E-03

Sand

Till

6.31E-06

Sand

Topsoil

1.00E-04

Sand

Unknown

1.00E-04

Sand

Very

1.00E-04

Sand

Water-bearing

1.00E-04

Sand

Wood Fragments

1.00E-04

Sand - Gravel

1.00E-04

Sand - Gravel

Silt

6.31E-06

Sand - Gravel

Silty

6.31E-06

Sand Silt
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Till
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8.41E-07
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Till
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5.62E-07

Till

Gravel

1.78E-06

Till

Hard
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