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ABSTRACT 

 
Near surface geophysical methods are actively being employed by the Ontario Geological Survey to assist 

with its program of 3-dimensional mapping of Quaternary deposits.  A number of widely used methods including 
ground-based gravity, airborne time-domain electromagnetics, borehole geophysics and seismic reflection have been 
undertaken at varying scales and extents within the South Simcoe area of southern Ontario to obtain a refined 
understanding of bedrock topography and an improved conceptualization of the subsurface architecture of major 
hydrostratigraphic units that overlie bedrock.  The successful interpretation of the geophysical datasets within this 
area of thick Quaternary cover and abundant cultural interferences requires an approach that involves not only their 
full integration with existing and newly-acquired high quality subsurface information but an appreciation of the 
limitations of each method on their own.  The examples highlighted in this paper demonstrate some of the successes 
and challenges of using shallow geophysical methods as part of the 3-D mapping toolbox. 

 
 

1. INTRODUCTION 
 
The Clean Water Act was introduced by the Province of Ontario to ensure sustainable and safe drinking 

water for all municipal drinking water supplies across the province.  This is being achieved by the development of 
locally driven, watershed-based, source water protection plans.  A good understanding of geology and its effect on 
both surface and groundwater flow systems is essential for the successful development and implementation of these 
plans.  The Ontario Geological Survey (OGS) has developed a program that delivers baseline geoscience information 
and products that act as a foundation for and upon which these plans can be developed.  Three-dimensional (3D) 
mapping of both bedrock and surficial aquifers is an important component of this program.  The mapping and 
characterization of Quaternary aquifers and aquitards has been ongoing since 2002 with projects either completed or 
ongoing in the Waterloo (Bajc and Shirota 2007), Brantford–Woodstock (Bajc and Dodge 2011), Barrie–Oro (Burt and 
Dodge 2011), Orangeville–Fergus (Burt and Webb 2013), Niagara Peninsula and South Simcoe areas. 
 

Lying almost exclusively outside of Ontario’s Greenbelt (Ontario Ministry of Municipal Affairs and Housing 
2005), the South Simcoe area is well poised to receive accelerated population growth in years to come.  With the 
exception of the towns of Alliston and Beeton, the water supply needs of this area are serviced almost exclusively by 
groundwater.  Increased pressures related to growth may strongly impact on water quantity and quality within the 
aquifers, as well as on surface waterways and sensitive ecosystems tied to them.  Intensive agricultural practices, 
heavily dependent upon irrigation, have also placed significant stresses on both the surface and groundwater resources 
of this region.  In response to the need for high-quality information on the distribution and characteristics of 
subsurface hydrostratigraphic units, the OGS initiated a 3D mapping project in south Simcoe County during the 
summer of 2010.  The objectives of this project are to develop interactive 3D models of the Quaternary geology that 
can 1) aid in studies involving groundwater extraction, protection and remediation; 2) assist with the development of 
policies surrounding land use and nutrient management; and 3) help to better understand the interaction between 
ground and surface waters. 

 
2. GEOLOGIC SETTING 

 
The irregularly-shaped South Simcoe study area is roughly 1450 km2 in area measuring 50 km north-south 

by 40 km east-west.  Topographically, the area consists of a broad till upland incised by a series of south- to 
southwest-trending valleys measuring 3-5 km wide and 75-85 m deep.  The valleys are flat-bottomed and partially 
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backfilled with clayey to sandy glaciolacustrine deposits.  Hummocky sandy knolls of the Oak Ridges Moraine 
characterize the southwestern corner of the survey area.  The moraine abuts up against the partially buried brow of 
the Niagara Escarpment which fringes the western margin of the survey area.  Drift thickness along the western 
margin is generally less than 10-20 m but increases locally in narrow re-entrant valleys cut into the escarpment (e.g. 
Hockley Valley).  To the east, the bedrock surface drops off dramatically into the Laurentian trough, a broad bedrock 
depression extending from the south end of Georgian Bay to Lake Ontario resulting in drift thicknesses that 
commonly exceed 150 m.  Locating deep, narrow channels incised into this bedrock trough may be of interest from a 
hydrogeological perspective as they may host significant aquifer bodies. 

 
Uplands are veneered by 5-40 m of pebbly, silty to sandy Late Wisconsinan Newmarket Till and underlain by 

up to 120 m of Thorncliffe Formation silty to clayey glaciolacustrine rhythmites with lesser sand (Middle Wisconsinan).  
The glaciolacustrine deposits occur as a series of coarsening-upward cycles that grade from highly-bioturbated clay 
into silt and clay rhythmites then ripple- and planar-laminated sands. These sequences can be traced in the 
subsurface for several tens of kilometers and may reflect basin-wide changes in base level.  The base of the 
Thorncliffe Formation is marked by a basin-wide unconformity developed on an older sediment sequence consisting 
of an upper, stone-poor, fine-textured diamicton interbedded with glaciolacustrine silts and clays and a lower cobbly 
silty to sandy diamicton.  AMS radiocarbon dating of terrestrial leaves and wood recovered from the unconformable 
surface suggest an age of less than 40 ka BP for the subaerial exposure.  Detrital plant debris contained within the 
overlying Thorncliffe Formation deposits have returned ages as young as 28 ka BP. 

 
The broad, southwest- to south-trending valleys are interpreted to be tunnel channels incised by the rapid 

release of subglacial meltwaters following deposition of Newmarket Till.  The channel fills generally comprise of a 
single, fining-upward sequence consisting of a lower sandy to gravelly waning flow facies overlain by variably-
textured diamictons that were deposited as either debris flows originating from newly eroded, highly unstable valley 
walls following the removal of glacier ice or as flow tills deposited either adjacent or under the retreating ice margin.  
These diamictons transition quickly into rhythmically-laminated, fine-grained glaciolacustrine deposits that are in turn 
veneered by sandy regressive facies. 

 
3. GROUND GRAVITY 

 
A regional gravity survey was conducted over the South Simcoe study area in 2010 and 2011 to better 

understand the location and geometry of buried bedrock valleys beneath the thick Quaternary cover.  The valleys can 
often be well delineated using gravity due to the density contrast between the lower density valley-fill material and the 
higher density bedrock.  As a result, bedrocks valleys can often be delineated using their associated negative gravity 
anomalies.  Approximately 3600 stations spaced at 200 m were collected along 22 road traverses.  Standard data 
reduction procedures, including terrain correction, were applied to the gravity results and the Bouguer gravity 
anomaly was calculated using a density of 2.1 g/cm3.  Additional details regarding data collection and post-
processing methods can be found in Bajc and Rainsford (2010, 2011). 

 
Figure 1 provides a comparison of the bedrock topography, modelled primarily from water-well data, against 

an image of the residual gravity obtained by subtracting a 500 m upward-continued regional field.  As expected, there 
is a good correlation between the bedrock topography interpolated from water-well data and the gravity results.  In 
areas where deep water-well information is sparse, the gravity profile data is able to define valley thalwegs with 
greater precision.  Strong positive residual gravity features (highlighted by the thin white dashed line) show no 
correlation with the interpolated bedrock surface.  They do, however, appear to be associated with magnetic low 
features in the basement defined by the regional aeromagnetic coverage.  These were incompletely removed as part 
of the regional-residual field separation.  As the drift cover and underlying carbonate rocks are essentially non-
magnetic, it is inferred that these features are the expressions of higher density rocks within the crystalline basement, 
possibly remanently-magnetized mafic intrusions. 

 
Valley thalwegs were interpreted by examining the individual residual gravity profiles and identifying “lows”, 

which were then evaluated according to amplitude and shape.  These picks were then verified by correlating with 
trends of known bedrock valley thalwegs interpreted from water-well records.  Unable to differentiate between 
aquifers and aquitards, the gravity results were used along with the lithologic logs of water wells to infer areas where 
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interpreted thalwegs were more likely to host significant groundwater resources.  Some of these areas were selected 
as drill targets for the ensuing drilling campaigns.  In several cases, significant aquifers were encountered at the 
bases of boreholes drilled along interpreted thalwegs. 

 
4. AIRBORNE TIME-DOMAIN ELECTROMAGNETIC SURVEY 

 
A 1,898 line km Aerotem IV time domain electromagnetic (TDEM) survey was flown at 200 m flight line 

spacing over a 328 sq. km area in the south-central part of the study area in order to test whether the airborne TDEM 
method could be an effective tool for detecting and delineating buried bedrock valleys and important 
hydrostratigraphic units in the overlying Quaternary sequence.  In addition to the standard EM products such as 
decay constant and apparent conductance, the project deliverables included laterally constrained 1-D inversions of 
the EM data.  The inversions resulted in a 3-D database of electrical conductivity which can be imaged in plan and 
section form.  The results of this survey have been published as Geophysical Data Set 1070 (Ontario Geological 
Survey 2012). 
 

 
 
Figure 1.  Comparison between bedrock topography, residual gravity and regional magnetics in the South Simcoe 
Survey area.  Major thalwegs interpreted from residual gravity results highlighted in thick white dashed line.  Possible 
remanently magnetized mafic intrusion highlighted by thin white dashed line. 
 
The objectives of the TDEM test survey are to determine: 
• whether buried bedrock valleys and channels within surficial materials are detectable 
• whether important hydrostratigraphic units are mappable in the subsurface 
• the optimum flight line spacing and orientation 
• whether the TDEM data provides more information than ground gravity 
• the effect of cultural sources on the survey results 

 
Surficial geology maps, continuously-cored borehole logs, ground gravity data, downhole geophysical 

logging and water well records are available to help address these questions.  It was clear from the preliminary 
survey results that man-made cultural interferences such as power lines, telephone cables, pipelines, rail lines and 
metal fences had a deleterious effect on the data.  This outcome was not unexpected and resulted in about a 50% 
loss of useable data.  Such challenges have previously been noted with similar surveys elsewhere (Viezzoli et al., 
2011).  The effect could have been mitigated somewhat by orienting the flight lines oblique to the road network along 
which most of the cultural infrastructure is situated rather than parallel with it. 

 
From an inspection of the inverted EM conductivity sections, a good deal of vertical variation coupled with 

continuity in the horizontal direction (along the flight line) is observed.  The vertical variations suggest the presence of 
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mappable electrical conductivity contrasts within the geologic layers, and the lateral continuity implies consistency of 
the inversions.  The majority of the electrical conductivity sections display a 3 layer model (Figure 2b) consisting of a 
lower conductive unit (>30 mS/m), possibly up to 100 m thick, overlain by a more resistive unit (<15 mS/m) ranging 
between 75 and 100 m thick and an upper discontinuous unit of higher conductivity.  The validity of this upper layer is 
open to question as it is generally expressed in the upper 30 m of the conductivity sections where there is little early-
time EM data to support it. 

 
Together the 5 boreholes drilled by the OGS within the EM test area and the 11 boreholes geophysically 

logged from the broader South Simcoe area provide high quality geological logs as well as downhole electrical 
conductivity profiles of the Quaternary sequence and the upper part of the underlying Paleozoic bedrock.    An 
assessment of the ranges of electrical conductivities of distinct lithologic units derived from borehole geophysical 
logging shows a total range of the medians of 77 mS/m with the majority of the facies falling into the range of 58 to 84 
mS/m.  The exception is organic-rich clay which has a median value approaching 135 mS/m.  With limited 
information, bedrock conductivity values tends to be low with values ranging between 50 and 55 mS/m.  With the 
exception of the organic-rich clay units, it is unclear whether the relatively small contrasts in conductivity observed 
between the various lithologic units are sufficient to map distinct hydrostratigraphic units in the overburden sequence. 
 

 
 
Figure 2.  Example conductivity sections showing: a) a 2-layer model from the southern part of the survey area 
where shale bedrock is overlain by till then Oak Ridges Moraine sand and b) a 3-layer model from the northern part of 
the survey area where limestone is overlain by till then a thick sequence of fine-grained glaciolacustrine deposits then 
silty/sandy till.  Black dashed lines mark significant breaks in conductivity. 

 
Parts of two inverted conductivity sections are presented in Figure 2 in order to illustrate the correlation with 

the geological sections obtained from two cored boreholes.  As is typical of many of the conductivity sections, the 
deeper parts are characterized by a region of higher conductivity (imaged as red) which, in many cases, is coincident 
with the bedrock surface.  In areas of shale bedrock, as occurs in Figure 2a, this increase in conductivity is expected.  
In areas of limestone bedrock, one would expect a decrease in conductivity, not an increase as is observed in Figure 
2b.  It is possible that either shaley partings in the limestone succession or slightly saline formational waters are 
responsible for this increase in conductivity. Discontinuities in this higher conductivity unit may represent the locations 
of buried bedrock valleys.  In at least one location, a prominent residual gravity low is coincident with one of these 
discontinuities.  Further investigation is required to support this claim.  Much of the overlying Quaternary sequence is 
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depicted as a relatively resistive unit in the EM sections.  Whether it be sand-dominated (60-65 mS/m) as in Figure 2a 
or silt and clay-dominated (70-80 mS/m) as in Figure 2b there is very little difference in the apparent conductivities 
derived from the airborne survey.  This observation is consistent with the results of the borehole logging.  Sand layers 
approaching 10 m in thickness within a predominantly fine-grained succession are too thin to resolve using the 
current instrumentation.  The upper higher conductivity layer in Figure 2b is enigmatic as it does not appear to be 
associated with a unit that would be perceived as conductive.  Most uplands are capped by a layer of pebbly, silty to 
sandy till which in some of the geophysically logged boreholes has returned highly variable EM readings with a range 
of 44-294 mS/m.  Alternatively, the response may simply reflect cultural effects associated with near-surface 
infrastructure. 

 
5. SEISMIC REFLECTION 

 
A 20 km seismic reflection survey is planned for the fall of 2013 in collaboration with the Geological Survey 

of Canada to assist with the interpretation of the airborne time-domain EM survey data.  The main objectives of this 
survey are to image the bedrock surface and produce an improved architectural framework for the overlying 
Quaternary units.   This information will also enable a refined conceptualization of the main hydrostratigraphic units 
and their contact relationships. 
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