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1.0 Abstract

Algonquin Provincial Park is the only provincial park in Ontario where logging is
permitted. In order to maintain logging roads, aggregate removal from nearby glacial
depositional features is the most economically feasible option. A large gap in knowledge exists
regarding how aggregate removal above the water table may affect groundwater flow. However,
it is well known that alterations in the quantity or quality of groundwater upwellings used as
spawning habitat can adversely affect brook trout. A review of relevant literature was conducted
in order to determine the properties that influence groundwater flow. GIS software was then used
to identify the glacial geology and evaluate potential sources of aggregate in Algonquin Park.
These potential sources were then translated into four scenarios which were analyzed according
to their geological properties to determine how groundwater flow may be affected by aggregate
removal. The four scenarios indicate that aggregate removal has the potential to alter
groundwater flow regimes. This is consistent with literature (e.g. Binstock and Carter-Whitney
2011); however the extent to which groundwater pathways are affected will depend on the
numerous geologic and hydrologic properties specific to a site. Future studies should investigate
current groundwater flow specific to Algonquin Provincial Park by using a network of
piezometers, monitoring wells, and Ground Penetrating Radar (GPR). Site specific research will
allow for a better understanding of the potential impacts of aggregate removal on groundwater
relative to the Algonquin Park ecosystem.

2.0 Introduction

First designated as a national park in 1893, Algonquin encompassed 7630 square
kilometers (km) of land assigned for forest reservation and wildlife refuge (Remmel 2009).
Algonquin later became the first provincial park in Ontario when it was established as a
provincial park in 1913 (FAP 2012). The original park was intended to provide maintenance of
headwater systems, conservation of ancient forests, protection for wildlife, experimental forestry,
a place for human well-being, and benefits to climate (FAP 2012).Currently, Algonquin
management attempts to achieve a balance between traditional land uses such as logging and
fishing with the protection and maintenance of natural wilderness areas (Remmel 2009).
Located on the Precambrian Shield, the park’s current topography is a result of past
glaciations (Ford and Geddes 1986). The previous ice stagnation environment created numerous
surficial features such as eskers, moraines, drumlins, and outwash plains. The advance and
retreat of glaciers also carved out large areas of land, which have formed deep, cold-water lakes
(Ford and Geddes 1986).
The Algonquin Park watershed is comprised of eight major rivers (Wilton 2000). Of
these, the Magnetawan, Amable du Fond, Petawawa and York rivers originate outside of
Algonquin Park, while the Muskoka, Bonnechere and Madawaska rivers originate within the
Park boundaries (Wilton 2000). The uppermost reaches of these drainage systems are areas of
water collection known as headwaters (Wilton 2000). While there are considerable efforts to
protect the headwaters that originate within the park’s boundaries, headwaters that originate
outside of the park are not offered the same protection. This lack of protection outside the park’s
boundaries could potentially result in adverse effects such as pollution and changes in flow to the

ecosystem. Algonquin Park is part of the Great Lakes-St. Lawrence primary watershed. Five
secondary watersheds fall within the Algonquin Park boundaries. They include the Central
Ottawa watershed to the east, the Upper Ottawa watershed, Eastern Georgian Bay, Lake Ontario
and Niagara Peninsula watershed, and the Wanipitai watershed (Figure 1).

Figure 1: Secondary Watersheds of the Algonquin Park Region

The Algonquin Park region lies within the transition zone between the southern Great
Lakes-St. Lawrence Forest and the northern Boreal Forest (Remmel 2009). Within the region,
there are a variety of tolerant hardwoods and conifers such as maple, birch, red pine, and white
pine among other species (Remmel 2009). As large red and white pines are valuable in the

forestry industry, the discovery of these resources quickly initiated logging within the area
(Remmel 2009). Algonquin Provincial Park remains the only provincial park in Ontario where
logging is permitted and is regulated by the Algonquin Forestry Authority (FAP 2012). The three
harvesting approaches utilized are single-tree selection, two-cut shelterwood harvesting and fourcut shelterwood harvesting (Williams 2009). To a lesser degree, clear-cutting is also conducted
in Algonquin, but the areas that are cleared are generally small and infrequent (Williams 2009).
To facilitate logging within the area, a network of access roads have been and continue to
be constructed and maintained (Figure 2). Within Algonquin Park, 78.0 km of road construction
was reported for the 2011-2012 season. A total of 25.2 km (32.3%) of roads were new
construction while 52.8 km (67.7%) of roads were reconstructions of previously used roads
(Annual Report for the Algonquin Park Forest 2012). In addition, 19.3 km of road was
decommissioned in the 2011-2012 season. Overall, 471 km of primary road and 139 km of
branch road were maintained in 2011-2012 (Annual Report for the Algonquin Park Forest 2012).
Operational roads were also maintained. It is estimated that approximately 6500 tonnes of
aggregate is required for constructed per kilometer of ‘laneway’ road in Ontario (Altus
Economic Consulting 2010). Meanwhile approximately 1000 tonnes of aggregate would be
required per km per year to maintain a logging road (Sheppard 2013). Based on the statistics
provided for the 2011-2012 season, roughly 978000 tonnes of aggregate were used for the
logging road construction projects that season.

Figure 2: Roads in Algonquin Park (2012)
To maintain roads used for logging, aggregate removal from the nearest accessible glacial
deposit is often the most economically feasible source. In Algonquin, glaciofluvial deposits are
commonly located throughout the park. In particular, eskers and moraines are relatively common
in the central and northwestern area, varying in size, shape, and gravel composition (Ford and
Geddes 1986). The majority of outwash deposits are composed of high quality coarse aggregate,
and the abundance of glacial features has allowed for several potential aggregate extraction sites
to be identified within in the Algonquin region (Ford & Geddes 1986). Currently, aggregate
removal occurs at a minimum distance of 500 m outside of designated areas of concern, defined
by the location of self-sustaining brook trout lakes (Hicks 2009). However, this does not

guarantee that the lakes will be protected from the effects of aggregate removal. Areas that
provide groundwater recharge to brook trout lakes are thought to be found in the areas of higher
elevation surrounding these lakes. Aggregate removal is not allowed within 120 m of roads,
lakes and river (Figure 3). As groundwater recharge and headwaters may occur outside of the
defined buffer zones, aggregate removal may still potentially cause adverse effects to brook trout
lakes that rely on these features. In addition, brook trout nurseries are often too small to be
detected, leading to difficulties in accurately creating and maintaining a 500 m buffer zone
between trout spawning sites and aggregate removal sites (Wedeles 2009).

Figure 3: Aggregate Extraction Setbacks: Buffers around Roads, Lakes and Rivers

Algonquin Park contains the highest density of brook trout lakes in the world (FAP
2005). Brook trout have specific habitat requirements; the preferred habitat will have water
below 20 degrees Celsius, and an oxygen concentration greater than five parts per million (ppm)
(FAP 2005). These fish also have specific spawning habitat requirements that involve the quality
and quantity of groundwater upwellings, making them vulnerable to changes in groundwater
flow. Spawning site quality can be largely attributed to the overall water depth and flow, as well
as substrate composition and particle size (Blanchfield and Ridgway 2005). The survival of
embryos is therefore reliant on these factors. The most important criteria for female nest site
selection is based on the quality of groundwater upwellings, as they replenish oxygen levels and
prevent siltation that may inhibit the success of trout eggs and alevins (Brunke and Gonser
1997). In addition, it was found that low flow of upwellings resulted in virtually no survival,
while there was a relatively constant survival rate (37%) for populations at 20 mL/m2/minute
(Blanchfield and Ridgway 2005). This study found that poor spawning habitat accounted for 6791% of total egg loss. Due to the narrow tolerance range of brook trout, the viability of this
species can be used to indicate changes in groundwater flow or composition (Wedeles 2009).
These changes are important as cool groundwater discharge moderates stream temperature,
warming streams in the winter and cooling streams in the summer to make aquatic areas
habitable for cold water organisms (Markle and Schincariol 2007). The effects of aggregate
removal on groundwater in Algonquin Park have yet to be determined. However, it has been
suggested that aggregate removal may affect brook trout by changing water quality, quantity, or
temperature.

The purpose of this report is to study the hydrogeology of Algonquin Park, and to
improve the understanding of the possible impacts of aggregate removal on groundwater
properties. Geological properties specific to Algonquin Provincial Park will be analyzed in order
to investigate these potential impacts. This report is meant to provide a summary and analysis of
the current state of knowledge on this topic, in addition to suggesting possible aggregate removal
scenarios that may aid in the identification of potential outcomes of aggregate removal within the
Park.

3.0 Methods

3.1 Literature Review

In order to determine the effects of aggregate removal on groundwater, a literature review
was conducted. The University of Guelph online library database was searched using keywords
such as “aggregate removal,” “water table,” “groundwater,” “drumlin,” “moraine,” “esker,”
“fluvial deposit,” “outwash,” “mining,” “effects,” “Algonquin park” and “geologic properties.”
As groundwater properties will differ among sites, comprehensive reviews of the
hydrologic cycle, hydraulic properties that influence groundwater, and the glacial geology of
Algonquin Park were conducted to gain an understanding of how aggregate removal will impact
groundwater flow regimes in the Algonquin Region. The following textbook was used to identify
the basic function of a regional water cycle.
Davie T, editors. 2008. Fundamentals of Hydrology. 2nd ed. New York (NY): Routledge.
200 p.
Hydrologic data specific to Algonquin Park was acquired to create an integrative estimation of
the hydrologic properties of the region.
The following two resources were used to explain the geologic properties that govern the water
table and groundwater movement. These resources were selected as the authors are recognized to
be leaders in groundwater research.
Freeze RA, Cherry JA, editors. 1970. Groundwater. 1st ed. New Jersey (NJ): Englewood Cliffs.
602 p.
Groundwater, co-authored by R. Allan Freeze and John Cherry is the most widely
referenced textbook in hydrogeology. The authors are recognized as leaders in the field and are
accredited with many awards. Dr. Cherry specializes in contaminant hydrology and remediation

and has participated in the development of many technologies used in groundwater monitoring
and remediation. Dr. Freeze is internationally recognized as an expert in the numerical analysis
of regional groundwater flow, and has received numerous awards from GSA, American
Geophysical Union, Royal Society of Canada, Canadian Geotechnical Society, American
Institute of Hydrology, and National Ground Water Association.
Fetter CW, editors. 2001. Applied Hydrogeology. 4th ed. New Jersey (NJ): Upper Saddle River.
598 p.
C.W. Fetter is the award-winning author of Applied Hydrogeology. The book has sold
over 100,000 copies, and is widely used as the introductory textbook for classes on groundwater
behavior. Fetter is also internationally recognized as an expert in hydrogeology, and has received
awards from the Wisconsin Ground Water Association and the Association of Ground Water
Scientists and Engineers.
The following textbooks were used for reference to discuss the composition, formation
and appearance of glacial landforms that are found within Algonquin Park.
Trenhaile AS,editors. 2007. Geomorphology: A Canadian Perspective. 3rd ed. Oxford University
Press. 498 p.
Alan Trenhaile is an expert in his field, being appointed associate editor of the Canadian
Journal of Earth Sciences this year, appointed to the editorial board of the Marine Geology
Journal in 2012. His textbook was of particular relevance to this project because it was written
with a Canadian perspective.
3.2 Mapping and Scenarios

ArcGIS version 10 software was used for map creation and data analysis. Data was
acquired through the University of Guelph’s Scholars Geoportal. Specifically, nine vector

shapefiles were used. The boundary of Algonquin Park was extracted from the provincial park
regulated file, created by the Ontario Ministry of Natural Resources (2008). Bedrock geology of
Ontario displays the distribution of bedrock units underlying Ontario from the Ontario
Geological Survey at a 1:250 000 scale (2003). Three surficial geology layers were used: point,
line, and polygon. All the files were created by the Ministry of Northern Development, Mines
and Forestry (2010). The lake and river files were acquired from DMTI Spatial Inc. (2012). Two
files were used, one that contains large water bodies (over 100 km2) and another with smaller
water bodies (under 100 km). Secondary watershed data was accessed from the Ontario Ministry
of Natural Resources (2010). Road data was used from the road network file (2011), which was
created by Statistics Canada. After all the data was acquired, the data was reprojected into North
American Datum (NAD) 1983 Universal Transverse Mercator Zone (UTM) 17N. This projection
is ideal for central Ontario locations. Next, all 9 raw data files were clipped to the extent of the
Algonquin Park boundary shapefile. Geologically similar polygons were dissolved into more
general categories. For example, categories such as “eskers, no direction” and “eskers, direction”
were dissolved into one group simply titled “eskers”. This was done to decrease the number of
unique feature types considered in the analysis. Polygon areas and line lengths were calculated
for all features using the calculate geometry tool. The surficial polygon data was intersected with
the surficial geology line data as well as surficial geology point data, producing a list of all
possible combinations of glacial features and their underlying geological materials. Attribute
tables were then examined, and the point and line surficial geology features were summed. This
was done to understand the prevalence of each feature type within the park. Many features
occurred so infrequently that they were removed from the analysis altogether. The most common

glacial features that were also feasible for aggregate extraction were used to create the
groundwater flow scenarios.
Based on information found within the Algonquin Park Management Plan, 120 m buffers
were created around all lakes, rivers and roads to illustrate the area of the park deemed to be ‘off
limits’ for aggregate extraction. This buffer analysis requires further work, as many other
features within the Park that are not included in this analysis dictate where aggregate may or may
not be removed. For example, aggregate extraction may only occur within Recreation/Utilization
zones; however, ArcGIS shapefile data depicting these zones was not available. The Algonquin
Park Management Plan also requires a buffer of 500 m around all brook trout lakes within the
park, but there was also no access to this ArcGIS layer. The absence of buffers around these
features indicates that more of Algonquin Park is protected from aggregate extraction than is
depicted in the map.

4.0 Results
4.1 Hydrologic Cycle

In order to determine how the water table will differ with changes in topography, it is
necessary to establish an understanding of the hydrologic cycle and climate within Algonquin
Park. Differences in the hydrologic cycle within a single area can be attributed to both spatial
and temporal factors. Spatially, Algonquin Park encompasses a large area including 2465
freshwater lakes, 1200 km of streams, and a diverse range of other water bodies (Remmel 2009).
Elevation within the park differs due to the fact that the land is “dome” shaped, a feature that
impacts water flow and the regulatory patterns of hydrologic systems within the park (Remmel
2009). The west side of the park experiences slightly higher precipitation (7% more), and slightly
lower temperatures (about 1 degree Celsius) than the east side of the park due to differences in
moisture levels attributed to lake effects from Lake Huron and prevailing winds (Remmel 2009).
Due to the effect of the Algonquin dome, the park also experiences a slightly lower potential
evapotranspiration rate (553 mm) than surrounding areas (559 mm), contributing to fact that
Algonquin Park consistently has a surplus in its water budget (Remmel 2009).
Temporally, the Algonquin Park region experiences a wide range of temperatures over
the year. Temperatures generally range from 12-25 degrees Celsius in the summer months and
around -4 to -18 degrees Celsius in the winter months (Remmel 2009). Figure 4 shows the 2012
distribution of temperatures in Algonquin Park. The climate is classified as humid continental
due to large seasonal fluctuations in weather (Remmel 2009). In addition, the month of August
experiences slightly higher precipitation than the rest. Aside from the overall effect on the water
cycle, these seasonal changes in climate are important for nutrient cycling within water bodies.
Sun-warming of the upper water layer facilitates a temperature gradient in lakes, which leads to a

mixing of nutrients between layers once the water reaches a temperature of 4 degrees Celsius and
sinks (Banks 2009). This nutrient mixing, along with re-oxygenation effects are very important
for the brook trout habitat (Banks 2009).
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Figure 4: Maximum, Minimum and Mean Temperatures of Algonquin Park (2012)

On a local scale, the hydrologic cycle consists of four main stages within a catchment:
precipitation, runoff, storage, and evaporation (Davie 2008). These stages are inextricably
connected, and changes in one part of the cycle affect the other three to varying degrees. The
actual order of stages in the water cycle is arbitrary, as the processes occur simultaneously.
In general, precipitation is distributed fairly equally throughout the year within
Algonquin Park (Remmel 2009). Depending on the time of year (and temperature), it reaches the
ground as rain, snow, hail, or a combination of the three. Precipitation occurs when there is a

cooling of the atmosphere. This happens when there is a rising of an air parcel, and an associated
decline in pressure (Davie 2008). The cooling of this air results in a decreased ability for the
atmosphere to hold moisture, and saturation leads to a precipitation event (Davie 2008). The
precipitation either reaches the ground, or is intercepted by natural or manmade features (Davie
2008).
Evaporation occurs from a variety of sources, including open water, groundwater, soil
and vegetation (Davie 2008). The amount of evaporation that takes place annually is dependent
on regional climate. Climate affects two factors: the amount of liquid water, and the amount of
energy available for vaporization (from the sun or atmosphere) (Davie 2008). As a result, there
may be less evaporation during periods of low water and energy availability, such as during the
winter season or times of drought. Evaporation is also a function of vegetative cover – the more
precipitation that is intercepted by vegetation, the more water that is available for vaporization
(such as that in a forested area, for example) (Davie 2008).
Precipitation that does not infiltrate the ground is pooled at the surface, and is known as
surface runoff. Runoff is transported through various mechanisms and pathways before reaching
its final destination. This includes both above ground (overflow), shallow subsurface
(throughflow), and below surface (groundwater) movement, and is dependent on the topography
and soil characteristics of a region (Davie 20008). Factors such as size, slope, shape of
catchment, vegetation cover, soil type, and amount of development all affect the movement of
runoff through the environment (Davie 2008). The amount of runoff is a function of
precipitation, storage availability, and evaporation. Runoff can also act as a means of transport
for pollution and sediment (Davie 2008).

Storage refers to the balance of water additions and water losses at any given time. It
includes water located in both the saturated and unsaturated zones, as well as surface water
bodies (Davie 2008). The amount of storage available for water depends on the availability of
aquifers and aquitards, as well as the overall topography of the region (Davie 2008).
4.2 Introduction to the Properties of Groundwater

The water table is the boundary which separates subsurface waters into the unsaturated
zone and the saturated zone. The unsaturated zone lies above the water table and is known as the
vadose zone. The saturated zone lies below the water table and is known as the phreatic zone.
The water within the phreatic zone is termed groundwater. This boundary is defined as the
surface where pressure head is equal to zero atmospheric pressure.
An aquifer is a saturated, permeable, geologic unit below the water table that can store
and transmit significant quantities of water (Freeze and Cherry 1979; Fetter 2001). Aquitards, or
confining layers, are less permeable geologic units that can store groundwater and slowly
transmit it from one aquifer to another (Freeze and Cherry 1979; Fetter 2001). Aquitards are
commonly composed of finer, less permeable materials such as clays, shales, and dense
crystalline rocks (Freeze and Cherry 1979). The term aquifuge is used to describe geologic units
that are completely impermeable and will not transmit any water (Freeze and Cherry 1979; Fetter
2001).
Aquifers can be classified into three different categories: confined, semi-confined, and
unconfined (Fetter 2001). Unconfined, or water table aquifers, are close to the surface and
contain continuous layers of highly permeable materials (Fetter 2001). These materials will often
extend from the land surface to the base of the aquifer, and are recharged as groundwater seeps
downwards from the unsaturated zone (Fetter 2001). Confined, or artesian aquifers, occur when

groundwater becomes trapped under an impermeable surface often under pressure (Fetter 2001).
If a well is installed through the confining layer, this pressure can force well water levels
upwards to significant distances above the aquifer (Fetter 2001). The maximum distance that
water can rise above the aquifer is known as the potentiometric surface (Fetter 2001). Semiconfined, or leaky aquifers occur in the same conditions as confined aquifers except that the
aquitards surrounding them are slightly more permeable.
As water enters a well it will stand at a particular level. This level is known as hydraulic
head. Hydraulic head (h) is the total mechanical energy per unit weight of water, and is measured
as the sum of pressure head (hp), elevation head (z), and velocity head (v), in units of length.
Velocity head is often disregarded, as groundwater movement is generally very slow (Fetter
2001).
Pressure head (hp) is the force that a water column will exert at a point of interest.
Elevation head is the height of the bottom of the piezometer or measuring point above sea level
(Fetter 2001). In the field, hydraulic head is calculated as the depth to water table subtracted
from the elevation of the measuring point, such as the top of the piezometer casing (Figure 5).

Figure 5: Diagram of Hydraulic Head

Groundwater will always flow in the direction of decreasing head. The rate at which it
moves will depend on the hydraulic gradient, which is essentially the slope of the hydraulic head
(change in head per unit distance). Generally speaking, the elevation of the water table follows
the shape of the topography, although the water table relief will not be as great as the
topographic relief (Fetter 2001). Groundwater will generally flow from topographical highs
towards topographical lows, where discharge zones are normally located (Fetter 2001). The
water table will be flat in the absence of groundwater flow, and sloping where groundwater is
flowing. Geologic properties such as porosity, permeability, hydraulic conductivity,
transmissivity, and recharge are also physical factors which influence the height of water table
levels (Fetter 2001).
Porosity is a measure of the capability of a geologic material to contain or store fluids,
calculated as the ratio of the volume of void spaces to the total volume of the material (Fitts
2002). Porosity can be subdivided into two categories, primary porosity, which describes the
porosity due to the soil or rock matrix, and secondary porosity, which describes the pores
developed by processes such as fracturing or weathering after the rock was deposited (Freeze and
Cherry 1979).
Porosity is determined by grain-size sorting, packing type (cubic or rhombohedral), and
grain size. Sediments or geologic materials that are poorly sorted, with a mixture of different
grain sizes, will often have low porosities as small particles fill the void spaces between larger
particles (Fetter 2001). If sediment fragments have equal diameters, they can be assembled in a
manner where a sphere sits directly on the crest of the underlying sphere. This is known as cubic
packing, and can be associated with a porosity of 47.65% (Fetter 2001). Spheres that lie in the
hollows formed by adjacent spheres will result in decreased porosities of 25.95%, known as

rhombohedral packing. In fine geologic materials with small pore radiuses, fluids are held tightly
within pores by surface tension and are not able to flow freely through the pore spaces.
Alternatively, coarser grained sediments have larger radiuses and will generally be associated
with greater porosities. The effective porosity of a material is the ratio of the volume of pore
spaces through which water or other fluids can travel in a rock over the total volume of a rock.
Table 1 shows the different material types and their associated porosities.

Table 1: Material Types and associated porosity (n) values (Fetter 2001)
Material

% Porosity (n)

Well sorted sand or gravel 25-50
Sand and gravel mixed

20-35

Glacial till

10-20

Silt

35-50

Clay

33-60

As permeability is a measure of the ability of a liquid to pass through a porous material, it
is closely related to the pore sizes which allow the fluid to move. Intrinsic permeability (Ki) is
independent of fluid properties and only depends on the medium.
Hydraulic conductivity describes the rate that water moves through a permeable material,
measured as a velocity in units of length per time (Fetter 2001). It is a function of the porous
medium’s properties as well as the properties of the fluid moving through, such as the density

and viscosity (Fetter 2001). Since water flows faster through coarser materials, the hydraulic
conductivities will be higher for well-sorted sands and gravels and lower for finer sediments such
as silt and clay (Table 2). Hydraulic conductivities also increase with increasing water
temperature (Fetter 2001; Cho et al. 1997).

Table 2: Materials and associated hydraulic conductivities in cm/sec (Fetter 2001).
Material

Intrinsic Permeability

Hydraulic Conductivity

(darcys)

(cm/sec)

Coarse Gravel

10 – 103

10-2 - 1

Well Sorted Glacial Meltwater

N/A

10-3 - 15

Coarse Sand

1- 102

10-3 – 10-1

Silt

10-3 – 10-1

10-6 – 10-4

Clay

10-6 – 10-3

10-9 – 10-6

Deposits

Table 3: Hydraulic Conductivities of Glacial Deposits (Stephenson et al. 1988)
Unweathered (m/day)

Weathered (m/day)

Fractured (m/day)

Basal Till

10-2 to 10-4

10-1 to 10-4

1 to 10-4

Supraglacial Till

1 to 10-4

1 to 10-4

1 to 10-4

Lacustrine Silt and Clay

10-4 to 10-8

N/A

10-3 to 10-6

Loess

1 to 10-6

10-2 to 10-5

N/A

Outwash

102 to 10-2

N/A

N/A

Transmissivity is the rate at which water moves through a unit width of an aquifer or
confined bed under a certain hydraulic gradient (Fetter 2001). It is a function of the water’s
properties, the porous material it is moving through, and the thickness of the material (Fetter
2001). Transmissivity is the product of aquifer thickness and hydraulic conductivity with units of
length2/time (Freeze and Cherry 1979). An aquifer transmits water from the recharge areas to the
discharge zones (Freeze and Cherry 1979). The maximum amount of water that an aquifer can
transmit is a function of the transmissivity (Fetter 1980). Confined aquifers with transmissivity
values greater than 0.015 m2/s are good for water exploitation, whereas transmissivity values for
unconfined aquifers are not well defined (Freeze and Cherry 1979).
Groundwater recharge is the entry of water into the saturated zone (Healy 2010; Freeze
and Cherry, 1979). Generally, the water table at a recharge area is deep below the surface rather
than right at the surface (Freeze and Cherry 1979). Recharge of an aquifer is determined by the
amount of precipitation that is not lost from runoff and evapotranspiration, the vertical hydraulic

gradient of surficial deposits, the aquifer transmissivity and potentiometric gradient (Fetter 2001;
Huang and Chen 2012).
If glacial features are topographically high, they may be unsaturated as water percolates
downwards. However, if they are lower, they can be ideal groundwater sources (Fetter 2001).
The hydrogeologic properties within one glacial feature, especially hydraulic conductivities, may
vary greatly due the complex arrangement and variety of sediments present (Fetter 2001).
4.3 Geologic Features of Algonquin Park

The topography of Algonquin Park has been largely shaped by past glacial movement
which has resulted in the deposition of sediments in various glacial landforms. This study has
identified many geologic features within Algonquin Park (Figure 6; Figure 7, Figure 8). Of these
features eskers, drumlins, outwash deposits, and moraines will be examined in greater detail as
potential aggregate sources, and the subsequent effects of removing these formations.

Figure 6: Glacial Features of Algonquin Park

Figure 7: Glacial Landforms of Algonquin Park

Figure 8: Graph of Surficial Features and Landforms

Table 4: Material Types above Glacial Landforms
Gravel
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0

24

4
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0
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Figure 9: Surficial Geology of Algonquin Park
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Figure 10: Proportion of Surficial Geology Features
4.3.1 Till

Till refers to unsorted and unstratified material that was deposited directly by glacial ice.
If the origin of deposition is unknown, or has been moved since deposition, it is classified as
diamict (Martini et al. 2001). Till is characterized by numerous factors such as particle-size
distribution, colour, matrix, clast shape and roundness, and orientation (Martini et al. 2001). Till
on the Precambrian Shield is generally coarse grained, and ranges in thickness from 2 m to 8 m
(Trenhaile 2007). The composition of till is determined by bedrock characteristics, mode of
transportation of the glacier, and unconsolidated sediments which are generally composed of
poorly sorted mixtures of rocks fragments, sand, silt or clay (Trenhaile 2007). Of these, the most
important factor that contributes to till composition is underlying bedrock (Trenhaile 2007). For
example, sandy tills are often formed from sandstones, granite or gneiss which are coarse grained
igneous and metamorphic rocks, while clay or silt dominated till tend to form in the presence of

fine grained sedimentary rocks (Trenhaile 2007). The Canadian Shield that underlies the park is
coarse in nature (Trenhaile 2007). The orientation of rock fragments within a glacial depositional
feature can also be used to determine what type of till is present in the feature (Trenhaile 2007).
This is possible as different materials often have a preferred orientation, and the degree of
orientation varies depending on where in the glacier the material was transported (Trenhaile
2007). As till is a poorly sorted, low porosity material, it will generally have low permeability
and low hydraulic conductivity (Fetter 2001).
4.3.2 Eskers

Eskers are long, narrow ridges composed of stratified well-sorted gravel and sand (Burke
et al. 2008; Martini et al. 2001). These features can vary greatly in their size from 2-50 m in
height, a few meters to a couple hundred meters in width, and up to hundreds of kilometers in
length (Martini et al. 2001). Larger eskers tend to occur on hard rock while smaller ones often
form on softer substrates (Martini et al. 2001). It is thought that factors such as ice temperature,
sediment availability, and whether ice was stagnant or active impact the size and composition of
eskers (Trenhaile 2007). Eskers can be divided into three main types: continuous, beaded, or a
complex combination of continuous and beaded (Trenhaile 2007). Eskers are usually well sorted,
highly permeable, high porosity materials, and have high hydraulic conductivities ranging from
10-3 cm/s to 15 cm/s (Fetter 2001). Due to these properties, eskers are commonly prolific
aquifers in glaciated basins (Cummings et al. 2008). There is currently insufficient understanding
of the hydrological system pertaining to aquifer recharge and groundwater flow paths of eskers
(Cummings and Russell 2007).

4.3.3 Moraine

Moraines refer to ridges or mounds of accumulated glacial sediment (Martini et al. 2001;
Trenhaile 2007). Terminal is used to describe moraines formed at the maximum glacier extent,
that are often formed of till and stratified material (Martini et al. 2001; Trenhaile 2007). Kame
moraines differ as they consist of sediments that have been deposited at the ice margins by
meltwater rivers (Trenhaile 2007). Lateral moraines are composed of diamicton, forming long
ridges that are often subject to deformation and slumping (Martini et al. 2001). Interlobate
moraines are formed by the deposition of sediment between adjacent ice lobes, and kame
moraines are often included as interlobate moraines (Trenhaile 2007). They are large features, up
to 50 m high and tens to hundreds of kilometres long (Martini et al. 2001). Out of the varying
types of moraines, interlobate moraines will most likely be used for aggregate extraction as they
are primarily composed of stratified sand or gravel with thin layers of diamicton (Martini et al.
2001).
4.3.4 Drumlin

Drumlins are recognized by their unique half-ellipsoid shape, which looks similar to an
inverted spoon (Trenhaile 2007). The long “handle” axis runs parallel to the direction of ice
movement (Trenhaile 2007). Drumlins can be found individually, although they are often found
in groups of three or four. The internal composition of drumlins can vary from unsorted till
deposits to stratified sandy deposits (Trenhaile 2007). Drumlins are easily distinguishable by
their large sizes as they can range from 15 m to 40 m in height, where some can even reach a
maximum of 70 m (Trenhaile 2007). Drumlinoids are similar to drumlins although they may lack
the characteristic spoon-like shape. These features are long and narrow, ranging from 3 m to 30

m in height and around 1 km in length (Trenhaile 2007). The composition, internal structure, and
shape may be highly varied among drumlins (Trenhaile 2007). Stokes et al. (2001) conducted a
systematic survey on past literature and classified drumlin compositions into five categories:
mainly bedrock, part bedrock/part till; mainly till, part till/part sorted sediments; and mainly
sorted sediments. These differences may be attributed to the origin and formation of drumlins,
which is widely debated among the scientific community (Trenhaile 2007). A widely accepted
theory states that different rates of deformation occur in different soil horizons below the ice
sheet, resulting in the deposition of many different types of sediment (Trenhaile 2007).
4.3.5 Outwash Deposits

Outwash deposits, also known as proglacial stream deposits, are dependent on the
composition of material transported by the glacier (Martini et al. 2001). The particle size of
sediments varies with composition, however it is uncommon for outwash deposits to contain
small particles (Martini et al. 2001). The larger particles are often deposited close to the glacial
point source and gradually get smaller with distance from the glacier, as larger particles require
more energy to remain entrained in outwash streams (Martini et al. 2001). This results in gravel
deposition close to the ice margin, and and deposition of silts and clays further downstream
(Martini et al. 2001). Due to the variation in meltwater flow, there are often layers of sorted and
unsorted material within the same deposit (Martini et al. 2001). For example, periods of higher
flow discharged from the glacier create periods of higher energy, while less discharge represents
periods of lower energy. Higher energy environments will transport material farther than lower
energy environments. Because discharge from glaciers fluctuates with the seasons (with higher
discharge occurring in the warm months due to melting) the particle size deposited will also
vary. The changes in energy environments results in layers of coarser grains deposited in periods

of high energy, and finer grains deposited in periods of low energy. Glacial outwash deposits are
normally well-sorted, high porosity materials with high permeability and high hydraulic
conductivity (Fetter 2001). Since glacial outwash deposits can be tens of meters thick, they make
ideal aquifers (Fetter 2001).
4.3.6 Precambrian Bedrock

Algonquin Park is predominantly underlain by Precambrian bedrock. This bedrock is part
of the Precambrian Grenville structural province which is the youngest section of the Canadian
Shield (Singer and Cheng 2002). The Grenville province can be further subdivided into the
central gneiss belt and the central metasedimentary belt, with Algonquin Park almost entirely
within the Central gneiss belt (Singer and Cheng 2002). The bedrock in Algonquin Park can be
divided into

agmatic rocks and gneisses of undetermined protolith, and felsic igneous rocks.

These two categories make up 97% of the underlying bedrock in within the Algonquin Park
boundaries (Figure 11; Figure 12). Groundwater movement through metamorphic and igneous
rocks is often very unpredictable (Fitts 2002). This is due to the low porosity of the material,
largely determined by the extent of fracturing (Fitts 2002). Singer and Cheng (2002) indicate that
the movement of groundwater through the bedrock is dependent on secondary permeability
created by fractures. These fractures are very important for determining the total porosity,
hydraulic conductivity, water yield capability and infiltration rate of the bedrock (Singer and
Cheng 2002). It was found that in areas where glacial and soil cover is small, there were more
fractures in the bedrock (Singer and Cheng 2002).

Figure 11: Bedrock Geology of Algonquin Park

1%
0%

0%

0% 0%
1%
Gneisses of metasedimentary origin
Mafic Rocks
Migmatitic rocks and gneisses of
undetermined protolith
Anorthosite and alkalic igneous
rocks
Felsic igneous rocks

42%

Early Felsic Plutonic Rocks

56%

Mafic to UltraPlutonic Rocks
Tectonite Unit
Limestone, Dolostone, Shale,
Akrose, Sandstone

0%

Figure 12: Proportion of Bedrock Geology Features

Wang and Chin (1978) determined the average permeability of the Albany river basin, on
the Precambrian Shield, was less than 0.1 m/day. The authors also conducted short term pumping
test in 1010 wells throughout three basins and found that the average transmissivity was 2.9
m2/day for the Albany basin, 3.1 m2/day in the moose river basin and 10.7 m2/day for the Severn
River basin. The highest transmissivity value of 28.2 m2/day in the Severn River basin and was
thought to be high due to the presence of sand till along with the bedrock which may have been
providing water to the well.
Osty and Singer (1981) conducted a similar study where they determined the hydraulic
conductivity of 179 wells in the Thousand Islands area of the Precambrian shield. The hydraulic
conductivities ranged from 10-5 m/day to 1.3 m/day with an average of 0.1 m/day.

Lemieux et al. (2008) conducted a detailed literature review of the hydraulic properties of four
different categories of bedrock within Canada. It was found that that the hydraulic conductivity
(m/a) was 30.0, the specific storage (m-1) was 3.0 x 10-6 and the porosity was 0.001 for the
Precambrian Shield. In general, groundwater infiltration and flow through the Precambrian
bedrock depends on the extent of fracturing as well as the presence of unconsolidated material
within the fractures. As fracturing increases, the ability of water to infiltrate this bedrock into the
groundwater also increases.
If the degree of fracturing in the bedrock is low and the bedrock is exposed, it is unlikely that
precipitation will be able to infiltrate the ground, and will result in pooling at the surface. This
water can be lost as runoff or surface evaporation. Therefore, more groundwater recharge occurs
if precipitation falls in many small events instead of a few large events. There is an important
distinction to be made between runoff water entering lakes or streams and upwellings into lakes
or streams. As upwellings consist of cooler, cleaner water than runoff, the inputs from
upwellings are more important for brook trout survival than those contributed by runoff (Markle
and Schincariol 2007; Wedeles 2009). Surface runoff can be warmed through continuous
exposure to the sun and may also pick up surface contaminants before entering the lakes and
other water bodies.
4.4 Scenario Development for Assessing Groundwater Patterns

Four simplified scenarios were developed to describe how groundwater will flow after
aggregate has been removed, based on their hydrogeological properties. Scenarios for eskers,
moraines, drumlins and outwash deposits were examined. During scenario creation it was
assumed that no extraction occurred below the water table, precipitation amounts were the same,
aquifers were unconfined, hydraulic gradient is greater in glacial features than in lakes, glacial

features are located at the surface, and flow has no directional preference among layers.
However, real life scenarios will be more complicated.
Aggregate operations that extend below the water table can result in numerous
hydrological impacts (Binstock and Carter-Whitney 2011). These impacts can include those
associated with displacing large quantities through the dewatering of extraction pits, and
subsequent runoff and evaporation at faster rates (Binstock and Carter-Whitney 2011). The
lowering of the water table during aggregate extraction can also alter flow regimes in
surrounding areas and cause adverse effects in wetlands that are fed by groundwater discharge
(Binstock and Carter-Whitney 2011). As the extent of these changes could not be determined
without site specific information, the scenarios were created to show the potential effects of
aggregate removal above the water table on groundwater.
The four scenarios primarily describe the effects of groundwater recharge in surficial,
unconfined aquifers. For simplicity, precipitation was considered the main mechanism for
recharge, and precipitation amounts were equal among all scenarios. Although recharge often
occurs from adjoining water systems, the scenarios were based on the assumption that the
hydraulic gradient was greater in the glacial feature (Healy 2010).
Numerous factors will determine the extent to which groundwater is affected including:


The hydrogeological properties of the glacial feature including the composition, texture,
porosity and hydraulic conductivities



The physical characteristics of the geologic layer that lies beneath the formation



The actual amount of material removed

The flow patterns described in the scenarios were determined by considering the large scale
patterns in hydrogeological heterogeneity, as they have been concluded to control the
groundwater flow field (Anderson 1989). These patterns are determined by facies models, or
sediment types (Anderson 1989).
4.4.1 Scenario One: Eskers

Eskers are well-sorted deposits of stratified sands and gravels, which are particularly
valuable sources of aggregate. These features are exceptionally abundant in Algonquin Park, as
405 eskers were identified within the park boundaries (Figure 10). Based on the quality of
aggregate supply and the abundance of these features, eskers were selected for scenario one.
Figure 13 shows a simplistic situation where an esker formation is overlain on a gravel deposit
on bedrock. Although this situation is the most common to Algonquin Park geology, eskers were
found on top of diamict, gravels, sands, and Precambrian bedrock as well.

Figure 13: Scenario One Esker

Due to the coarser grained nature of esker deposits, these features will generally have high
hydraulic conductivities and be fairly porous (Fetter 2001). These characteristics allow eskers to
retain considerable amounts water as it percolates downward into the underlying layers. Eskers
are commonly used as reservoirs for drinking water and are important long-term water resources
for wetlands and lakes (Cummings et al. 2008; Smerdon et al. 2012; Winter et al. 2008). Aquatic
ecosystems rely on the interaction with groundwater, and wetlands and lakes that are on top of
stratified glacial deposits are therefore considered groundwater dependent ecosystems (Smerdon
et al. 2012). As these formations are important for ecosystems, extracting them for aggregate can
have significant impacts (Rossi et al. 2012).
As water percolates through the different layers, the rate at which it flows will change
depending on the hydrogeologic properties of that material. These changes can be exemplified by
the scenario shown in Figure 13 where an esker overlays gravel deposits. In this situation, you
would likely expect the hydraulic conductivities and permeability to increase as the water moves
from the esker formation to the gravel, due to extended pore radiuses and increased effective
porosity. However, if the material below the esker is diamict, the subsequent rate at which water
infiltrates the diamict will be significantly decreased, as it is a less permeable material. Since the
esker is acting as a reservoir, the removal of the feature will ultimately alter water storage and
recharge rates. The extent to which groundwater recharge is affected within an esker will
primarily depend on the stratigraphy and the geology of the material below it (Binstock and
Carter-Whitney 2011). If the esker is removed, the hydrologic cycle may be altered in the
following ways:


Diamict and Bedrock: On materials of low permeability, water will not be able to
completely infiltrate the surface and can be lost as surface runoff, and evaporation. This

will result in decreased recharge rates, and a subsequent decrease in the discharge
supplied to upwellings.


Sand and Gravel Deposits: As coarser grained deposits are valued for aggregate, it is
likely that the entire deposit would be stripped to the bedrock. However, this may not
always be the case, and coarser grained materials can remain after the esker is removed.
If the remaining layer is of high permeability, water will saturate the deposits and
percolate downwards into the underlying layers. As a result of aggregate removal,
precipitation now has a shorter distance to travel to areas of discharge. Therefore, if
hydraulic conductivity is greater in the underlying feature, the groundwater will percolate
at faster rates, and result in higher flow rates. The effect of removal will ultimately
depend on whether precipitation exceeds water storage within the aggregate deposit. If
this is the case, excess water will be lost as surface runoff and evaporation, creating
significant fluctuations in groundwater flow (Ostry and Singer 1981). Flow rates will be
increased during times of precipitation, and may decrease when there is little or no
precipitation resulting from the loss of the water reservoir. These fluctuations will occur
due to climatic variation and can result in significant stresses on aquatic wildlife
(Blanchfield and Ridgway 2005). Alternatively, water loss from runoff and evaporation
would not occur if water storage exceeds precipitation, and would result in increased
groundwater flow.

4.4.2 Scenario Two: Moraines

Interlobate moraines are comprised mainly of stratified sand and gravels, deeming them
the most important moraine in regards to aggregate mining (Martini et al. 2009). Moraines are

fairly abundant in Algonquin Park with 40 major moraines and 67 minor moraines (Figure 8). Of
these, it is unknown how many are considered to be interlobate moraines (Figure 8). Figure 14
contains a simplified situation where a moraine overlays a sand deposit, which overlays bedrock.
While this situation is common to Algonquin Park, the moraines located there are also found
over gravel, diamict, or organic deposits (Table 4). Moraines are important as they can act as
reservoirs for storing groundwater (Roy and Hayashi 2009). With the moraine present,
precipitation is able to infiltrate and percolate through, resulting in decreased runoff.
Consequently, removing some or all of a moraine will change the amount of water storage space
available and affect the hydrological cycle (Figure 14). Only part of a moraine may be removed
if it is comprised of sediments other than sands and gravels. Since these remaining deposits are
not used for aggregate removal, it is likely that they are finer grained and less permeable
sediments. If this occurs, the hydrological cycle will be affected in that less water will infiltrate
the surface, causing more water to be lost as runoff and less water to contribute to groundwater
recharge (Figure 14) (Harbor 1994). Since moraines and eskers overlay similar materials, the
effects of removing an entire moraine will have a similar effect to removing an entire esker as
described above.

Figure 14: Scenarios Two Moraine

4.4.3 Scenario Three: Drumlins

Although less common than eskers and moraines, 25 drumlins formations were identified
in the north-central region of Algonquin Park (Ford and Geddes 1986) (Figure 6, Figure 8). As
the composition and internal structure of drumlins can vary depending on the method of
deposition, not all drumlins will be appropriate for aggregate removal (Stokes et al. 2011).
However, those comprised mainly of stratified well-sorted sediment can be valuable aggregate
resources (Menzies and Rose 1987). As such, these features represent possible aggregate
extraction sites and were selected for scenario three.
Figure 15 shows a situation where a drumlin overlays bedrock. Depending on the internal
structure, the removal of this feature will alter the hydrologic cycle in numerous ways. For the
purpose of simplicity, this scenario will only consider the impacts caused by the aggregate
removal of stratified, well-sorted drumlin formations.

Figure 15: Scenario Three Drumlin

As the internal composition of the drumlin within Figure 15 is similar to that of eskers
and moraines, the effects of aggregate removal will be similar to the above scenarios. Due to the
coarse grained, porous nature of these formations, drumlins may retain water from precipitation
events. This water will percolate slowly through the feature until the bedrock is reached. At the
bedrock, the rate at which water infiltrates will decrease, as water is only able to move through
fractures and fissures. The removal of the drumlin, which is essentially acting as water storage,
could result in water loss as the remaining surface is of very low permeability. The hydrologic
cycle would then be altered as water is lost to runoff and evaporation.
As shown in Figure 15 drumlins containing stratified sands and gravels may be overlain by a thin
veneer of diamict. As till is of low permeability, infiltration of precipitation will be minimal and
will mostly be lost as runoff. In this case, the flow regimes would resemble the conditions before
aggregate removal despite the physical changes in topography.

4.4.4 Scenario Four: Glaciofluvial Deposits

Glaciofluvial deposits such as outwash deposits are mainly composed of sands and
gravels, and could be extracted for aggregate use. In Algonquin Park, 44 glaciofluvial deposits
were found however it is unknown exactly how many are outwash deposits (Figure 8). An
outwash deposit can act as an important source for groundwater recharge and storage (Kehew et
al. 1996). Figure 16 shows a simplified situation where an outwash deposit overlays diamict,
overlaying the bedrock. Glaciofluvial deposits are also found over diamict and gravel in
Algonquin Park. With the outwash deposit present, water will be able to infiltrate the substrate
due to its high permeability and travel through it, leading to less water lost as runoff (Figure16).

This movement is similar to how water would move through an esker, interlobate moraine, or an
exposed stratified drumlin as described previously. If the outwash deposit is removed and only
diamict and bedrock are left (Figure 16) little water will be able to infiltrate this less permeable
substrate resulting in increased water loss as runoff.

Figure 16: Scenario Four Outwash Plain

5.0 Discussion
5.1 Discussion of Scenarios
The four scenarios could potentially result in three different effects on groundwater increased groundwater flow, decreased groundwater flow or a combination of both. Increased
groundwater flow may occur when only highly permeable deposits remain and the distance to
upwellings is minimized by a reduction in travel medium. Ostrander et al. (1998) found that
increased discharge occurred downgradient of extraction activities. A smaller travel distance to
headwater streams may also decrease the time available for groundwater cooling and/or the
amount of material needed to naturally filter out contaminants.
During the aggregate extraction process, natural vegetation and soil is removed from the
landscape (Binstock and Carter-Whitney 2011). This is particularly concerning, as vegetation
and soil can act as natural filters for contaminants (Lowrance et al. 1997). This will have
especially important implications in unconfined, surficial aquifers that overlie confining beds, as
groundwater will only percolate to shallow depths before being discharged into a waterbody
(Lowrance et al. 1997). Alternatively, decreased groundwater flow may be observed if the
remaining geology exhibits low permeability, thereby decreasing the amount of water
contributed to groundwater recharge (GRCA 2008). A decreased amount of water going to
groundwater recharge would increase the amount of water lost as runoff and evaporation (Harbor
1994). Wren et al. (2001) found that for their site, gravel extraction did cause slightly decreased
groundwater discharge to the stream. However, decreased groundwater levels could also be
strongly related to lower precipitation rates (Wren et al. 2001). Lastly, groundwater flow
fluctuations may be observed due to precipitation fluctuations (Fetter 2001). While this occurs

naturally, this would be amplified with aggregate removal as substrate water storage is reduced
causing cyclical groundwater flow (Cummings et al. 2008).
In all scenarios increased runoff was a potential impact of aggregate extraction. Surface
runoff can create water quality changes such as increased contamination and higher temperatures
(OMOE 2001). Although suggested in the scenarios, increased stream temperatures may not
always occur. Wren et al. (2001) found that gravel extraction did not cause stream temperatures
to increase for the Mill Creek in Guelph, Ontario. They also found that gravel extraction did not
affect the brown trout’s population spawning (Wren et al. 2001).
While the scenarios suggest that groundwater discharge could be affected by
aboveground aggregate removal, it is also possible that groundwater will not be affected. Hatva
(1994) stated that little to no effect on groundwater will occur at small gravel extraction sites.
Effects will increase with increasingly larger sites (Hatva 1994). It is also suggested that
aggregate removal could be beneficial to groundwater recharge areas. GLL and OSSGA (2010)
state that above water level pits and quarries are beneficial to groundwater and aquatic resources
as pits and quarries create a depression for water to pool in which increases water recharge and
decreases the water lost to runoff (GLL and OSSGA 2010). Although increased recharge is often
desirable, it is unreasonable to claim that pits and quarries will be beneficial to groundwater
systems, as alterations in flow regimes will create new flow patterns where the significance and
impacts will be unknown. In order to accurately predict and evaluate the magnitude of impacts
on groundwater resulting from aggregate extraction, site specific research is necessary
(Blackport Hydrogeology Inc. and Golder Associates 2006). To support the notion that site
specific research is necessary, Roy and Hayashi (2009) studied moraines and concluded that in
general, unconsolidated sediments may contain multiple, disconnected groundwater pathways.

5.2 Previous Projects and Management Strategies
Historically, aggregate extraction has caused tension between various stakeholders and
surrounding communities (Baker and Shoemaker 1995). These are due to the developer’s interest
in economic benefits, while the public’s focus lies with potential biophysical and social issues
that stem from the mining of sand, gravel and bedrock (Baker and Shoemaker 1995). Prior to
aggregate extraction, developers outside of Algonquin Park are generally mandated to complete
an Environmental Impact Assessment (EIA). This process provides a comprehensive report on
the potential impacts and necessary management strategies. However, EIAs for aggregate
removal related to logging are not required within Algonquin Park. Although Algonquin Park
would be subject to smaller scale extraction than other mining projects, a site specific assessment
of extraction sites would serve to identify sensitive components within the park and the overall
impact that extraction could have on valued ecosystem components such as the brook trout.
In larger aggregate mining proposals companies may consider factors such as
ground/surface water effects, natural environment, geology, site selection, agriculture,
rehabilitation, blasting, noise, air quality, traffic, heritage, visual, economic, aggregate reserves,
increasing needs, servicing, and odour (The Highland Companies, 2012). Subwatershed planning
has also been used as a tool to establish a common understanding of the goals and objectives of
watershed protection throughout aggregate extraction projects (Baker and Shoemaker 1995).
This planning includes identifying key components of surface and groundwater quality/quantity
management, rehabilitation of natural features, and cumulative impacts on streams (Baker and
Shoemaker 1995).
In an expansion proposal for the Acton quarry, the Joint Agency Review Team (JART)
acknowledged that quarrying under the water table could affect water levels and nearby

groundwater dependent wetlands (JART 2013). The existing Acton quarry has already resulted
in watershed divides which may lead to loss of wetlands if adequate water is not supplied via
pumping (JART 2013). The creation of an Active Management Plan (AMP) was recognized as
an important part of the expansion project, and identified the need for careful long-term
monitoring and mitigation of consequences related to the quarry (JART 2013). JART (2013) has
recommended that intensive monitoring of groundwater and mitigation of quarry related effects
are necessary in order to protect surrounding tributaries (JART 2013). They also claim that wells
could be useful tools for detecting decreased groundwater levels within the immediate proximity
of the quarry before effects can be seen on surrounding water bodies (JART 2013). Methods and
results gained from similar aggregate extraction studies within Ontario may be of interest to
Algonquin Park as it considers the implications of increasing their aggregate extraction activities.
5.3 Summary of the Aggregate Resources Act and Algonquin Park Management Plan
The aggregate resources act (ARA) was created by the Ontario Provincial government in
1990 with the following stated purposes:
1.

To provide for the management of the aggregate resources of Ontario

2.

To control and regulate aggregate operations on Crown and private lands

3.

To require the rehabilitation of land from which aggregate has been excavated

4.

To minimize adverse impact on the environment in respect of aggregate operations
(Aggregate Resources Act 1990)

It is important to understand the workings of the aggregate resources act to understand its
implementation within and outside of Algonquin Park. The only aggregate extraction allowed

within the park is for forestry road construction and maintenance (Algonquin Provincial Park
Management Plan 1998). Any aggregate extracted within the park may not be used outside the
park; and aggregate used for provincial highways and park development must be extracted from
outside the park (Algonquin Provincial Park Management Plan 1998). Quarries are not permitted
within Algonquin Park, as they are generally only required for either large scale operations or in
areas where unconsolidated aggregate material is not available for the project (Golder Associates
2010). The Algonquin Park Management Plan states that aggregate pits are not permitted within
120 m of a body of water, wetland, public road, railway, right of way, portage, or backpacking
trail. They are also not permitted within 60 m of an Ministry of Natural Resources maintained ski
trail, unless approved in an aggregate resource management plan (Algonquin Provincial Park
Management Plan 1998). Other restrictions on aggregate extraction specific to Algonquin Park
include enforcing a maximum pit size of 1 ha, and restricting extraction to
Recreational/Utilization Zones. Failing to adhere to these standards could result in a fine ranging
from $500- $30,000 under the ARA (Aggregate Resources Act 1990).
Aggregate permits may be defined based on the class and the depth of extraction. Class A
allows the permit holder to remove more than 20,000 tonnes of aggregate annually from a pit or
quarry, while a Class B permit is required if less than 20,000 tonnes will be removed annually.
The depth of extraction is determined relative to the water table. ‘Above water’ refers to
extraction that must remain 1.5 m above the water table in a pit or 2 m above the water table in a
quarry while ‘to water’ refers to extraction that occurs below or within 1.5 m of the water table
in a pit and 2 m in a quarry (Aggregate Resources Act 1990).
Class 14 is an aggregate permit class for the forestry industry that was created in 2006 to
reduce costs associated with building and maintaining forestry roads (Category 14 for the Forest

Industry, 2007). Under category 14, the requirement of an aggregate permit is waived for
forestry operations for a period of 10 years (Category 14 for the Forest Industry 2007). Category
14 permits are only used in areas managed under a forest management plan, and must be within a
road corridor which is defined as within 500 m from a road (Category 14 for the Forest Industry).
Rehabilitation must occur for all permits, including category 14 permits (Category 14 for the
Forest Industry 2007).
It is important to note that certain permits require hydrogeological reports to be
completed by a qualified person before a permit can be issued. Level 1 hydrogeological reports
are the first part of the hydrogeological examination. Drilling is done for these reports to
determine the level of the groundwater table at the site. During the completion of these reports,
any dangers to water quality, species at risk, habitat or areas of concern will be examined. If
there is significant risk, level 2 hydrogeological reports will be completed. These reports are
done to ensure that excavation will have a low impact on important features such as brook trout
streams; however the reports are not always required by law. Neither level 1 or 2 reports are
required if the proposed excavation limit of the site is site is further than 500 m from a coldwater stream, 1000 m of from a water well, 5000 m of a sensitive receptor (which includes
residential properties, schools, hospitals etc.) or if extraction is ‘above water’ (Category 14 for
the Forest Industry 2007). Therefore these reports are only required in a small subset of
situations, which overlooks many extraction scenarios where brook trout may be affected.
Permits may be denied if there is cause for concern that the operation may impact brook trout
habitat, however it may be difficult to find proof of this occurrence when hydrogeological
reports characterizing potential ramifications of extraction are not required for a site.

5.4 Cumulative Effects
In addition to the direct impacts imposed on Algonquin Park by aggregate removal, the
combination numerous human activities on the park may result in an amplification of adverse
environmental effects. Within the park, various recreational and resource extraction activities are
permitted that could impact ecosystems, and subsequently the groundwater supply and trout
populations. The effects of aggregate removal could be intensified as they are combined with
activities such as fishing and logging.
Small-scale aggregate removal may not result in substantial impacts, However, the
combination of multiple sites may create amplified effects within the Algonquin Park ecosystem.
Factors such as number of extraction sites, proximity, duration, intensity, location relative to
water sources, and the amount of aggregate extracted should be taken into consideration
(Blackport Hydrogeology Inc. and Golder Associates, 2006).
Logging practices are often responsible for an increase in soil erosion as a result of
reduced vegetative cover; this mobility of soil often leads to increased suspended sediments in
nearby lakes and streams (McBroom et al. 2008). In addition to increased soil erosion, changes
in groundwater flow could result in increased water temperatures (Ostrander et al 1998). The
interaction of these effects may lead to an increased impact on aquatic organisms (Airas et al.
2008; Brinkmann et al. 2013). Airas et al. (2008) found that the toxicity and bioaccumulation of
pollutants found in sediments can be temperature dependent. Therefore if groundwater flow is
reduced and water temperatures rise, the toxicity and bioaccumulation of toxins found in
suspended sediments could increase (Airas et al. 2008). A study performed by Brinkmann et al.
(2013) investigated the effects of increased suspended sediment contaminated with polycyclic
aromatic hydrocarbons (PAH) on rainbow trout. They found that trout exposed to contaminated

sediment at lower temperatures had a much lower uptake and bioaccumulation of PAHs than
trout exposed at higher temperatures (Brinkmann et al. 2013). Therefore, the effects of aggregate
removal may interact with the effects of logging such as increased erosion and pollution in ways
that may lead to the amplification of adverse effects in aquatic systems.
Fish introductions are one of the most common forms of human induced aquatic
disturbances (Jacques et al. 2005). Lake Opeongo of Algonquin Park has been subject to
numerous fish stocking incidences which are thought to have altered fish communities in a way
that affected nutrient cycling within the lake (Jacques et al. 2005). Jacques et al. (2005) studied
the effects of the 1948 introduction of cisco (Coregonus artedi) to Opeongo lake, Algonquin
Park. They found that the composition of phytoplankton and zooplankton species was altered to
incorporate more species with increased phosphorous preference by 1962 (Jacques et al. 2005).
They also stated that the shift in plankton species was likely caused by an increase in total
phosphorus induced by the introduction of cisco (Jacques et al. 2005). Although cisco are preyed
upon by adult lake trout, certain life stages of cisco may compete with young trout for
invertebrate prey (Minnesota Department of Natural Resources 2013). The stresses of fish
introductions combined with those induced by aggregate extraction may alter the species
composition within aquatic ecosystems in the park.
5.5 Strengths and Weaknesses
This paper effectively summarizes the current state of knowledge of hydrology,
groundwater, and geology in relation to both current and proposed aggregate mining activities
within Algonquin Park. It incorporates numerous scenarios to determine how groundwater may
flow through various geologic materials and glacial landforms. These scenarios are used to
illustrate the most common features present within the park, as well as possible aggregate

extraction sites. The scenarios are useful in describing groundwater flow because they can be
applied in multiple situations, creating a general understanding Throughout these scenarios,
groundwater flow in locations within the park most likely to be impacted by aggregate extraction
is assessed. Scenarios significant to upwellings are also examined.
Limitations within this report are mainly related to the large gap in knowledge
surrounding the effects of aggregate removal on groundwater flow, as well as groundwaterdependent ecosystems. Little is known about groundwater flow regime of Algonquin Park.
Although glacial features were identified using mapping software, the exact composition of
materials within the features, including particle size, could not be definitively established.
Information from the Ontario Geological Survey that was used to identify the geologic features
of Algonquin Park was conducted in 1986, possibly making the study and the surveying
technology outdated. The inherent variability of each potential aggregate removal site makes
comparisons to other sites difficult, and site-specific assessments would strengthen the
theoretical information presented in this report.
Studies have mainly focused on instream gravel mining and below the water table
extraction. These studies cannot be used to accurately identify the effects that small scale
aggregate extraction above water table level would have. Instead, they should only be used to
gain a general idea of ecosystem components that may be affected by aggregate removal. It is
often acknowledged that water quality and quantity changes can often not be attributed directly
to mining activities, and further research is needed to isolate the effects of mining from other
environmental factors (such as climate)

5.6 Future Research
As aggregate mining continues in Algonquin Park, it is recommended that site specific
monitoring and assessment be completed. This would aid in the determination of underlying
geology at individual sites, and associated impacts on hydrology and flow patterns. A thorough
understanding of these factors will help identify which areas of Algonquin Park will be most
affected by aggregate extraction.
The use of piezometers and borehole geophysics would be useful in determining the
direction of groundwater flow and associated patterns. The creation of a network of monitoring
wells within the park allows for the ability to measure head differences between sites (Woessner
and Sullivan, 1984). Direction of flow can be deduced from this information, and tests can be
performed to calculate transmissivity and saturated hydraulic conductivity. If of interest, water
quality parameters such as pH, dissolved oxygen, and temperature can also be determined
through the establishment of monitoring wells (Wassenaar and Hendry, 1999)
Although maps are available to provide information on the type of geologic material
found within the park, ground penetrating radar (GPR) would aid in the determination of detailed
landscape features. GPR can be used to identify overburden thickness, various rock/soil
conditions, and other factors that affect groundwater flow (Davis and Annan 1989). It is also an
effective method for determining distance to the water table, which is critical knowledge when
extracting aggregate (Davis and Annan 1989). Economically, this information can also be useful
in order to identify the best sites for extraction (Davis and Annan 1989).
5.7 Conclusion
It was found from the four scenarios that aggregate removal could cause changes in
groundwater flow regimes. This is consistent with literature (e.g. Binstock and Carter-Whitney

2011); however, the extent to which groundwater pathways are affected will depend on the
numerous geologic and hydrologic properties specific to a site. Developed scenarios were basic
in that they only considered aggregate removal from surficial features, and extraction above the
water table. The effects of aggregate extraction below the water table are known to alter
groundwater pathways (Binstock and Carter-Whitney 2011). Future studies should investigate
current groundwater flow specific to Algonquin Provincial Park by using a network of
piezometers, monitoring wells and GPR. Once site specific research been conducted, the impacts
of aggregate removal on brook trout will be better understood.
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Appendix A: Glossary of Terms

Aquifer
 Rock or sediment in a formation, group of formations, or part of a formation that is
saturated and sufficiently permeable to transmit economic quantities of water to wells and
springs (Fetter 2001)
Aquifer: Confined
 An aquifer that is overlain by a confining bed. The confining bed has a significantly
lower hydraulic conductivity than the aquifer (Fetter 2001)
Aquifer: Semi-confined
 An aquifer confined by a low permeability layer that permits water to slowly flow
through it. During pumping of the aquifer, recharge to the aquifer can occur across the
confining layer (Fetter 2001)
Aquifer: Unconfined
 An aquifer in which there are no confining beds between the zone of saturation and the
surface. there will be a water table in an unconfined aquifer (Fetter 2001)
Aquitard
 a low permeability unit that can store groundwater and also transmit it slowly from one
aquifer to another (Fetter 2001)
Confining Layer
 A body of material of low hydraulic conductivity that is stratigraphically adjacent to one
or more aquifers. It may lie above or below the aquifer (Fetter 2001)
Diamict
 A non-genetic term for any poorly sorted mud-sand-rock fragment mixture, whether, for
example, glacial, periglacial, or paraglacial in origin. Tills are glacial diamicts (Trenhaile
2007)
Discharge
 The volume of water flowing in a stream or through an aquifer past a specific point in a
given period of time (Fetter 2001)
Drumlin
 A glacial feature; Streamlined hills commonly resembling inverted spoons, composed
primarily of sediments (Martini et al. 2001)
Effective porosity
 The volume of the void spaces through which water or other fluids can travel in a rock or
sediment divided by the total volume of the rock or sediment (Fetter 2001)
Esker
 A long, narrow, sinuous ridge composed of stratified sand and gravel deposited by a
subglacial stream flowing in an ice tunnel of a retreating glacier; rang in length from less
than a kilometer to hundreds of kilometers and in height from 3 to 30 meters (Martini et
al. 2001)
Glacial Outwash
 Well-sorted sand, or gravel and sand, deposited by the meltwater from a glacier (Fetter
2001)

Groundwater:
 The water contained in interconnected pores located below the water table in an
unconfined aquifer or located in a confined aquifer (Fetter 2001)
Hydraulic Head
 The sum of elevation head, the pressure head, and the velocity head at a given point in an
aquifer (Fetter 2001)
Hydraulic conductivity
 A coefficient of proportionality describing the rate at which water can move through a
permeable medium. the density of kinematic viscosity of the water must be considered in
determining hydraulic conductivity (Fetter 2001)
Hydraulic gradient
 The change in total head with a change in distance in a given direction. The direction is
what yields a maximum rate of decrease in head (Fetter 2001)
Ice Margin
 The glacier edge (Martini et al. 2001)
Impermeable
 An impermeable rock or soil does not allow liquids (or gases) to pass through it
(Trenhaile 2007)
Moraine
 Accumulations of glacial sediments that can form both under actively moving parts of
glaciers and under stagnant ice at the glacier margin (Martini et al. 2001)
Outwash
 Sand and gravel transported or “washed out” from a glacier by meltwater streams and
deposited in front of or beyond the terminal moraine or the margin of an active glacier or
ice sheet (Martini et al. 2001)
Permeability
 A measure of the ease of movement of groundwater through aquifers and aquitards
(Walton, 1971)
Piezometer
 A non-pumping well,generally of small diameter, that is used to measure the elevation of
the water table or potentiometric surface A piezometer generally has a short well screen
through which water can enter (Fetter 2001)
Pore Space:
 The volume between minerals grains in a porous medium (Fetter 2001)
Porosity:
 The ratio of the volume of void spaces in a rock or sediment to the total volume of the
rock or sediment (Fetter 2001)
Porosity: Effective
 The volume of the void spaces through which water or other fluid can travel in a rock or
sediment divided by the total volume of the rock or sediment (Fetter 2001)
Porosity: Primary
 The porosity that represents the original pore openings when a rock or sediment was
formed (Fetter 2001)
Porosity: Secondary
 The porosity that has been caused by fractures or weathering in a rock or sediment after
it has been formed (Fetter 2001)

Potentiometric Surface
 A surface that represents the level to which water will rise in tightly cased wells. if the
head varies significantly with depth in the aquifer, then there may be more than one
potentiometric surface. The water table is a particular potentiometric surface for an
unconfined aquifer (Fetter 2001)
Pumping Test
 A test made by pumping a well for a period of time and observing the change in
hydraulic head in the aquifer. A pumping test may be used to determine the capacity of
the well and the hydraulic characteristics of the aquifer (Fetter 2001)
Recharge
 The downward flow of water reaching the water table, adding to groundwater storage
(Healy 2010)
Saturated Zone (Phreatic zone)
 The zone in which the voids in rocks or soil are filled with water at a pressure greater
than atmospheric. The water table is the top of the saturated zone in an unconfined
aquifer (Fetter 2001)
Sorting
 The grading or separation of materials according to their shape, size, and density
(Trenhaile 2007)
Stratified
 In distinct beds. Sedimentary and water-laid sediments, for example, including
glaciofluvial, are laid down in beds (Trenhaile 2007)
Transmissivity
 The rate at which water of a prevailing density and viscosity is transmitted through a unit
width of an aquifer or confining bed under a hydraulic gradient. It is a function of
properties of the liquid, the porous media and the thickness of the porous media (Fetter
2001)
Till
 Unsorted and unstratified material carried and laid down by glacial ice (Trenhaile 2007)
Unsaturated Zone (Vadose Zone)
 The zone between the land surface and the water table. It includes the belt of soil water,
the intermediate belt and the capillary fringe. The pore spaces contain water at less than
atmospheric pressure, as well as air and other gases. Saturated bodies, such as perched
groundwater, may also exists in the vadose zone (Fetter 2001)
Water Table:
 The surface in an unconfined aquifer or confining bed at which the pore water pressure is
atmospheric. It can be measured by installing shallow wells and extending a few feet into
the zone of saturation and then measuring the water level in those wells (Fetter 2001)

