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1 Introduction

During the peer review of the hydrogeological assessment of the proposed Nelson Quarry
Co. Extenston, there was some discussion on the significance and degree of karstification
of the bedrock, and further work was proposed to address the issues raised. In addition, a
pumping test at well PW-1 was to be carried out under cold conditions when the ground
surrounding PW-1 was frozen, and this provided an ideal opportunity to carry out tracer
testing to further refine the conceptual model of flow through the bedrock.

The traditional view of karst aquifers is that they are characterized by the presence of
caves and conduits. Conduits are solutionally-enlarged fractures that have an elliptical or
circular cross-section and a diameter greater than | cm. Conduits form interconnected
networks that can carry large discharges and efficiently drain a carbonate aquifer. It has
often been considered that in karst most flow is through these conduits, that this flow is in
the turbulent regime, and that the use of computer models is inappropriate. Most karst
research has focussed on caves and large springs (Atkinson, 1977; Atkinson and Smart,
1981; White, 1988; Ford and Williams, 1989).

A more recent view to emerge has been that the defining characteristic of karst aquifers is
not so much the apertures but rather the connectivity of the solutionally-enlarged
fractures, and that channels (solutionally-enlarged fractures that may be less than 1 mm in
diameter) play an important role as well as conduits (Huntoon, 1995; Worthington,
1999). This view is supported by modelling studies that show that channel networks
develop in all unconfined carbonate aquifers in periods of thousands to tens of thousands
of years (Dreybrodt 1996; Dreybrodt et al., 2005). Furthermore, on a spatial basis most
of the flow in a karst aquifer is through channels or small conduits rather than large
conduits. Consequently, data from wells and outcrops (quarry faces are ideal) are needed
to complement the more traditional karst studies of springs to comprehensively
understand flow in a karst aquifer (Worthington and Ford, 1995; Worthington, 1999,
Worthington et al., 2000a, 2002).

The standard approach used by most hydrogeologists when studying carbonate aquifers is
to consider that local heterogeneities are not important when a large enough volume of
the aquifer is considered. If this is so then the aquifer can be treated as being equivalent
to a porous medium (EPM). Karst experts stress that such an approach tends to
overestimate groundwater travel times and that tracer testing is needed where estimates of
travel times are of interest. However, the emerging consensus view amongst karst



experts is that the EPM approach is satisfactory for water budget issues such as for
predicting the impact of a pumping well or a quarry, and that the use of computer models
such as MODFLOW or FEFLOW is appropriate (Scanlon et al., 2003; Worthington and
Smart, 2004a, b; Lindgren et al., 2004).

To address the effects of karstification in the bedrock aquifer, a number of studies were
undertaken. These included a study of the walls of the existing quarry, tracing testing
between wells and from a sinking stream to nearby springs, a survey of karst features on
and around the extension lands, a survey of springs in Medad Valley, and water level
measurements at a spring to confirm a postulated sink to spring connection.

2 Karstification of the walls of the existing quarry

An examination of quarry faces in winter can give a good indication of the nature of flow
in a carbonate aquifer. Small discharges from such faces readily freeze and are visible as
build-ups on ice on the face. Major discharges may have enough flow of relatively warm
groundwater that they only partially freeze, but the large flow of water is readily visible
flowing down a quarry face (Worthington et al. 2000b, Plate 2). The quarry faces were
visited on two occasions in cold winter conditions, and Figures 2 and 3 show typical
formations of ice on the face. In Figure 2, most of the discharge appears to be from
several closely-spaced bedding planes close to the base of the face. Such flow is not
unexpected because drawdown of the water table around the quarry by pumping from the
quarry sumps should result in greater flow near the base of the quarry faces.

The higher parts of the face in Figure 2 as well as the section of face shown in Figure 3
have only sparse buildups of ice. These photos were taken on the eighth consecutive day
of sub-zero temperatures, and the mean temperature in this period was -6.3 °C.
Conscquently, the ice that accumulated over this period only represents small discharges
of groundwater, and represents flow from channels of a few millimetres or less in
aperture. A feature of note is the much larger void shown in Figure 3 close to the base of
the face. There was no flow of water from this feature, which consequently was an
1solated void rather than part of the interconnected channel network.

The overall distribution of ice buildups on the face gives one indication that there is
preferential flow in the aquifer along channels and that there are many such channels.
The aperture of these channels is likely to be predominantly in the millimetre range.



3 Karst features on the extension lands and adjacent properties

The surface features of the extension lands were examined during the pumping test on
February 10-13th, 2006 and on three subsequent occasions. The first was a field trip to
examine karst features on March 14th when Daryl Cowell, the peer review karst expert,
was present. On that occasion the perimeter of the extension lands was visited and the
East Arm of the West Branch of Mount Nemo Tributary was followed downstream to a
sinkpoint (Figure 4) and a series of springs located in a dug pond that was 162 m to the
south of the sinkpoints (Figure 5). The second was on March 22, 2006, when a tracer test
was carried out at the sinking stream shown in Figure 4. The third occasion was March
23, 2006, when the extension lands were extensively searched for karst features. In
addition, the adjacent farm property between the extension lands and Guelph Line was
also searched for karst features.

A series of depressions in a wooded area along the south-east boundary of the property
were visited on March 14th. The deepest depression was about 10 m long, 6 m wide and
2 m deep. The consensus at that time was that the depressions represented small glacial
kettle holes rather than karstic sinkholes. The visit on March 22nd strengthened this
opinion as two of the three largest depressions had standing water in them, covered by a
layer of ice (Figure 7). This indicated that the permeability at the base of these
depressions was extremely low. The largest depression had no standing water, however,
indicating that the permeability at the base of this depression is somewhat higher than the
other depressions. There were no channels entering this depression, no evidence of
collapse, and the side slopes are gentle, so it is probably glacial rather karstic in origin.
However, it is possible that the focussing of recharge at one point has resulted in
dissolution of the underlying bedrock.

In a low-lying wooded area in the south-west part of the extension lands there are a series
of small springs. A number of small springs and seeps were noted in an area of 30 m by
30 m. The largest single spring had a discharge of less than 0.5 L/s. All the flows
combine to form a creek that had a flow of 4 L/s at the property line, close to monitor
OW3-32. The creek flows west from here to join the West Arm of the West Branch of
Mount Nemo Tributary. The location of the springs in a shallow valley and the low
discharge of these springs indicate they are likely to be depression discharges from the
overburden, which has a depth of 1.02 m at OW3-32.



With the exception of the sink to spring flow shown in Figures 4 and 5, there is a notable
absence of surface karst features in or adjacent to the extension area. This is in marked
contrast to the area close to the Niagara Escarpment, where karst features are common.

4 Karstic drainage from the bedrock aquifer in the extension lands

The present quarry and extension lands are located in a bedrock plateau of the Amabel
Formation that is bounded on the east by the Niagara Escarpment and on the west by
Medad Valley (Golder Associates, 2004, Figure 5). If there were major karst conduits
draining the extension lands then there would be two indicators of this. First, the high
permeability of a conduit would result in a trough in the water table. Second, the trough
would extend downgradient to a large spring.

Groundwater elevations for the deep bedrock aquifer (A) and the shallow bedrock (B)
wells show no troughs in water levels (Golder Associates, 2004, Figures 15 and 16).
Furthermore, flow from most of the extension lands is towards the existing quarry, and a
substantial spring would be present in the quarry if there were a major conduit. The
southem part of the property drains to the south and if there were a major conduit
draining this area then a large spring could be expected in Medad Valley at the perimeter
of the Mount Nemo plateau.

Periodic discharge measurements were made of surface flows draining the Mount Nemo
plateau (Golder Associates, 2004, Figure 19, Appendix E). There is excellent spatial
coverage in an updip direction east of Mount Nemo, where a large number of small
creeks were gauged at Walkers Line, Guelph Line, No. 1 Side Road and Dundas Street.
However, there is poor spatial coverage in a downdip direction because there is no road
access to Medad Valley, which marks the downdip boundary of the Mount Nemo plateau.
Accordingly, a spring survey was carried out along the eastern side of the valley downdip
from the extension lands, from south of Lake Medad to north of No. 2 Side Road.

Results for the spring survey are shown in Table 1. In the southern part of the valley, 21
springs were recorded, of which six had flows of 3 L/s or more. These six springs are
labelled A to F in Figure 1. At a point approximately midway between Spring F and
Spring G the density of the cedar trees increased and it became difficult to take GPS
readings of spring locations. Accordingly, only springs with discharges of 3 L/s or more
were recorded. Two such springs were found (Springs G and H in Figure 1) before the



spring survey was terminated north of No. 2 Side Road at a location where the discharge
of Willoughby Creek was gauged (SW02B in Figure 1 and Table 1).

The presence of a large number of springs along Medad Valley shows that flow in the
Mount Nemo plateau is organized into a substantial number of small karstic groundwater
basins of varying sizes. Spring C was the largest spring found, with a discharge of 27
L/s. An estimate of the groundwater capture zone for this spring can be estimated from
the 100-170 mm per year groundwater recharge derived from the groundwater model
{Golder Associates, 2004, Appendix F). This represents a specific discharge of 3.2 - 5.4
L/s/km’. Discharge from springs in southern Ontario is usually at a maximum in March
or April, and so the mean discharge from the spring is almost certainly much less than the
gauged 27 L/s, and may only be 5-15 L/s. This would drain a groundwater basin of 1-5
km®. Spring C is located 2.4 km from the closest point of the extension lands, and from
the contours in the groundwater flow model (Golder Associates, 2004, Figure 20) it
seems possible that this spring may drain part of the extension lands. However, the
extension lands are in the upgradient part of the flow path to Spring C where any conduits
would be much smaller than closer to the spring. Furthermore, the water table elevations
indicate no troughs in the extension lands (Golder Associates, 2004, Figures 15 and 16).
This suggests that a major conduit is not present in the extension area.

5 Tracer testing during the pumping test at PW-1

Tracer testing was carried out during the February 2006 pumping test to gain more
knowledge on fracture apertures and on the connectivity of large-aperture fractures. Full
details of the tracer testing are given in Appendix A.

Fluorescent dyes were introduced over three days into six bedrock monitors located from
14 m to 24 m from the pumping well. Traces from five of the six monitors used gave
groundwater velocities of 3 - 6.5 metres per hour, indicating efficient connection with the
pumping well through channels. It is likely that many of these channels have diameters
in the range 0.1-1 mm, a smaller number are in the range 1-10 mm, and relatively few
have diameters > 1cm. The tracer from the sixth monitor was not recovered when the
pumping test was terminated 24.3 hours after injection, and this showed that there was no
efficient channel connection between this monitor and the pumping well.



6 Tracer testing the sink to spring connection on the East Arm of the West
Branch of Mount Nemo Tributary

A fluorescent dye injected into the sinking stream travelled the 162 m to springs at a
velocity of 65 m/hour. This is typical for conduit velocities in karst. There are several
sinkpoints and springs, and flow between them is likely to be through several conduits in
the shallow weathered bedrock. The sum of the calculated cross-sections of these
conduits is 0.3 m?,

7 Water level measurements on Willoughby Creek Tributary

Wilioughby Creek Tributary flows into a sinkhole downstream from the monitoring point
on Colling Road at SW02A (Figure 1). A large spring 400 m to the west in the Cedar
Spring valley (Spring K in Figure 1) was presumed to be the resurgence for this sinking
stream. To confirm this, water levels were recorded at this spring at 15 minute intervals
over a period of two weeks (Figure 8). Figure 9 shows greater detail of the water levels
over the last three days of this period. Pumping from the quarry sump took place
between 2 am and 5 am on these days. The spring water levels started to increase one
hour after the start of pumping, and started to decrease one hour after the cessation of
pumping. Part of this lag time is accounted for by flow along the surface creek so the lag
time through the sink to spring connection is less than one hour (Figure 1). The short lag
time indicates an efficient sink to spring conduit connection. Spring J has a similar
electrical conductivity to the sinking stream, which suggests that the stream not only
connects with Spring K but also with Spring J.

8 Discussion and conclusions
8.1 Channels and small conduits

The tracer testing to the pumping well and the observations of discharge at the quarry
faces show that there are many channels or small solutionally-enlarged fractures that
form interconnected networks. It is likely that there are numerous small channels with
apertures in the 0.1 mm to 1 mm range, a smaller number of larger channels in the mm-
cm range, and occasional channels larger than lcm.



8.2  Large conduits

Large conduits were identified at two locations in the Mount Nemo plateau. Tracer
testing of the 162 m long sink to spring connection on the East Arm of the West Branch
of Mount Nemo Tributary gave an estimated conduit cross-section of 0.3 m?. This is
probably divided between several conduits. The conduit along Willoughby Creek
Tributary drains a larger area and thus may be larger in size. It may possibly have a
diameter in the order of | m. The depth of these conduits is unknown. However,
Worthington (2001) showed that depth of conduit flow below the water table is a function
of both stratal dip and flow path length. The shallow stratal dip (0.4° at the extension
lands) and the short flow paths between sink and spring give predicted conduit depths of
less than 1 m below the water table. While such a calculation is not exact, it does
indicate that these major conduits are in the upper part of the bedrock.

Further large conduits (with diameters greater than 10cm) are also likely to occur
upgradient of the larger springs that are found at the perimeter of the Mount Nemo
plateau. Steep hydraulic gradients occur close to the boundaries of the plateau (Golder
Associates, 2004, Figure 20), and these steep gradients also promote rapid conduit
development. The proposed quarry extension is close to the centre of the plateau where
groundwater gradients are flattest and where the location in the headwaters of any spring
groundwater basins means that conduit sizes would be much smaller than close to the
springs.

It is possible that large conduits were formed between sinking streams and springs before
the last glaciation. It is likely that such ancient conduits linking sinks to springs would
also have formed in the uppermost bedrock and consequently would probably have been
eroded away by the subsequent glaciers. However, there is a small possibility that such
putative conduits could have formed deeper in the bedrock and could have survived the
last glaciation.

8.3 Conclusions

The karst studies have shown that the flow in the bedrock in the extension lands is
predominantly though small solutionally-enlarged fractures or channels that have
apertures in the millimetre to centimetre range. Some conduits in the centimetre to
decimetre range may be present in this area, but conduits greater than 10 cm in size are



more likely to be found close to the margins of the Mount Nemo plateau rather than its
centre where the extension lands are located.
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Table 1 Location and details of springs and creek flows measured on March 23,

2006
Grid Grid Electrical Temp. | Dis- Notes
easting | northing | conductivity | °C charge
(m) (m) (uS/cm) (L/s)
590413 [ 4802022 | 1095 7.7 2 by tank, <50 m from road
590416 | 4802034 | 793 7.9 |
590343 | 4802077 | 758 8.3 -
853 8.7 5 5 m to north, Spring A
590343 | 4802081 | 836 8.4 1 at foot of slope
799 8.6 1 2 m to north
590236 | 4802270 | 842 6.9 5.5 Circular spring in flood plain,
flows into L. Medad, Spring B
590230 | 4802317 | 803 7.3 0.5 5 m from base of slope, flows into
L. Medad
590218 | 4802352 | 769 7.3 0.3 below old track,
flows into L. Medad
590140 | 4802486 | 616 7.3 0.3 at foot of slope,
flows into L. Medad
590143 | 4802506 | 794 7.1 1.5 behind pump house,
flows into L. Medad
590091 | 4802514 | 845 7.8 27 north of pump house,
flows into L. Medad, Spring C
589963 | 4802693 | 881 7.1 1.5
589993 | 4802740 | 809 6.8 0.5
589915 | 4802708 | 779 7.4 3 Spring D
776 6.7 2 10 m further north, headwaters of
L. Medad
589890 | 4802789 | 843 6.8 1 in oil pipeline right of way,
headwaters of creek flowing north
589880 | 4802813 | 722 7.3 3 Spring E
833 7.5 3 15 m further north, Spring F
589725 | 4803103 | 747 5.5 1.5
589696 | 4803176 | 773 5.9
Dense cedar - end measurement
of springs <3 L/s
589603 { 4803460 | 619 7.5 5 Spring G
589259 [ 4803986 | 989 7.8 3 Spring H
588889 | 4804485 | 762 1.2 35 Creek in middie of valley at
Second Sideroad right of way
206 Willoughby Creek at Britannia
Road (SWO01)

Note: gnd locations are with respect to the NAD27 gnd
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Table 2 Location and details of springs and creek flows measured on April 10, 2006

Gnid Grid Electrical Temp. Discharge | Notes
easting | northing | conductivity | °C (L/s)
(uS/cm)
1231 8.9 5 discharge from quarry at
Colling Road (from small
pipe)
1196 12.6 19 Willoughby Creek Tributary
at Colling Road (SW(2A)
1219 6.4 5 Spring J (east of road)
1127 8.9 32 Spring K, at outlet from lake
below waterwheel
882 10.1 140 Willoughby Creek at

Britannia Road (SW01)
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Figure 1 Location of springs A to K, sinking streams near the quarry, and
locations of the photos (circled numbers) shown in Figures 2 to 7.
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