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Preface

In the week of February 26th 2001 at the Walkerton Inquiry Dr. Robert Gillham presented the
results of hydrogeological investigations in the vicinity of Walkerton’s municipal wells. At the
conclusion of the testimony of Dr. Gillham, Dr. Huck, and Dr Payment (the panel of experts on
physical cause) there were a number of acknowledged unanswered questions about how the
contamination of the Walkerton water supply occurred. In particular, there were questions on
the role that karstification might have played in the contamination of the wells.

Concerned Walkerton Citizens retained Dr. Stephen Worthington and Wilf Ruland to undertake
a modest course of hydrogeological field work and to present the results in a report. Dr.
Christopher Smart of the University of Western Ontario and Dr. Derek Ford of McMaster
University loaned equipment for use in the field. The field work was carried out by Steve
Worthington, Chris Smart, Brad Simpson (University of Western Ontario) and Dr E. Calvin
Alexander (University of Minnesota).

Some of the proposed field work included the use of small quantities of non-toxic tracers to
measure groundwater velocities within wells and between wells. We have yet to receive
comments from the Ministry of the Environment on our proposed testing. We will prepare an
addendum to this report after we have carried out this tracing.

In the meantime, this report has been prepared to provide the Inquiry with the results which have

been obtained to date, together with a description of karst processes and why these are likely to
have played a key role in the contamination of the Walkerton water supply in the spring of 2000.
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Executive Summary

The municipal wells at Walkerton draw water from karstic dolostone and limestone bedrock
aquifers, and such aquifers are recognised to be extremely susceptible to bacterial contamination.
In many areas overburden above the bedrock will protect the underlying karstic bedrock from
bacterial contamination. However, those places where the overburden is thin and either fractured
or composed of highly permeable gravels are at risk of rapid transport of bacteria through the
overburden and into the bedrock. Once they have reached the bedrock, bacteria can move
quickly along networks of karst conduits towards springs. The vicinity of karst springs may
often provide copious supplies of groundwater, but such sites should generally be avoided when
drilling wells for municipal water supplies. Unfortunately, all of Walkerton's wells were drilled
near karst springs.

The springs at Well 5 have a groundwater catchment of approximately 150 hectares (0.6 square
miles), and the springs close to Wells 6 and 7 have a groundwater catchment of more than 500
hectares (2 square miles). There are a number of areas within these groundwater catchments with
thin overburden, and this makes the wells more susceptible to contamination than wells with
smaller groundwater catchments. The three elements of thin overburden, karstic bedrock, and
location of wells close to the springs combine to make Wells 5, 6, and 7 susceptible to bacterial
contamination by groundwater flow. It appears that overland flow of bacterially contaminated
water to the vicinity of Well 5 followed by surface contamination of the well is unlikely to have
occurred.

Daily analyses of bacteria in the municipal wells and in a domestic well have helped demonstrate
a relationship between precipitation and bacterial contamination of wells. The wells in these
karst aquifers are most liable to contamination within hours to days of heavy rain. The most
severe contamination occurs following heavy rain on saturated ground, and occurs when there is
more than 100 mm of rain within a two week period. The period from May 9th to May 12th 2000
was one such period, and Wells 5, 6 and 7 probably all suffered from bacterial contamination via
groundwater flow within hours to days of this rain. An earlier heavy rainfall of 35 mm on April
19th 2000 could also have resulted in bacteria being carried through the aquifer to one or more
wells. Well 5 was likely the most severely contaminated, Well 7 the least.

Given the large groundwater catchment areas and the vulnerability to contamination of the wells,

there were likely multiple sources of microorganisms which reached the Walkerton municipal
water supply via the wells during early May 2000.
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Introduction

This report is based on a review of existing geological and hydrogeological information and on
field work carried out in the spring of 2001. It is intended to supplement the hydrogeology
presentations by Dr. Ken Howard on October 16th 2000 and by Dr. Robert Gillham on February
28" and March 1 2001. The report has three major technical sections, and then a fourth section
which discusses how the bacterial contamination of the water supply in Walkerton occurred:

Section 1 This section outlines the characteristics of flow in karst aquifers such as
Walkerton and explains why they are susceptible to bacterial contamination.

Section 2 This section describes how water quality variation at Wells 5, 6, and 7 is
correlated to precipitation and spring flow.

Section 3 This section determines the hydrogeology of the wells from chemical data and
electrical conductivity profiling and assesses the areas from which there could be
flow to Wells 5, 6, and 7 within 50 days.

Section 4 This section draws together the evidence from the previous sections to discuss
how the bacterial contamination of the water supply in Walkerton occurred, and
presents conclusions and recommendations.



Section 1 Characteristics of flow in karst aquifers such as at Walkerton and why they
are susceptible to bacterial contamination

1A Karst aquifers in Ontario and their susceptibility to bacterial contamination

It has been suggested by the U.S. Environmental Protection Agency that only a small percentage
of all ground water systems are susceptible to fecal contamination (USEPA, 2000, p. 30222; also
Walkerton Inquiry, Exhibit 264). The EPA document then identifies karst, fractured bedrock
and gravel aquifer types as being the most susceptible since they can transmit fecal
contamination over long distances in short periods.

The bedrock aquifer at Well 5 at Walkerton is composed of dolostone. The bedrock aquifer at
Wells 6 and 7 is composed of limestone. Both limestone and dolostone form karst aquifers, and
thus are at the top of the EPA list of aquifer types susceptible to fecal contamination. Limestone
and dolostone are often referred to collectively as carbonate rocks.

Figure 1 shows groundwater velocities for the major types of aquifer materials. Four points are
worth noting:

a) There is a remarkably large range in the ability to transmit water. Figure 1 shows that
there is a range of ten million million (thirteen orders of magnitude) between
groundwater velocities in different aquifers.

b) Aquifers are differentiated into two types: rocks (e.g. limestone, dolomite, basalt,
sandstone, shale) and unconsolidated deposits (e.g. gravel, sand, silt, clay).

c) Most geologic materials are not considered by the EPA to be susceptible to fecal
contamination. The highlighted aquifer types are those considered by the EPA to be
susceptible; the figure shows that they have the fastest groundwater velocities.

d) The asterisks in Figure 1 show aquifer test results from Walkerton (Golder Associates,
2000b, Exhibit 259); they clearly lie within the range of aquifers which are most
susceptible to fecal contamination.

Figure 2 shows the distribution of carbonate bedrock in southern Ontario. There are three major
areas without carbonates, one around Toronto and west to the base of the Niagara Escarpment, a
second between London and Chatham, and a third constituting the Canadian Shield, which also



covers most of northern Ontario. The three areas without carbonates have fractured rock
aquifers which tend to be less productive than the carbonates and are therefore less likely to be
exploited as municipal groundwater supplies.

Figure 2 does not show overburden deposits, which are largely of glacial or fluvioglacial origin.
Overburden covers almost all of southern Ontario and can reach thicknesses of more than 100 m.
In southern Ontario, coarse grained overburden (e.g. gravels and sand) may host important
aquifers, and finer grained materials may protect underlying bedrock aquifers from ingress of
contaminated surface waters. The overburden deposits in the Walkerton area vary in thickness
and composition; they provide little protection to the underlying karst aquifers where they are
thin, or composed of sands and gravels.

In summary, karstic carbonate aquifers have been recognised by the U.S. EPA to be susceptible
to bacterial contamination. Much of southern Ontario, including the Walkerton area, has
carbonate aquifers which are likely to be karstified to some extent and thus susceptible to
bacterial contamination. The degree of this susceptibility has been tragically demonstrated in
Walkerton, but has yet to be properly addressed.

1B Characteristics of groundwater flow in karst bedrock

The term “karst” refers to a landscape where there are distinctive features resulting from the
solution of the underlying bedrock. These features may include sinkholes, bedrock showing
solutional features, sinking streams, springs and caves. If such landforms are present then this is
a clear demonstration that the underlying aquifer is karstic. This criterion is of very limited use
in Canada, because glaciation has relatively recently eroded many karst features, and buried
most others beneath overburden.

While much of southern Ontario is underlain by carbonates, which form karst aquifers, more
than 95% of this bedrock is overlain by sediments. Consequently, preexisting sinkholes and
caves have been filled in and can no longer be identified, and karst landscapes are rare.
However, the absence of a karst landscape does not indicate the absence of a karst aquifer.

Karst aquifers are characterised by the presence of interconnected networks of solutionally-

enlarged fractures, commonly called channels or conduits. Channels become significant for the
permeability of an aquifer once their aperture exceeds about 1 mm. In karst aquifers where the
flow from a large area (typically >10 hectares or 0.04 square miles ) is focussed on one conduit



for a long period then it may be come enlarged to a size where people can enter it, in which case
it is called a cave.

Almost all karst aquifers have tributary flow, rather like a river on the surface has tributaries.
Figure 3 shows the mapped cave streams in one cave. There are many tributaries, and these
converge on one passage, which feeds a spring. Only a small proportion of the 32 km of
passages in this cave are shown. The remainder are omitted since they no longer carry flow.
The probability of a randomly-placed borehole drilled above this cave actually intersecting one
of the cave passages is only one in ninety. This value is typical for karst (Worthington, 1999,
Table 2; see Exhibit 261).

We use the cave in Figure 3 because this shows very well how tributary flow occurs in karst.
Much karst research is carried out in caves since they offer an ideal opportunity for studying an
aquifer from the inside. The principles learned from cave studies apply equally to smaller
conduits, such as those visible in the downhole videos in some of the wells at Walkerton, or at
surface outcrops of carbonates. From the perspective of groundwater protection, the presence of
“caves” is not the issue; if continuous millimetre scale openings are present, then the potential
for rapid, unfiltered transport of contaminants becomes possible.

The three conditions necessary for karstification to occur were described by Stringfield and
LeGrand (1966):

1) Fractured dolostone or limestone bedrock.
In theory, karst can occur in any soluble rock, but in practice only limestone and
dolostone have the requisite combination of moderate solubility and high mechanical
strength to allow widespread karstification.

i1) Chemically aggressive ground water to recharge the system.
This occurs when and where precipitation is greater than evaporation, and consequently
infiltration takes place. Chemical aggressiveness is due to the presence of carbon dioxide
dissolved in the water. Rain water is weakly aggressive because it has a low
concentration of carbon dioxide. When this rainwater passes through soil it picks up
more carbon dioxide (from decomposition of organic matter) to form carbonic acid.
When this acidic water comes into contact with carbonate rocks it starts to dissolve the
rock. This process is called solution. The process is rapid at first but becomes
progressively slower until the carbonic acid is used up. At this point in the bedrock at
Walkerton the groundwater contains about 350 parts per million of dissolved limestone
or dolostone. This dissolved rock is carried by rivers down to the Atlantic Ocean, where

4



is will eventually be used again to make new rocks in warm locations such as the
Bahamas.

iii) A way for groundwater to drain from the system.
The water must be able to drain from the aquifer at a lower elevation than the input point.

Most solution occurs soon after infiltrating water comes into contact with carbonates. Where
bedrock is exposed at the surface then this results in a weathered zone of solutionally enlarged
fractures. The upper part of the bedrock at Well 5 is an example of such a weathered zone.

Carbonates may also be karstified much earlier in their geological history, leaving solutionally
altered zones within the bedrock known as paleokarst. Such layers are usually infilled with
sediment, but may be rapidly reactivated by contemporary groundwater flow.

The solution rate slows substantially as saturation is approached so that 1-2% of the solution
takes place deep within the bedrock (Figure 4). Most solution takes place where there is the
most flow, and this inexorably leads to the formation of a conduit network wherever water flows
through carbonates. There is abundant field evidence for this, but the mathematical proof was
only recently developed (Dreybrodt, 1996; Dreybrodt et al., 1999). Thus all carbonate aquifers
should be karstified to some degree.

The importance of the solution process is two-fold. First, it is the solution which creates most of
the permeability in the rock and makes carbonates such productive aquifers (Figure 1). Second,
the solution creates a network of conduits - a plumbing system - in the aquifer, which allows
water and contaminants to move rapidly along the pipes of the plumbing (the conduits) without
significant filtration.

Most solution takes place close to the water table, but conduits are common at depths of tens or
even hundreds of metres below the water table in some circumstances (Worthington 2001a; see
Appendix 1). Figure 5 shows the largest spring in France. Exploration by divers and by a
submersible craft have found that the river which flows out of the cave comes up from a depth of
more than 300 m. Tracer tests have shown that in high flow conditions surface water enters the
aquifer 30 km away and reaches the spring in just six days. This example shows that in karst
aquifers deep groundwater may have recently been surface water, and thus could be bacterially
contaminated.



The deep solution which has created the high productivity zone at a depth of 75 m in Well 7 is
not unexpected in terms of deep flow in karst; similar high-productivity zones occur at depths in
excess of 100 m in some wells at Cambridge, Ontario. Its great depth below the water table is
not a guarantee of antiquity of the water.

A significant problem in the assessment of karstic aquifers and their vulnerability to
contamination is that the positions and sizes of the channels or conduits carrying most of the
groundwater are usually not known. Occasionally, the positions and sizes of some of the larger
conduits are known from cave maps. With continued exploration and mapping the inventory of
mapped caves is increasing by about 8% per year, but still only a minute fraction of all caves
have been explored. Intensive hydrogeological studies have occasionally deduced some of the
plumbing of karst aquifers, as in Figure 6, but such studies are very labour-intensive and require
the application of a range of techniques uncommon in hydrogeological studies.

Table 1 shows the fraction of the flux of water through the conduits in four contrasting carbonate
aquifers. In every case an overwhelming fraction of the flux of water is through the conduits.
This is not surprising since they are interconnected and have large apertures. However, the
channels generally make up less than 0.5% of the aquifer by volume, and are hard to find
through conventional hydrogeological drilling and pump testing investigations.

The problem of boreholes probably missing the major pathways in an aquifer is hardly discussed
in standard hydrogeology text books, but was addressed succinctly at a Joint Board Hearing
(CH-86-02) on an application for a new landfill in Halton Region. The Reasons for Decision and
Decision (Joint Board, 1989) states :

"If the latter model [of significantly fractured zones] is correct, it seems to the
Board that the problem of delineating leachate paths at site F would be like trying
to determine blood circulation patterns in a new species by inserting needles in
various parts of the anatomy. If the investigator missed the main veins or arteries
with the first few needles, he might conclude that the movement of blood within
was very low. How different his opinion had he struck an artery on his first
attempt" (Joint Board, 1989, p. 83).

The "arteries" in the carbonates at Walkerton terminate at springs next to Well 5 and between
Wells 6 and 7. It is an ineffective approach to determining the major characteristics of
circulation (either in a new species or in a carbonate aquifer) by depending on chance
intersections of "arteries". Instead, both the heart surgeon and the karst hydrogeologist address



their concerns about the speed and destination of the circulation using the same flow equation
(Poiseuille's Law) and the same fluorescent dye (sodium fluorescein) for tracer testing. Tracer
testing is the only accurate way to assess flow velocities and trajectories in carbonate bedrock;
that is why it is so widely used in these rocks (Figure 7).

Figure 7 shows the velocity at which water travels through conduits in carbonates, based on
results from 2877 tracer tests. The average velocity is 0.2 m/s or 1.7 km/day (just over one mile
per day), and maximum velocities are considerably more. These data are from tracer tests in
carbonates in 31 countries, and Table 2 shows that Ontario is no different from elsewhere in
having rapid groundwater flow in karst.

Tracer tests have been considered to be the definitive test for assessing water and contaminant
movement in carbonate rocks since the first long-distance test in 1877. That test showed that
water disappearing into the bed of the Danube River in Germany crossed under the European
continental divide to emerge 16 km away just two days later at a large spring which flowed into
the River Rhine (Késs, 1998). Since that time there have been many thousands of tracer tests in
carbonate rocks which have shown that surface water can travel through aquifers and arrive at
karst springs within days.

The primary contamination hazard in karst aquifers occurs where surface water appears in
boreholes and springs considered to be safe. There is thus both a hydrological and attitudinal
aspect to the problem. The most common problem occurs where surface streams disappear down
sinkholes, such as in Figure 8 (and see Appendix 2). In such cases surface water is able to
rapidly flow into the subsurface and move quickly to springs or, conduits permitting, wells.
Figure 8 shows how a pulse of poor quality water arrived at the spring about 14 hours after rain
started. In this case fecal coliform peaked at 280 cfu/100 mL just thirty hours after the start of
rain. Dr. Pierre Payment cited a similar situation at the municipal water supply of Le Havre,
France, which draws its water from springs in limestone (Exhibit 254, tab 3).

A further compromise to water quality may arise when springs are located in river beds or
wetlands and temporarily reverse in flow, introducing surface water into the aquifer (Smart,
1988). Thus a significant question for determining the cause of the bacterial contamination at
Walkerton is: are there any points where contaminated surface water may enter the karst
aquifer? Such sites may include sinking streams, reversing springs, draining ponds, bedrock
exposures, areas of thin overburden, or wells.



If there are no sinking streams then water quality changes at springs after rain are less dramatic,
but rapid groundwater flow still occurs and significant water quality changes may occur. In
order to detect possible rapid changes in water quality and flow in karst aquifers following
runoff events it is necessary to collect water samples and water level data more frequently than
in other aquifer materials (Quinlan et al., 1993; also Figure 8).

1C Evidence of karstification of the bedrock aquifers at Walkerton

Karst features such as sinkholes, caves, and springs are the simplest indicators of karstification,
but due to glaciation at Walkerton these features, if present, are buried beneath glacial sediments.
The exception is the presence of springs, such as those found close to Wells 5, 6, and 7.
Boreholes are not ideal for identifying karstification, but the following are some of the most
useful tests (Worthington, 1999; Worthington and Ford, 2001; see Appendix 3):

a) tracer testing to measure groundwater trajectories and velocities
b) characterisation of groundwater and frequent water quality monitoring
C) frequent water level monitoring

d) mapping of the water table to identify troughs indicating conduits feeding springs
Some indications of karstification at Walkerton include the following:

1) The high hydraulic conductivity.
This is within the range for karst aquifers identified by Freeze and Cherry (1979; see Exhibit 261
and Walkerton transcripts, March 1Ist, 2001, pages 126-127).

2) The presence of lost circulation zones in the Bois Blanc Formation.

The September 2000 Golder report (Exhibit 259) states that “The Bois Blanc Formation [which
forms the uppermost bedrock at Wells 6 and 7] is generally considered in the drilling industry to
contain “lost circulation” or water producing zones, indicating that it contains highly permeable
strata” (Golder Associates, 2000b, p. 30). Lost circulation is where the drilling fluid being
circulated down and then back up a borehole during its drilling is lost into a highly permeable
zone such as a karst conduit.



3) The occurrence of springs.

Karst aquifers are characterised by a network of tributary conduits which converge on a major
conduit feeding one or more springs in close proximity. There are significant springs close to
Well 5 and to Wells 6 and 7.

At Well 5 the springs are on both sides of the road leading to the well, and we gauged the flow
from these springs at a point downstream from the springs (Figure 9). At Wells 6 and 7 there is
a spring midway between the two wells, and we gauged the flow there close to the spring orifice
(Figure 10). At our two gauging points we found that average discharges are approximately 10-
20 L/s (130 - 260 gallons per minute), and this demonstrates convergent karstic flow from areas
larger than 100 hectares (0.4 square miles), as will be explained later.

4) The distribution of inflows to the boreholes.

When water is being pumped from a well in an aquifer such as sand it is replaced by water
inflowing uniformly from the circumference of the well and from throughout the length of the
well bore. In that case the velocity of water moving up the well bore would steadily increase
from bottom to top. On the other hand, in a fractured aquifer there are typically sudden increases
in velocity at points where water is inflowing from fractures. In the carbonate bedrock at
Walkerton there are two common types of fracture. Bedding planes are near-horizontal fractures
which separate different beds (or layers) of rock. Joints are near-vertical fractures. In fractured
rocks most water travels along the fractures, so it is not surprising that in carbonates it is along
the fractures that the conduits form because most solution takes place where there is most flow.

Figures 11 and 12 show the inflows to Wells 5, 6, 7, and TW1-86. These data are based on flow
meter measurements. Downhole videos show that the major inflows typically occur along
bedding planes. In some cases there may be inflow from much of the circumference of the
bedding plane. However, a “tell-tale” tied to the video camera light in the Well 6 video
demonstrated that much of the inflow at the producing bedding planes came from one side of the
well (Golder Associates, 2000a, Exhibit 258, pages 339-341). This suggests that there is a major
solutional karstic enlargement of the bedding plane at these inflow points.

For Well 7 we calculated the inflows to the well using both the flow meter velocity data and the
caliper borehole width data (Golder Associates, 2000a, Appendices D and E). Our results are
shown in Table 3 and Figure 12. The well narrows below -67 m, and this is apparent in both the
caliper and video logs. Our calculations show that only 29% of the flow from the well comes
from the narrow bottom section rather than the 60% stated in Golder Associates (2000a,
Appendix E, p. 349).



Photos 16, 17, and 18 in Golder Associates (2000a) show the intrusion of turbid water into Well
5 after water inflowing from the surface was stirred up. The turbid cloud of water enters from
the right-hand side of the video image, indicating that the bedding plane has a wide opening at
this point. This intrusion of turbid water is also shown in the attached video.

There is excellent video footage of the nature of openings on the bedding plane at a depth of 64
feet in TW1-86 (Golder Associates, 2000a, p.392). This photo shows a bedding plane which is
enlarged to a conduit, with a height of about 15 mm over a width of about 30 mm. The last
fifteen minutes of the first video tape taken on July 18™ 2000 show that under natural flow
conditions there is flow up the well bore and that this flow exits the well at this 15 mm high
conduit at a depth of 64 feet. The second video taken that day shows that there is inflow to the
well at this point when the well is pumping. This conduit is also shown in the attached video.

Golder Associates ran a suite of geophysical tests in several of the boreholes (2000a, Table 5),
and Dan Brown of Golder Associates kindly made the data available to us. Figure 13 shows the
gamma logs for Wells 5, 6, and 7. The high gamma counts in impure horizons within the
bedrock allows the three wells to be correlated. For instance, there are three impure beds (i.e.
layers) at a depth of 62 - 67 m in Well 6. These three beds are found at a depth of 65 - 70 m in
Well 7, and probably correlate with three impure beds at a depth of 10 - 15 m in Well 5. Figure
13 also shows the major points where water flows into each well when it is pumping. Some of
these inflows can be correlated between wells, such as the inflows at —19 to —20 m in Wells 6
and TW1-86, and at —50 m in Well 6 and at =53 m in TW1-86.

It is common in karst for certain bedding planes to be favoured for dissolution, and conduits are
more likely to be encountered on such bedding planes. However, it is quite possible for a
borehole to miss the conduits on a bedding plane. For instance, TW1-86 is 16 cm in diameter,
and encountered a conduit a few centimetres wide at a depth of 19.6 m (64 feet) in TW1-86. If
the location of the well had been moved 20 c¢cm (8 inches) then this conduit could well have been
missed.

The inflow to Well 5 is rather different to the inflows to the other wells because it comes from
the weathered zone at the top of the bedrock, where many fractures have large apertures
(Gillham, 2001, p. 9). In limestone and dolostone bedrock in Ontario the weathered zone is
typically just a few metres in thickness at most, and at Wells 6 and 7 the well casing extends at
least several metres below the base of the weathered zone.
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To summarise the flow metering and video data: most of the inflow to the wells occurs at a few
bedding planes in each well, and in many cases it is clear that most of the flow is from karstic
conduits.

5) The occurrence of voids or bit drops.

Karst aquifers have conduits which in some circumstances may attain diameters of metres.
Consequently, if there are substantial drops in the drill bit during drilling of a borehole then this
is an indication that a conduit has been intersected, with the drill bit dropping into the void in the
bedrock conduit. There have been a few studies quantifying this effect. As discussed earlier,
even where there are known caves there would still be a low probability of a randomly-drilled
borehole intersecting a cave. The probability of a borehole intersecting a known cave passage
for ten extensive and well-mapped cave systems ranged from 0.37% to 7.5%, with a geometric
mean of 1.6% (Worthington, 1999, p. 33). Thus most boreholes will not intersect the very large
karst conduits which people can walk through, though they may well intersect the more
numerous smaller conduits with apertures of centimetres or decimetres.

A method of assessing voids at Walkerton is to plot the size distribution as identified from
downhole videos and then compare the distribution to an area with caves. Some hydrogeologists
incorrectly assume that an absence of voids indicates an absence of karstification. Void heights
for Wells 5, 6, 7, TW2 and TW1-86 were estimated from inspection of the video logs. Tables 4
and 5 and Figure 14 shows a comparison between voids encountered in boreholes at Walkerton
and at Mammoth Cave, Kentucky (Worthington and Ford, 1997; Worthington et al., 2000). The
figure shows that there are more voids of any given size at Walkerton than at Mammoth Cave.
This does not imply that there are likely to be large caves in the bedrock at Walkerton, but rather
it shows that if the criterion of voids encountered during drilling is used, then the aquifers at
Walkerton are at least as karstified as the aquifer at Mammoth Cave (the most extensive cave
system in the world).

6) The chemistry data.

Analyses of the water from the wells show that limestone and dolostone are being dissolved. For
instance, analyses at Well 5 showed that the total dissolved solids average 382 mg/L, of which
354 mg/L is dissolved dolostone (Golder Associates, 2000b, Table 7). We measured an average
discharge of 17 L/s from the springs at Well 5, so that 354 times 17, or 6018 mg/s, or 520 kg of
dolostone are removed on average each day from the aquifer. Figure 4 shows that some 98% of
this solution will take place in the overburden or in the weathered zone at the top of the bedrock,
but this still leaves the remaining 2%, or 10 kg per day of dolostone that is being removed from
within this bedrock. Most of the dissolution in the bedrock is taking place in the conduits
because this is where most of the flow is concentrated. Consequently, the conduit network is
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enlarging day by day. Over thousands or tens of thousands of years this continued preferential
dissolution results in well-established conduit networks feeding springs such as we see close to
the municipal wells in Walkerton.
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Section 2 Variation in water quality in the aquifers at Wells 5, 6, and 7 and at the
nearby springs

Karst aquifers are frequently characterised by large and rapid changes in water quality, and some
examples were cited earlier. By measuring the variation in water quality in an aquifer from
place to place and over time it is possible to build up a picture of how the aquifer behaves. For
instance, if water quality is uniform over space and there are only small changes over time then it
is quite likely that the water is moving slowly and uniformly through the aquifer. On the other
hand, if significant differences over space or time are measured then this shows that the
contrasting water samples have different histories. Perhaps they come from different parts of the
aquifer and have been able to dissolve different minerals, or perhaps the water is moving at
different velocities and some samples are diluted by recent rain water.

We reviewed the existing water quality data and collected some data ourselves to build a picture
of aquifer behaviour and to help determine the nature of bacterial transport through the aquifers
at Walkerton. In Section 2A we will correlate the bacteria and turbidity results from the daily
samples collected from the municipal wells with prior precipitation. In section 2B we will
describe the spatial variation in the major dissolved ions in the water. We will summarise the
results of our water quality sampling at springs close to the municipal wells in section 2C and
water quality sampling in three test wells in section 2D.

2A  Temporal variation in bacterial contamination at Wells 5, 6 and 7and at a nearby
domestic well

Water quality results for bacteria and turbidity are presented in Exhibits 231 and 232, and these
were discussed during the testimony of Marc Ethier on January 19th 2001. Much of the focus at
that time was on the safety of the water quality in the distribution system. Here we will focus on
the quality of the raw water at Wells 5, 6, 7, and at a domestic well (Goss, 2001b). Exhibits 231
and 232 have analyses of four water quality parameters which we will discuss, total coliform, E.
coli, background (bacteria), and turbidity. Reporting limits (of exceedences above safe levels)
for these parameters are 1 CFU/100 mL, 1 CFU/100 mL, 200 CFU/100mL, and 1 NTU,
respectively. There was a concern that bacterial contamination of the wells might be associated
with rain, so sampling at Well 7 was carried out on September 14th and 15th 2000 during and
after a heavy rainfall of 42 mm at Well 7 (Turnbull, 2000). The water quality at Well 7 during
this short period during and soon after the heavy rain was excellent.
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The first step in our analysis was to compile precipitation data. Figure 15 shows the data from
the Saugeen Valley Conservation gauge located at Hanover for the period May 1st to April 20th
2001, and thereafter it shows our measurements from a continuous recording gauge at Well 7.
To help understand the impact of consecutive heavy rains we have plotted the running weekly
and two-weekly total rainfall in Figure 15.

Well 5

Figure 16 shows water quality results from Well 5. Daily analyses are only available for May
28th to June 14th 2000. From this short period a correlation between water quality and
precipitation is not apparent. There are high E. coli and total coliforms on many of the days, but
turbidity is strikingly low. In May and June 2001 we observed that the turbidity at the springs
beside Well 5 is always low. Even after heavy rain there is no visible turbidity in the spring
water.

Weekly sampling of the water system before May 2000 showed that the water was usually not
contaminated. For instance, in 1999 42 of 49 sets of weekly samples had no positives for either
total coliform or for E. coli in any of the samples. In light of this it is possible that the high
coliform and E. coli shown in Figure 16 represents bacteria transported through the bedrock and
to the well during and soon after the heavy rains in May. If flow in the immediate vicinity of
the well is slow, it is possible that the bacteria were not flushed out by pumping since pumping
at Well 5 ceased on May 23rd 2000.

Wells 6 and 7

Figure 17 shows total coliforms at Wells 6 and 7. It is clear that there are a series of spikes of
bacterially-contaminated water. Interpretation of these spikes is not simple because the spikes
are of such short duration that they are inadequately defined by daily sampling. This is a
common problem with karst groundwater contamination.

Results from tracer testing in carbonate rocks can help us understand how the coliform in Wells
6 and 7 are related to prior rain events. Figure 18 shows results from two tracer tests along the
same groundwater flow path but under different flow conditions. The distance between the
tracer injection and recovery points is 410 m. Trace #3 appeared at the spring after about one
hour, and most of the tracer appeared at the spring over the following hour. In contrast trace #6
arrived at the spring after 12 hours, and most of the tracer arrived at the spring over the
following 12 hours. Thus the duration of the tracer appearance is directly proportional to the
time since the tracer was injected.
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The average velocity of tracer tests along conduits to springs is 0.2 m/s or 1700 m/day, as shown
earlier (Figure 7). However, along any single conduit the velocity is typically two to five times
lower under low-flow conditions, and two to five times higher under high-flow conditions. Thus
after heavy rain groundwater velocities along the conduits leading to the springs beside Well 5
and between Wells 6 and 7 might be in the order of several kilometres per day.

The incidences of coliform contamination in Wells 6 and 7 (Figure 17) typically are of one to
three days in duration, which suggests that the event causing the introduction of bacteria to the
aquifer probably occurred one to three days earlier. Some of highest coliform readings at Wells
6 and 7 fit this pattern, and can be attributed to prior rain. Examples include:

1) 36 mm of rain on June 11th -13th followed by coliform readings of 20 c¢fu/100 mL in
Well 6 on June 14th and 6 cfu/100 mL in Well 7 on June 15th;

1) 14 mm of rain on August 26th, followed by coliform readings of 4 cfu/100 mL in Well 7
on August 27th and 111 c¢fu/100 mL in Well 6 on August 28th;

1i1) 111 mm of rain between September 10th and September 20th, followed by coliform
detects in Well 7 from September 21st - 25th.

However, other examples do not appear to fit this pattern, such as:

1v) June 18th 2000, when there was >80 cfu/100 mL in Well 6 on the same day as 2.25 mm
of rain;

V) July 9 2000, when there was 6 cfu/100 mL in Well 7 on the same day as 0.5 mm of rain;

vi) July 31st 2000, when there was 38.5 mm of rain but there was no coliform in Wells 6 or 7
on that day or any of the next four days.

A number of problems arise in comparisons of rainfall and bacterial contamination. The
relationship between bacteria and rain is based on coliform at Wells 6 and 7 and rainfall at
Hanover, which is 14 km to the east of the wells. It is quite possible that there was indeed rain in
the catchment feeding Wells 6 and 7 on or just before June 18th 2000 and July 9th 2000, and
little rain on July 31st 2000. This possibility is supported by a comparison of precipitation at
Hanover and at Chesley (Figure 19). The Hanover and Chesley rain gauges are 17 km apart, but
there are often substantial differences between the two gauges. We infer from this that the
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precipitation at Walkerton for some individual events is likely to be substantially different from
Hanover, and this hinders the analysis.

A further problem in interpreting the data is the short duration of the bacterial contamination
events at Wells 6 and 7. This is illustrated by Figure 20, using total coliform data from Well 7
between August 25th and August 28th 2000. There were 14 mm rain in Hanover on August
26th, and the sample from Well 7 the next day gave a total coliform value of 4 cfu/100 mL. It is
possible that this sample was collected just at the time the water quality was most impaired
(Figure 20, top), but it is more likely that the actual peak was missed, and that it occurred some
hours earlier (Figure 20, middle) or later (Figure 20, bottom). A similar but higher peak was
seen at Well 6, where total coliform values on the four days after the August 26th 2000 rain were
0, 111, 4, and 0 cfu/100 mL, respectively. Much more frequent sampling than once a day would
be needed to properly evaluate bacteria variation at Wells 6 and 7 following substantial rain
events. Sampling for bacteria every three hours during the two pumping tests shows that there
are indeed substantial changes in bacteria levels at both Wells 5 and 6 on a timescale of hours
(Figure 21).

High bacteria concentrations are often associated with high turbidity, and turbidity at Well 7 was
being continuously monitored by OCWA during August 2000. Results for August 26th to
August 28th 2000 are shown in Figure 22. Turbidity is measured every second at Well 7, but
only substantial changes are saved by the system. There were three spikes in this period, but
these lasted only one to two minutes, and all occur immediately after the well started pumping;
they can be attributed to bubbles in the flow. The data show no spikes lasting a few hours to a
few days, as one might expect there to be since there was bacterial contamination of this well on
two of the three days in this period. This is puzzling as daily manual samples sometimes
indicate somewhat higher turbidity.

Figures 23 and 24 show the daily background bacteria and turbidity data, respectively, for these
wells. These data generally tell the same story as the coliform data, with some but not all high
values occurring within a few days of rain. However, the period June 30th to July 13th 2000
does stand out, especially at Well 6 where there is high turbidity on most days. The pump had
been removed from the well on June 21st 2000, and possibly the high turbidity is associated with
replacing the pump.

Dr. Payment (2001, p. 66) noted that high turbidity is likely to be an indicator of serious
contamination, and Figure 8 demonstrates such contamination. However, the converse may not
be true, since there is bacterial contamination on a number of occasions at Wells 5, 6, and 7 at
the same time as low turbidity. Differential filtration by aquifer materials seems to be unlikely
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as a cause for the poor correlation between bacteria and turbidity in the Walkerton wells since
both clay particles and bacteria have approximately the same size (1 micrometre), and clay
particles are a major contributor to turbidity. The reason for the poor correlation may instead be
due to availability and mobilisation, both of sediment particles causing turbidity and of bacteria.
For instance, sediment may be more easily mobilised just after ploughing, during intense rain,
and when and where there is little vegetation. Bacteria concentrations will likely be highest just
after manure spreading or during periods when cattle are grazing in pastures. There will likely
be very different coliform to turbidity ratios in each field and with each different rain event, so
perhaps the poor correlation is simply because there is not one single and persistent source of
turbidity and bacteria feeding the groundwater system from which each well draws its water.

Domestic well west of Well 5

Samples were collected daily from June to November 2000 for bacterial analysis from a
domestic well about 300 m west of Well 5 (Goss, 2001b, Exhibit 375). The well is 24.7 m deep
(Goss, 2001a, p. 10). All samples from June 22nd to November 26th 2000 were analysed for
total coliform and for E. coli, and the results are shown in Figure 25, where rainfall is also
plotted. There is a remarkably strong correlation between bacteria and rainfall, with the peak in
total coliform or E. coli usually coming one or two days after rain. Some of the daily samples
were tested for background colonies and most of the samples were tested for heterotrophic plate
counts. We have not analysed the latter data since they are incomplete.

There were eight events during the period from June 22nd to November 26th 2000 when total
coliform in the well reached 10 cfu/100 mL or more. On each occasion there had been more
than 10 mm of rain on that day or within the previous three days. Details of all rain events in
this period with more than 10 mm are given in Table 6.

The average lag between the day with the most rainfall and the day with the highest total
coliform is 1.5 days for the ten events in the above table where there was a coliform peak which
could be associated with prior rain. There were five events between June 22nd to November
26th 2000 when E. coli was found in samples from the well. These are all shown in Table 6. All
five E. coli peaks occur one day after rain events of 14 mm or more. These data show in a
dramatic fashion how bacterial contamination in this well occurs very soon after heavy rain.
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Correlation between runoff and adverse samples in the Walkerton water supply in 1999

Based on the good correlation between heavy rain and adverse bacteriological results at Wells 6
and 7 from the summer 2000 daily sampling, we decided to study the routine weekly sampling
from 1999 and early 2000 to see whether we could detect a correlation between heavy rain or
snowmelt and adverse results.

Adverse bacteriological results from 1999 and early 2000 are tabulated in Ross (2000, Appendix
O). In the period January 1999 to the end of April 2000 samples were collected on 64 occasions
at approximately weekly intervals, with from four to twelve samples being collected on each
occasion. There were adverse samples on 13 occasions (Table 7). We checked prior weather
conditions, using the rainfall record from the Saugeen Valley Conservation Authority gauge in
Hanover for May 1 1999 to December 31 1999 and temperature records for the whole period.
The SVGA does not maintain a precipitation gauge in Hanover over the winter months. In Table
7 we have tabulated weather conditions for the 13 dates with adverse results. Some of these
seem to be correlated with prior weather, but most do not.

The second way we studied the data was to pick the