Hydrogeology Journal E‘é
https://doi.org/10.1007/510040-024-02824-9

PAPER q

Check for
updates

Delineating aquitard characteristics within a Silurian dolostone
aquifer using high-density hydraulic head and fracture datasets

G. Medici'?® - J. D. Munn' - B. L. Parker’

Received: 30 September 2023 / Accepted: 10 August 2024
© The Author(s) 2024

Abstract

Fractured aquifers are heterogeneous due to the variable frequency, orientation, and intersections of rock discontinuities.
A ~100-m-thick Silurian dolostone sequence provides a bedrock aquifer supplying the city of Guelph, Canada. Here, fracture
network characteristics and associated influences on hydraulic head were examined using several data types obtained from
24 cored holes in a study that is novel for the quantity and quality of data. High (50-90°) angle joint orientations, heights,
and terminations relative to bedding features were determined from acoustic televiewer logs and outcrop scanlines. These
data were compared to high-resolution hydraulic head profiles showing head loss over depth-discrete intervals identifying
zones with lower vertical hydraulic conductivity. This study reveals that the marl-rich Vinemount Member, traditionally
considered the principal aquitard, corresponds to head loss in only 62% of the 24 boreholes. The vertical position of head
loss varies across the 90-km? study area and occurs in any of the lithostratigraphic units of the Lockport Group. Within this
sedimentary sequence, aquitards are laterally discontinuous or “patchy” at variable depths and relate to: (1) the frequency of
the high-angle joints; (2) shorter joint height; and (3) the type of joint terminations. The head loss occurs in thin (2-2.5 m)
intervals where the frequency of the high-angle joints is low. Where a large proportion of small joints cross-cut marl bedding
planes, head loss is negligible, suggesting that the vertical hydraulic conductivity is not reduced. Overall, these findings are
potentially applicable to assessing aquitard and cap rock integrity in carbonate sedimentary sequences worldwide.

Keywords Fracture network characteristics - Hydraulic head loss - Aquitard delineation - Carbonate rock aquifer -
Heterogeneity - Canada

Introduction

Globally, fractured sedimentary bedrock aquifers under-
lie~70% of the earth’s land surface and supply ~30% of
the world’s population with drinking water (Berkowitz
2002; Hartmann et al. 2014). A range of contaminants from
industrial and agricultural activities, including PFAS, chlo-
rinated organic solvents, pathogens, pesticides, pharma-
ceuticals, nitrate, sulphate, and chloride, can reach these
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aquifers (Medici and West 2023; Meyer et al. 2023; Lorenzi
et al. 2024). Animal waste applied directly to the land from
grazing animals, or applied to land as farmyard manure or
slurry, represents a key source of nitrate, viruses, and bac-
teria, making them widespread and common groundwater
contaminants (Wakida and Lerner 2005; Rivett et al. 2008).
Travel times of these contaminants from surface inputs to
water supply wells can be greatly increased by the pres-
ence of overlying aquitards, which are characterized by low
vertical hydraulic conductivities. Despite the heterogeneity
and unpredictability in the subsurface, aquitards are typi-
cally assumed to be aligned with lithostratigraphic units,
even in bedrock, at the scale of either geological members
or formations in groundwater flow and contaminant trans-
port models (e.g., Neymeyer et al. 2007; Ely et al. 2011;
Medici et al. 2023a). Additionally, despite the geological
nature of aquitards, a hydraulic data-driven investigation to
identify the head loss and corresponding vertical component
of hydraulic gradients typically observed at aquitard units is
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often not combined with a characterization of stratigraphic
and mechanical features to inform the position of aquitards.
In other words, hydraulic properties are typically inferred
from rock type rather than confirmed using detailed hydrau-
lic head data (Meyer et al. 2008, 2016; Runkel et al. 2018).

Investigations of rock discontinuities to study fractured
sedimentary aquifers are useful to inform discrete fracture
network models for contaminant transport (e.g. studies of
the Palaeozoic and Mesozoic sandstones of China and north-
western Europe; Tellam and Barker 2006; Hitchmough
et al. 2007; Xie et al. 2021), are time-intensive and uncom-
monly used in practice; therefore, most discontinuity stud-
ies are limited by small fracture datasets. One of the most
detailed hydro-structural studies of a fractured sandstone
aquifer combines acoustic televiewer (ATV) logs from
vertical boreholes and scanline surveys to characterize the
fracture network in the Triassic sandstones of Great Britain
(Hitchmough et al. 2007), but with the absence of inclined
boreholes and high-resolution hydraulic head profiles. Most
similar to the research presented here, Meyer et al. (2008,
2014, 2016) and Runkel et al. (2018) defined hydraulic units
in an Ordovician sequence of sandstones, siltstones, shales,
and dolostones in Wisconsin USA using high-resolution
hydraulic head profiles and sequence stratigraphic bounda-
ries, but without incorporating statistics for rock discontinui-
ties acquired either in outcrops or boreholes.

A greater amount of fracture data is available for car-
bonate rocks (e.g., limestone and dolostone) relative to
siliciclastic rocks (Kosakowski and Berkowitz 1999;
Berkowitz 2002; Odling et al. 2013; Parker et al. 2019),
due in part to an assumption that fractures represent neg-
ligible flow-pathways in siliciclastic aquifers; therefore,
fractures were not intensively characterized for many years
in sandstones. Recent hydrogeological investigations of
the Carboniferous limestones of Burren in western Ireland
have produced discontinuity statistics from outcrops and
treated the aquifer as a mass of undivided fractured rocks
to constrain the effective (i.e. fracture) porosity (Moore
and Walsh 2021). The Permian Dolostone in Great Brit-
ain and the Cretaceous Chalks in north-western Europe
and Israel were recently investigated by using optical and
acoustic televiewer logs to characterize the rock disconti-
nuities (Witthiiser et al. 2006; Maurice et al. 2012; Medici
et al. 2019; Agbotui et al. 2020). In all these studies, the
aquitard units were inferred to be systematically associ-
ated with marly, shaly, and evaporitic geological forma-
tions that represent stasis of carbonate production in the
sedimentary record but were not confirmed with direct
hydraulic measurements. In contrast, this study only uses
litho-stratigraphy from continuous core and geophysi-
cal logs as a starting point to organize rock discontinuity
statistics without defining a priori aquifer and aquitard
units. Additionally, this study is the most data-intensive
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characterization undertaken, given the number of continu-
ously cored boreholes with centimeter-scale logs distrib-
uted across the study area, depth resolution of hydraulic
head, and number of fractures recorded using borehole
geophysical ATV logs in vertical and inclined boreholes.
The research is particularly distinct among investigations
in fractured carbonates, due to the comparison of geo-
physical borehole data with a robust characterization of
fractures mapped in outcrops. The novelty of this study
also relates to the combination of quality and quantity of
fracture data with the high (<2 m) spatial vertical resolu-
tion of hydraulic head profiles at two dozen (24) locations
across the study area, associating fracture conditions in
one-dimensional (1D) boreholes and two-dimensional
(2D) scanlines with both geologic and hydrogeologic
zones where head loss occurs. A new classification scheme
to describe the joint terminations at bedding planes is also
proposed to improve outcrop scanline surveys for charac-
terization of fractured rocks.

In this paper, robust statistics are derived from carbon-
ate rock discontinuities from the Silurian dolostone of the
study area using: (1) data from outcrop scanlines along three
orientations, two nearly orthogonal vertical faces and hori-
zontal quarry pavement, (2) nine inclined and 29 vertical
boreholes with vertical profiles of hydraulic head, and (3)
detailed logging of lithostratigraphy obtained from continu-
ous cores, and/or natural gamma logs. This Silurian rock
sequence represents an important groundwater resource for
nearly 500,000 people in both rural and urban communi-
ties including the city of Guelph and has been the focus
of previous hydro-structural investigations (Lemieux et al.
2006; Parker et al. 2019; Howroyd and Novakowski 2021a,
b, 2022); however, these previously published studies did
not focus on the presence of aquitards and did not integrate
fracture data from multiple boreholes and outcrops. Nunes
et al. (2021) examined hydraulic head along with baseline
hydrochemistry and isotopes from multilevel wells and well
nests throughout the same study area to assess the effect of
urban, industrial, and agricultural activities on groundwater
flow system quality. Historically, the intermediate aquitard
within the Silurian dolostone sequence was assigned to a
shale-rich Vinemount Member of the Eramosa Formation.
This assumption was based on lithostratigraphic information
from cores and single-borehole pumping tests with screens
partially penetrating the geological members of the Lockport
Group (Priebe et al. 2019; Brunton and Brintnell 2020). The
resolution of pumping tests penetrating multiple units is low,
and the aquitard was, by default, assigned to the shale-rich
Vinemount Member of the Eramosa Formation. It is com-
mon for hydrogeological investigations in the area to install
two nested wells with one “shallow” above the Vinemount
Member, and one “deep” in the Gasport Formation. Any
head difference between the two nested wells is typically
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assigned to the Vinemount Member due to its shaly nature,
without having the resolution to measure the true position
of head loss.

The overall aim of this paper is to inform the position and
cause of aquitard occurrence in the local Silurian dolostone
aquifer using an analysis of the fracture network statistics
and high spatial resolution hydraulic head profiles. This
dataset will be tied to the current lithostratigraphic frame-
work to advance sedimentological and structural geologic
controls on aquifer properties in a heterogeneous carbonate
aquifer system. Specific research objectives of this study
are: (1) present statistics of the rock discontinuities in the
Silurian Lockport Group beneath the city of Guelph, (2)
identify the sedimentological and structural geology fac-
tors that control significant variation in vertical hydraulic
gradients/connectivity in the dolostone sequence, (3) define
the styles of occurrence of the head loss, and (4) propose a
new conceptual model of the dolostone aquifer-aquitard sys-
tem by using multiple complementary datasets (e.g., natural
gamma, ATV and high-resolution hydraulic head profiles).

Site description
Geological setting

The 95-km? study area encompasses the city of Guelph (pop-
ulation over 143,474 from Statistics Canada, 2023) located
in southwestern Ontario, ~28 km east of Waterloo and 100
km west of Toronto, ON, Canada (Fig. 1a—c). The city of
Guelph relies exclusively on groundwater pumped from
wells and a spring collection system for its water supply.

This Silurian dolostone sequence in the Guelph area
ranges from 55 to 100 m thick, and is part of the Lockport
Group, containing four formations that include from old-
est to youngest: Gasport, Goat Island, Eramosa and Guelph
formations (Fig. 2a—c). The Gasport and Guelph Formations
are dominated by dolostone beds and are related to shal-
low marine environments (Brunton and Brintnell 2020).
The lowermost Gasport Formation is comprised of white-
to-bluish-grey grainstones and packstones. This portion of
Gasport Formation can also be recognized in the field by
the presence of stacked crinoidal-microbial reef mounds
and cross-bedding structures (Brunton and Brintnell 2020).
The Guelph Formation has a light-brown colour and consists
of medium-thick-to-thick dolostone beds and cross-strati-
fied packstones (Brett et al. 1990; Brunton and Brintnell
2020). The Guelph Formation is divided into the Wellington
(lower) and Hanlon (upper) members, which are dominated
by reef and lagoon facies, respectively (Brunton and Brint-
nell 2020).

The Goat Island and Eramosa formations are dolostones
with varying amounts of shale interbeds. The carbonate

fraction of such interbeds ranges from 35 to 65% and is
therefore described as marls for consistency with the USGS
definition (Carter 2002). Of note, Huh et al. (1977) intro-
duced the term marls in the Lockport Group in Ontario and
provided a sedimentological description.

The Goat Island Formation is formally divided into the
Niagara Falls (lower) and Ancaster (upper) members. The
latter contains cherty nodules and a finely crystalline tex-
ture, and the lower member is a crinoidal encrinite and can
be distinguished by its pin-striped appearance and slightly
higher natural gamma response (Brunton and Brintnell
2020). The Eramosa Formation—Figs. 3, 4 and 5, and Fig.
S1 of the electronic supplementary material (ESM)—is for-
mally divided from the bottom to the top of the stratigraphic
sequence into Vinemount, Reformatory Quarry, and Stone
Road members. The Vinemount Member, whose marl beds
are related to episodes of relative sea level rise (Brunton and
Brintnell 2020), is a marly dolostone and contains the high-
est marl content within the Lockport Group. By contrast,
the Reformatory Quarry Member is dominated by coarsely
crystalline dolostones with coral stromatoporoid biostromal
facies. The Stone Road Member is also more carbonatic
than the Vinemout Member, and is characterized by finely
crystalline dolostones. The Stone Road is finer grained with
respect the Reformatory Quarry Member of the Eramosa
Formation (Brunton and Brintnell 2020).

In southern Ontario, the deposits of the Lockport Group
are layered and gently dipping (<2° degrees to the southwest
as shown in Fig. 2a—c) due to lack of significant effects of
orogenesis syn- and post Silurian time (Perrin et al. 2011).
These carbonate deposits typically contain high-angle joints
due to the far field effects of the Appalachian belt, the pres-
ence of an irregular basement, and the lithospheric glacial
rebound that occurred during the Quaternary (Eyles et al.
1997; Underwood et al. 2003). Previous quarry and borehole
observations of the larger-scale bedrock fracturing pattern
were part of the drilling program associated with the deep
geological repositories for nuclear waste storage and distin-
guished three principal directions of such joints: NNE-SSW,
ENE-WSW and NE-SW striking in the Guelph area (For-
menti et al. 2023). The dominant direction of these subver-
tical joints does not change significantly comparing nearby
outcrops of different lithostratigraphic units in Rockwood,
which is located 10 km to the east of Guelph (Kunert and
Coniglio 2002; Cole et al. 2009).

Hydrogeological setting

The city of Guelph relies almost exclusively on groundwa-
ter for water supply from the underlying Silurian dolostone
aquifers that are the focus of this research. These Silurian
dolostones are overlain by Quaternary glacial sediments
that are generally thin within the city of Guelph, typically
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Fig.2 Geological cross-sections (modified from Nunes et al. 2021)
showing the Cabot Head Formation, Irondequoit Rockway and Mer-
riton (IRM) formations, the dolostones of the Lockport Group and

from 2 to 10 m thick, except in the south and east quad-
rants where they thicken due to the presence of the Paris-
Galt moraines (Arnaud et al. 2018; Priebe et al. 2019,
2021; Nunes et al. 2021), or in localized areas relating to
buried bedrock valleys (Steelman et al 2017).

the Quaternary overburden with the position of the head loss (H) in
boxes. a Ca (from Skinner 2019), b Cb (from Nunes et al. 2021), and
¢ Cc (Nunes et al. 2021)

The Lockport Group is described as hydrogeologically
heterogeneous, with each formation beneath the city of
Guelph typically featuring different matrix and bulk hydrau-
lic conductivities that can be found in Table 1, derived from
laboratory measurements of intact core plugs, straddle
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Fig.3 Photographs of the inactive Reformatory Quarry in Guelph
showing the pattern of fracturing within the Eramosa Formation of
the Lockport Group. a The quarry walls (faces 1 and 2 where the

packer tests, and pumping tests. Values of the 63 core plugs
are representative of the rock matrix vertical hydraulic con-
ductivity (K,), and range three orders of magnitude from
1x107"% to 9% 10°® m/s (Skinner 2019; Johnson 2020).
These vertical hydraulic conductivity values are highest in
the Stone Road and Reformatory Quarry members of the
Eramosa Formation (marl-rich samples from the Vinemount
Member of the Eramosa Formation were not tested since
they were mechanically weak), and followed by the Goat
Island, the Guelph, and the Gasport formations, as summa-
rized in Table 1.

The bulk horizontal hydraulic conductivity (K,) values
from straddle packer testing range from 6x 1078 to 1x 107
m/s, with the highest values in the Gasport Formation, fol-
lowed by the Guelph, Eramosa, and the Goat Island forma-
tions (Quinn et al. 2011). Similarly, the pumping tests show
variability from 4 x 107® and 2 x 10~ m/s across the city of
Guelph, with the Gasport Formation being the most conduc-
tive geological unit followed by the Guelph, the Eramosa,
and the Goat Island formations. The hydraulic conductiv-
ity values increase with the observation scale from the core
plug, to the packer test interval, and up to the pumping-test
scale (Table 1). The lower matrix hydraulic conductivity
values relative to the higher hydraulic conductivities of the
larger-scale tests support the notion of a fracture-dominated
flow system, with little flow through the rock matrix (Mal-
daner et al. 2019; Munn et al. 2020). The hydraulic con-
ductivity of the Gasport Formation is high according to
both packer and pumping tests (Table 1), and represents the
main supply aquifer of the city of Guelph, with bulk hydrau-
lic conductivities from pumping test analysis providing a
median value of 5.0 x 10~ m/s. The hydraulic conductivity
in the Gasport Formation is high and varies over 2 orders of
magnitude according to either straddle packer or pumping
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scanlines were performed) and floor, b A close-up of face 2 showing
bedding parallel fractures and high-angle joints

tests (Table 1). This variability can be potentially related
to the degree of connectivity of fractures, and dissolution
enhanced subhorizontal bedding plane fractures that form
conduits. Dissolution enhanced matrix porosity is also pre-
sent in the Gasport Formation. The Guelph Formation is also
relatively permeable, and represents the secondary aquifer
unit (Skinner 2019; Johnson 2020; Nunes et al. 2021). The
Eramosa Formation, comprised of the Vinemount, Reforma-
tory Quarry, and the Stone Road members, rests below the
Guelph Formation and is traditionally considered the aqui-
tard unit based on core log and borehole hydraulic testing
using packers. When present in the Guelph region, the Vine-
mount Member averages 10 m in thickness (Brunton and
Brintnell 2020). The Goat Island Formation is comprised
of the Niagara Falls and Ancaster members. These mem-
bers have relatively lower hydraulic conductivities accord-
ing to hydraulic tests performed across the city of Guelph
(Table 1), although the Goat Island Formation can have
transmissive horizontal fractures (Munn et al. 2020).
Broadly speaking, the aforementioned hydrogeologi-
cal scenario is characterized by two systems. Water table
and potentiometric surface maps indicate that groundwa-
ter flow directions in the shallow, sometimes unconfined
Guelph Formation mirrors the topography, flowing from
high elevations and discharging into rivers and creeks
(Priebe et al. 2019, 2021). However, in the deeper Gasport
Formation regional flow is south—southwest, but locally
flow directions are modified from the city’s 21 operational
water supply wells (Nunes et al. 2021). The Guelph and
the Gasport aquifer units appear to be divided by one or
more aquitard units, as seen by multidepth monitoring
locations across the city of Guelph (Meyer et al. 2014;
Nunes et al. 2021). An intermediate aquitard is thought
to protect the lower Gasport Formation aquifer from
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Fig.4 Marly layers in the Era-
mosa Formation of the Lockport
Group at the Reformatory
Quarry, Guelph. a Vertical joint
terminations (highlighted using
yellow circles) in dolostone
observed at marl-rich bed con-
tacts, b Red trace lines showing
refraction through 5-cm thick
marl-rich carbonate relative

to overlying and underlying
dolostone; it is noteworthy that
joints can cut marl beds, ¢ Red
trace lines showing joints (J)
terminating at marl contacts

contaminants and has been conventionally assigned to the
Vinemount Member. It is well established that the Gasport
Formation shows a distinctive hydro-chemical fingerprint
at the scale of this study with lower concentrations of
sodium and chloride and lower electrical conductivities
compared to the shallower Guelph Formation due to road
salt applications (Salek et al. 2018; Nunes et al. 2021).

—

Dolostone

Materials and methods

The Silurian Lockport Group was investigated by study-
ing high-spatial-resolution hydraulic head profiles col-
lected from 24 multilevel monitoring locations across the
city of Guelph in vertical boreholes (Fig. 1c). Borehole
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geophysical data from 29 vertical and 9 inclined boreholes,
with a total linear length of 1,912 m were used to inform
lithostratigraphy and fracture distributions (depth and
orientations). These data derive from acoustic televiewer,
natural gamma (sensitive to clay content and capable of
inferring marl-rich beds), and lithological logs collected
from continuous rock core samples. In addition, 34 out-
crop scanlines were performed to complement the bore-
hole data and to obtain information on high (50-90°) angle
fracture length, height, and terminations. These datasets
are combined to assess fracture network characteristics

associated with the observed inflections in the hydraulic
head profiles across the city, which have been used to iden-
tify the position of aquitard units. Borehole geophysical
logs and hydraulic head profiles were collected from 2006
and 2020 at the various locations shown in Fig. 1 from
2006 to 2020 and listed in Table 2.

Analysis of rock discontinuities

Rock discontinuities (i.e., fractures) were studied in all the
bedrock bore and cored holes (Table 2) and the two outcrops

Fig.5 Pavements showing joint e
traces in the Vinemount Mem- s = = ==
ber of the Eramosa Formation at = = e = 3 ==
the Reformatory Quarry T e - e =
= > = =
- I/ ¥ ‘~(. \‘.\ e s |
— - » S : = A—-,\-'.' B
g ~7 7 e
il et > - 3
5 :// s A Lol : 2
ST T, g5 3 B R g
# 1/1=n,2‘/ ; Pl N

Table 1 Range of values

. . Geological unit
reported for matrix vertical

Matrix K, (m/s)

Bulk K, (m/s)

(K,) from core plugs and bulk
horizontal (K},) hydraulic
conductivity from straddle
packer testing, and pumping

Core plug
(Skinner 2019)

Straddle packer tests
(Quinn et al. 2011; Skinner
2019; Johnson 2020)

Pumping tests
(Stantec 2009; Golder
2011; Priebe et al.
2019)

tests within the study area
Guelph Formation

Eramosa Formation
Goat Island Formation
Gasport Formation

3x10710-3x 107
5%107°-9x 108
3x1071%-6x 107
1x10712-9x 1071

1x107°-9%107
4%x107-2%107
6x108-3x 1077
8x107°-1x10™*

9x10°-3x10™*
2x107°-3%107°
4%10°-9x107°
2x104-2%107

Table 2 Location, and name for 37 bedrock boreholes characterized using ATV and natural gamma NA not applicable

Field site Boreholes Logged
- - interval
Vertical wells Inclined wells (m)
North East Guelph SEN-04, SEN-05, SEN-06, BH-401 NA 230
North West Guelph MW-367-6 ACH-01, ACH-02, ACH-03 240
Membro M20, M22, M29 NA 260
Alice Street BHI, MW1520, MW 1521, MW 1522, MW 1523 NA 252
Scout Camp SCV1, SCV2, SCV3 SCAL1, SCA2, SCA3 244
G360 FRO GDC-05, GDC-06, GDC-07, GDC-08, GDC-09, GDC-10, GDC-4, GDC-11, GDC-12 385
South Guelph Tier3-10%, GSMW2-09, GSTW1-08*, GSTW3-08?, HBP5, MOE/ NA 301

PW/88, VPV-01

*Wells that have not been cored
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Fig.6 Summary of the rock discontinuity dataset. Stereonets of poles to planes for fractures with standard deviation of Kamb contours for verti-
cal and inclined boreholes and quarry faces and floors demonstrating the likelihood of each method of sampling high-angle discontinuities

(Fig. 1c). The combination (Fig. 6) of vertical and inclined
boreholes as well as scanlines of quarry faces and floors pro-
vided a range of sampling orientations to reduce sampling
bias (Terzaghi 1965). A previous study at the Guelph site has
shown that incorporating fracture data from three inclined
boreholes was more effective at sampling high (50-90°)
angle joints compared to using vertical boreholes alone
(Munn 2012). Overall, in this study, 7,265 rock discontinui-
ties (dipping 0-90°) were logged and plotted in stereonets
as poles to planes to support fracture network interpretations
and associations with hydraulic properties and head profiles.
The total number of rock discontinuities collected in outcrop
and in vertical and inclined wells is 4,346, 443, and 2,476 for
features dipping 0-35°, 35-50°, and 50-90°, respectively.
Contours of poles and Terzaghi (1965) correction were com-
puted with the Stereonet 11 Software that was informed with
trend, plunge for each borehole and scanline, and maximum
correlation factor (Allmendinger et al. 2012). The statistics
of rock discontinuities from outcrop exposures and bore-
holes are summarized in stereonets (Fig. 6 and Figs. S2 and
S3 of the ESM) for dip orientation and inclination, graphs
(Figs. 7 and 8), and in tables (Tables 3, 4 and 5) for fracture
spacing, heights, length, and stacked bars for summarizing
the type of termination. Spacing of high (50°=-90°) angle
joints and bed thickness were plotted together in scatter
plots to establish a relationship between the two parameters
following the method outlined by Rustichelli et al. (2016).
The proportion of high-angle joints increases from left to
right in Fig. 6, showing results for the vertical boreholes,
to the inclined boreholes, and then to the quarry faces and
pavements, respectively. Using all data sources, including

inclined boreholes and outcrop scanlines, the proportion of
low angle (0-35°) discontinuities is 0.6 (4,330 bedding plane
fractures divided by the total of 7,265 fractures).

Outcrop scanlines

During June and July of 2021, horizontal scanline surveys
were performed at two study sites within the city of Guelph
(Fig. 1c)—the Reformatory Quarry (Figs. 3a,b, 4a—c and S5a
and Figs. Sla and S1b of the ESM), and the Barber Scout
Camp (Fig. Slc also of the ESM)— and fracture data was
collected from quarry faces (n=1,839) and pavements
(n=182), respectively. The Reformatory Quarry is the type-
section for the Reformatory Quarry Member of the Eramosa
Formation, with this member making up the majority of the
quarry wall exposures. The lower few meters of the wall
expose the Vinemount Member (Eramosa Formation) and
the upper few meters expose the Guelph Formation (Brunton
and Brintnell 2020). The Barber Scout Camp location (Fig.
S1c of the ESM) is adjacent to a bedrock river with exposed
marls of the Vinemount Member of the Eramosa Formation
on the ground surface. Thirty horizontal scanlines with a
10-m length were collected on faces 1 and 2 at the Reforma-
tory Quarry (the beds where scanlines were performed are
illustrated in Fig. 3a with white lines on the two rock walls).
On each quarry face, 10 scanlines were conducted on dolos-
tone beds (Fig. 2a—c), and 5 on marl beds (Fig. 3a,b, and Fig.
S1a of the ESM). The two rock faces are nearly orthogonal
and oriented NNE-SSW and WNW-ESE. The thickness of
the thirty beds where the scanlines were performed was also
recorded.
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Table 3 Location and length of scanlines, and statistics of rock discontinuities

Location Scanline group ~ Number of Cumulative scan- nrock dis- Rock type  Orientation ~ Average Average
scan lines line length (m) continuities scanline length (cm) spacing
(cm)
Reformatory Quarry  Face 1 10 40 488 Dolostone  NNE-SSW 133 7.8
Face 2 10 40 638 Dolostone  WNW-ESE  10.8 7.8
Face 1 5 40 203 Marl NNE-SSW  8.12 9.9
Face 2 5 40 229 Marl WNW-ESE 94 8.8
Line 1, floor 1 3.5 35 Dolostone  NNE-SSW 107.6 8.5
Line 2, floor 1 3.5 41 Dolostone  WNW-ESE  66.1 10.1
Scout Camp Line 1, floor 1 35 50 Dolostone  NNE-SSW  27.1 52
Line 2, floor 1 3.5 52 Dolostone  WNW-ESE 42.5 5.0

Table 4 Length of interval logged in the boreholes in Table 2 and frequency of low and high-angle joints in ATV logs in the formations and

members of the Lockport Group

Geological formation Geological member

Length of borehole inter-

Linear fracture intensity, P10

val logged mean, fractures (fr) x m™!
(m) High-angle discontinui-  Low-angle
ties (50-90°) discontinuities
(0-15°)
Guelph Formation Hanlon Member 250 0.21 3.0
Guelph Formation Wellington Member 288 0.19 2.0
Eramosa Formation Reformatory Quarry Member 100 0.20 33
Vinemount Member 137 0.42 3.6
Goat Island Formation Ancaster Member 166 0.05 55
Niagara Falls Member 100 0.16 4.8
Gasport Formation N/A 709 0.28 1.2

The scanline logging method (Hitchmough et al. 2007)
included recording five parameters—dip direction and incli-
nation, fracture spacing, fracture trace persistence (heights
on quarry walls, and length on pavements), and bed thick-
ness. The type of fracture termination was also recorded
adding a new and sixth observation to the traditional guide-
lines used for scanline surveys. Fracture termination rep-
resents the geometrical relation of a high (50-90°) angle
joint relative to the bedding planes at the top and bottom
that form a mechanical unit. A bedding plane discontinuity
is a low-angle (0-35°) discontinuity mechanically open that
either divides two adjacent dolostone layers or a dolostone
from a marly layer. The definition of bedding plane discon-
tinuity is mechanical with no conceptual link with sequence
stratigraphy.

The fracture terminations were categorized into nine
types and four groups (Fig. 9a). Type 1 (or group a, Ga) rep-
resents a joint confined in the bed with no mechanical con-
tact with the bedding plane at the top and bottom. Types 2
and 3 represent joints that touch the bedding discontinuities
exclusively at the top or bottom, respectively. Types 4 and 5

are joints that crosscut bedding discontinuities exclusively at
the top and bottom, respectively. Note that types 2—5 form-
ing group b (Gb) are characterized by joints with a single
mechanical contact with the bedding plane fractures. Type
6 contacts the bedding plane at the bottom and crosscuts
type 1 at the top. Type 7 crosscuts the bedding plane at the
bottom and touches type 1 at the top. Type 8 touches both
the bounding bedding planes discontinuities and is confined
by the bedding planes. Types 68 characterize group c (Gc),
which is characterized by joints with two mechanical con-
tacts with bedding plane fractures and is partially confined
by the bedding planes. Type 9, or group d (Gd), crosscuts the
bedding plane discontinuities at the top and bottom with no
confinement by the mechanical units (Fig. 9a). Thus, moving
from Ga to Gd, the joints are characterized by a higher num-
ber of mechanical connections between the joint and bed-
ding planes. This degree of connection between joints and
bedding planes is called mechanical connectivity since no
direct and quantitative information on hydraulic connectivity
can be collected by performing scanline surveys in the field.
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Excellent outcrop exposures on the ground at both the
Reformatory Quarry and Barber Scout Camp allowed for
the measurement of dip direction and angle, persistence and
spacing of fractures and bedding planes using horizontal
scanlines. At these two sites, horizontal scanlines of 3.5 m
in length were performed on the ground pavements (Figs. 3a
and 5a and Fig. S1c of the ESM) along both WNW-ESE and
NNE-SSW orientations. Measurements were collected from
rock faces (faces 1 and 2 in Fig. 3a) or pavement (traces 1
and 2 in Fig. 3a) at the Reformatory Quarry. No rock walls
were exposed at the Barber Scout Camp. Here, structural
data were recorded exclusively from the ground pavement
(Fig. S1c of the ESM), and therefore no information on the
thickness of the beds was collected. The fractures inter-
secting the pavements provided a three-dimensional (3D)
perspective due to differential erosion that is sufficient for
estimating the dip angle for the lithologies in exposure at the
Reformatory Quarry and Barber Scout Camp.

Bedrock borehole geophysics

Acoustic Televiewer (ATV) and natural gamma logs were
performed using ALT ABI-40 and Mount Sopris 2PGA
probes, respectively. The ATV was logged using a low speed
(1.2-1.5 m min~') to achieve accurate and high-quality
image data. The quality of the ATV was also high due to the
fact that 92% of the studied wells (36 out of 39) were cored
holes with relatively smooth borehole walls, making the con-
trast between fractures and borehole walls more apparent
(Table 2). Depth, dip angle, and direction of rock disconti-
nuities were recorded from structure picking (Williams and

Johnson 2004) of the acoustic televiewer images in verti-
cal and inclined boreholes that plunge 60° from horizontal
(Fig. 1c; Table 2). This analysis was conducted in Well CAD
Software Version 5.6 and all the open discontinuities char-
acterized by low acoustic amplitude and travel time were
picked using the software. In the inclined borehole datasets,
the structure logs were corrected to account for the intersec-
tion angles between the fracture and boreholes, such that the
fracture dip direction and angle reflected the true orientation
and not the apparent orientation in the borehole images. Cor-
rections for magnetic declination were also conducted for
all borehole image logs. Orientation of rock discontinuities
(n=>5244) was represented using stereonets as explained pre-
viously. Statistics on the vertical spacing of low (0-35°) and
high (50-90°) angle discontinuities were organized accord-
ing to the updated lithostratigraphic nomenclature recently
proposed by Brunton and Brintnell (2020). It is noteworthy
that the precision in the position of the lithostratigraphic
unit boundaries in continental and shallow water carbonates
such as the dolostones of the Lockport Group are subject to
uncertainties due to (1) gradational contacts or interfingering
between units, and (2) lateral variation of the combination
of lithofacies that characterize either geological members
or formations (Carannante et al. 1988; Mancini et al. 2021).
The range of 0-35° represents the range of the bedding
planes, bedding parallel and cross-bedded laminations of
sedimentary origin that have been mechanically reactivated
at the study site (Brunton and Brintnell 2020). This 0-35°
category of rock discontinuities includes both bedding frac-
tures and stylolites. The stylolites make up 8 and 5% of the
acoustic televiewer and outcrop datasets, respectively. Issues
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of resolution of acoustic televiewer logging and weather-
ing on outcrop surface may have reduced the proportion of
measured stylolites relative to the actual number. Joints dip-
ping from 35 to 50° were rare, accounting for only a small
proportion (<2%) of the borehole data. The small number
of medium angle fractures did not allow comparison of
the moderately (35-50°) dipping joints with the different
lithostratigraphic units. However, these moderately (35-50°)
dipping fractures were incorporated into the stereonets. The
lower cut-off angle (50°) for the high-angle (<90°) joints
was chosen based on the presence of extension-related tec-
tonic fractures that are generally dipping 60°, but can have a
lower angle due to the presence of mechanically weak marls
(Underwood et al. 2003).

Hydraulic head characterization
Vertical hydraulic head profiles

The magnitude and position of the head loss were assessed
in 24 boreholes containing multilevel monitoring infra-
structure (Fig. 1b) across the city of Guelph, obtained from
the MG360 database. These data have been summarized in
Table 6 and Fig. S4 of the ESM, and the hydraulic head
profiles previously published have been referenced accord-
ingly. High-resolution, engineered multilevel systems (MLS)
with many depth-discrete ports, and temporary deployment
(TD)—e.g., Pehme et al. (2014); Capes et al. (2018)—were
all used in the study to measure the hydraulic head in dis-
crete intervals. Specific information on the number of moni-
toring intervals and the range in monitoring interval lengths
relative to borehole length are provided for each borehole in
Table 6. In this study, TD systems provide the highest spa-
tial resolution, with a total of 187 monitoring intervals over
471 m of vertical borehole distance (0.40 ports per meter
on average), followed by the Westbay™ multilevel, which
totaled 189 monitoring intervals over 525 m of vertical dis-
tance (0.36 ports per meter on average), the G360 Multi Port
System and Modified Solinst Waterloo System totaled 39
monitoring intervals over a 261-m-vertical distance (0.15
ports per meter on average), and the Water FLUTe™ sys-
tem totaled 28 monitoring intervals over 190 m of vertical
distance (0.15 ports per meter on average). The TD systems
utilize a single small-diameter nylon-coated braided steel
cable with multiple pressure transducers attached (in this
case, RBRsoloD or RBRduetT.D), which are installed in a
borehole to target specific features and fractures and subse-
quently sealed in the borehole using a blank FLUTe™ liner
described further by Cherry et al. (2007). The MG360, mod-
ified Waterloo Solinst and Westbay™ commercially avail-
able multiport monitoring systems are composed of seg-
mented sections of casing and measuring ports configured to
target specific depth intervals. Such systems are completed

@ Springer

with either packers to provide seals between ports or back-
filled with inert sand around the port/monitoring intervals
and the seals between ports are created using granular or
pelletized bentonite (Parker et al. 2006).

Of note, six borehole locations (Table 6) were selected
between the 24 locations described in the preceding for com-
parison of the hydraulic head profile with fracture orien-
tations obtained from ATV logs, and natural gamma, rock
core, or OTV logs providing context for the lithostratigra-
phy. The selection is based on the high vertical resolution
(Table 6) of the six wells (GSMW2-09, VPV-01, SEN-07,
SEN-05, Tier3-10, and MW367-6), and availability of
both ATV logs and natural gamma ray to assess the role
of fracture characteristics and marl-rich zones on head loss
occurrence. The six selected wells are distributed across the
95-km? study area to represent different quadrants of the city
of Guelph (Fig. 1b).

Vertical component of hydraulic head gradients

The depth-discrete head data from the MLSs were used to
calculate the vertical component of hydraulic gradient (i,)
between adjacent monitoring zones using Eq. (1) for the six
wells highlighted in Fig. S4 of the ESM and Table 6.

- (=h)
L, = T (1)
where £, is the head in the shallower port, £, is the head in
the deeper port, and L is the length of the seal over which
the change in head occurs. Using this convention, a negative
value indicates a vertical component of gradient that would
generate downward flow. Calculating the vertical gradient
across the length of the seal provides the maximum vertical
gradient based on the well construction that best represents
field conditions, provided that blending of head within ports
is minimal (Meyer et al. 2014).

Results
Fracture network
Outcrop

Scanline surveys were performed on rock walls and pave-
ments to collect a higher proportion of high-angle joints
relative to the vertical and inclined boreholes (i.e., reducing
sampling bias). Data collected on pavements almost exclu-
sively sampled high-angle joints (see contouring of pole to
planes in Fig. 6). High (12-22) and low (4-12) values of
standard deviations of Kamb contours of poles to planes
characterize high (50-90°) and low (0-35°) angle fractures,
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respectively, for the quarry floors (Fig. 6). The data col-
lected on the rock faces also shows that the intensity of the
high-angle joints decreases with increasing thickness of the
dolostone beds on both face 1 (striking 15-195°) and face
2 (striking 105-285°) at the Reformatory Quarry (Fig. 7).
The marl beds had a more uniform thickness (4.7-5.2 cm)
on both the rock faces and, therefore, a correlation between
bed thickness and fracture intensity could not be conducted
within this lithology. The arithmetic average thickness of the
marl-rich and dolostone beds is 5 and 11 cm, respectively
(Fig. 7). Such thin beds of dolostones and marls overlap in
terms of fracture frequency according to outcrop scanlines
performed on vertical rock faces (Fig. 7).

These thicknesses fit the interquartile range of high-angle
joint heights collected on the quarry walls for the two litho-
types (Fig. 8a). Length of high-angle joints measured on the
pavements is much larger than the heights. The lengths of the
joints on the pavement range from 0.01 to 20 m with median
and arithmetic averages of 0.2 and 0.8 m, respectively, as
shown in the box plot in Fig. 8a and Table 3. Joints are char-
acterized by lower height in marls relative to the dolostones
by comparing the minimum, median, arithmetic average and
maximum joint length between the two rock types (Fig. 8a).
The maximum joint height of marls is 2.0 m, and slightly
larger at 2.2 m for the dolostones (Fig. 8a). These relatively
long joints that cross-cut the bedding planes can occur in
clusters and are vertically parallel with a height of 1.5-2.2
m. There are also corridors of subvertical fractures that are
<6 m long (Fig. 3c). These very long structures (<6 m in
length) have been sampled on vertical quarry faces in scan-
line surveys in the southern part of face 1 (Fig. 3a). Detailed
examination of the outcrop shows that these structures are
comprised of multiple distinctive joints (1-2.2 m long) that
are disconnected with distinctive terminations (Fig. 3c,d),
which is the reason for a maximum of 2.2 m for the joint
height on the vertical faces at the study site. Overall, a joint
of 2 m can intersect 40 beds that are 0.05 m thick in marls.
A 2.2-m thick joint is a cutoff that can intersect 14.6 beds
that are 0.15 m thick according to the arithmetic averages.

Notably, joint dip angles are shallower in marls than in
dolostone beds, as can be observed by comparing maximum,
minimum, median, arithmetic mean, and the 25th and 75th
percentiles of the dip angle (Fig. 8b). The dip angle appears
to refract at the bounding surface between marl and dolos-
tone as observed in the outcrop and shown in Fig. 3b, with
shallower dip angles in the marls relative to the dolostones
(Fig. 8b).

High-angle joints do not crosscut beds in the majority
(78.4%) of the measurements at the Reformatory Quarry
(Fig. 3a,b). This pattern of rock discontinuities is consistent
with a stratabound fracturing system (Odling et al. 1999)
where the joints do not crosscut the strata. This scenario is
considered an end member in rock mechanics. High-angle

joints confined (types 1, 2, 3, and 8) or partially confined
within a mechanical unit (types 4-7) together form the
groups Ga, Gb, and Gc; and represent the 98.8 and 92.0%
in dolostone and marl beds, respectively (see scheme of ter-
mination types in Fig. 9b). In all, 27.9 and 5.1% of these
joints (termination types 4—7 and 9, respectively) crosscut at
least one bedding plane discontinuity in marly and dolostone
beds, respectively. These joints (types 4-7 and 9) vertically
connect bedding plane discontinuities from a mechanical
point of view (Figs. 3a,b, 4a,b and 9b). In marl beds, 8.0%
of joints crosscut the mechanical unit at both the top and bot-
tom (terminations nine or group four), an arrangement that
decreases to 1.2% in the dolostone beds. Whichever com-
bination of termination types or groups of joints is chosen,
the statistics show a higher degree of mechanical connec-
tivity for the marl relative to the dolostone beds (Fig. 9a,b).
The marls are, therefore, more thinly bedded (Fig. 8a), have
shallower dipping joints (Fig. 8b), are equally intensively
fractured as dolostones and more mechanically connective in
terms of termination type relative to the dolostones (Fig. 9b).

Overall, the scanlines at the Reformatory Quarry show:
(1) high-angle joints with an inverse correlation between
frequency of occurrence and bed-thickness for the dolostone
beds (Fig. 7); (2) a fit between the thickness of the beds and
the height of joints for either marls or dolostones (see values
of percentiles for joint heights and arithmetic average of
bed thickness in Fig. 8a); and (3) the majority of the joints
are confined within the mechanical unit/bed (Fig. 9a,b).
The analysis of rock discontinuities on rock faces and floors
shows that the high-angle joints include two principal sets
that are NNE-SSW and WNW-ESE striking. The dominant
direction of the high-angle joints is NNE-SSW at both the
pavement of the Scout Camp, and the pavement and walls
at the Reformatory Quarry. The length of the joints striking
NNE-SSW measured on the pavement is slightly higher than
the WNW-ESE set, with a median joint length of 1.07 and
0.66 m, respectively (Table 3).

Boreholes

Dip angle and direction of rock discontinuities across the
city of Guelph were analyzed using acoustic televiewer
logs (Fig. lc; Table 4). The inclined boreholes have on
average a 20% proportion of high (50-90°) angle discon-
tinuities. In the vertical boreholes, this proportion is lower
at only 6%, demonstrating the negative bias towards ver-
tical features (Fig. 6). The high-angle joint orientations
typically contain two principal sets, with one being domi-
nant at each site, though the directions of the two sets vary
somewhat across the study area (Figs. S2a and S3 of the
ESM). Notably, the dominant direction of the high-angle
joints at each site remains relatively consistent across dif-
ferent lithostratigraphic units (Fig. S2b of the ESM); and
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comparing vertical with inclined boreholes at the Barber
Scout Camp, MG360 Fractured Rock Observatory (FRO),
and Northwest Guelph sites (Fig. S2¢ of the ESM). The
Fisher Mean Vector of all the high-angle joints throughout
the city of Guelph in boreholes is striking 336° and dip-
ping 65° WSW.

The Lockport Group contains frequent bedding plane
discontinuities with a mean linear fracture (number of frac-
tures defined with the acronym “fr” in the text, figures and
tables) frequency of 3.42 frxm™!; and varies between dif-
ferent lithostratigraphic units. The Guelph and Gasport for-
mations have a lower average vertical frequency of bedding
plane discontinuities of 2.1 and 1.2 frxm™', respectively
(Table 4). The Goat Island and Eramosa formations are
more thinly bedded with an average of frequency of bed-
ding plane discontinuities of 5.15 and 3.45 frxm™!, respec-
tively. In terms of geological members, the intensity of the
bedding plane discontinuities is the highest in the Ancaster
(5.5 frxm™") and Niagara Falls (4.8 frxm™') members of
the Goat Island Formation, followed by the Vinemount (3.6
frxm™!) and the Reformatory Quarry (3.2 frxm™") mem-
bers (Table 4). The dip of the bedding plane discontinuities
ranges from 0 to 35°; although 95% of these discontinuities
dip less than 5°.

The intensity of high-angle joints is the highest in the
Vinemount Member of the Eramosa Formation (arithme-
tic mean=0.42 frxm™"). Very low intensity of high-angle
joints occurs in the Ancaster Member of the Goat Island
Formation (arithmetic mean=0.05 frxm™") in all the seven
study sites (North-East Guelph, North-West Guelph, Mem-
bro, Alice Street, Barber Scout Camp, G360FRO, and South
Guelph) that were studied in the city of Guelph (Table 4).
All the other members of the Lockport Group contain simi-
lar average values of high-angle joint intensity that range
from 0.16 to 0.23 m™" (Table 4).

Overall, the Gasport Formation appears to represent an
end member with more massive strata of crinoidal grain-
stones. The marl-rich Vinemount Member of the Eramosa
Formation contains a high intensity of the high-angle joints,
and the Ancaster Member of the Goat Island Formation
has the lowest intensity of high-angle joints, representing
another end member within the Silurian Lockport Group
(Table 4). It is noteworthy that restricting the dataset exclu-
sively to inclined boreholes would increase the proportion
of high-angle joints by removing bias (Fig. 6). The Ancaster
Member has the lowest high (50-90°) angle joint intensity
in the inclined wells of North-West Guelph, Barber Scout
Camp and G360FRO (Table 5). In these three sites, the
Ancaster Member also has the highest bedding plane frac-
ture intensity in the Lockport Group. The intensity of the
bedding planes (dipping 0-35°) is the lowest in the Gasport
Formation in each location where the inclined wells were
drilled (Table 5).
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These data demonstrate that joints are organized in two
orthogonal principal sets and the dominant direction of the
high-angle joints is NNE-SSW at both the pavement of
the Barber Scout Camp, and the pavement and walls at the
Reformatory Quarry. The two sites are adjacent and show
a fit between outcrop and boreholes in terms of the pat-
tern of the fractures (Fig. S3 of the ESM). To help explain
the occurrence of head loss observed across the city of
Guelph, the statistics of rock discontinuities summarized
in Tables 4 and 5 also allow comparison with the detailed
profiles of hydraulic head.

Hydraulic head characterization
Position of the head loss

Vertical profiles of hydraulic head from 24 locations
across the study area were examined to assess head loss
that suggests the presence of low K|, zones or aquitards.
The head profiles and nature of head loss were variable
and sometimes occurred across multiple members (<five)
and formations (<three) in the same borehole (Table 6).
The head loss was observed to occur in all the geological
formations and members of the Lockport Group. Specifi-
cally, the head loss was measured in the Gasport Forma-
tion (33.3% of the boreholes), Niagara Falls (37.5% of the
boreholes) and Ancaster (75.0% of the boreholes) mem-
bers of the Goat Island Formation, Vinemount (62.5% of
the boreholes), Reformatory Quarry (50.0% of the bore-
holes) and Stone Road (4.2% of the boreholes) members
of the Eramosa Formation, Wellington (4.2% of the bore-
holes) and Hanlon (8.3% of the boreholes) members of the
Guelph Formation (Table 6).

Overall, the head loss was most frequently measured
in the Ancaster Member of the Goat Island Formation. A
head loss rarely occurred in the Wellington Member of the
Guelph Formation and is absent in the Lower Gasport For-
mation (<8 m into this geological formation). It is important
to note that, due to erosion and disconformities, all forma-
tions and members are not always distinguishable or pre-
sent at each borehole location. Including only the boreholes
where the Vinemount and Ancaster members are observed,
head loss in these members occurs in 94 and 86% of bore-
holes, respectively. While this supports the conventional
thought that the Vinemount is a regional aquitard, the head
loss typically does not occur across the full thickness of
the unit, and in many cases, the majority of the head loss
is observed in other members. This scenario highlights the
potential importance of the other members of the Lockport
Group for providing resistance to vertical flow providing
protection to the underlying Gasport Aquifer and refracting
flow lines impacting flow trajectories.
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Vertical hydraulic head profiles with wireline logs

Contrasts in K|, in different layers often result in inflections
in the hydraulic head profile (Meyer et al. 2008) and, in the
Guelph area, the vertical component of the gradient is pre-
dominantly downward. This scenario portrays a loss of head
with depth across the lower K|, layers because of lower head
values in the Gasport Formation due to high transmissivities
and active pumping. The Goat Island and Eramosa forma-
tions are characterized by lower bulk (horizontal) hydraulic
conductivities according to straddle packer testing through
a comparison with the hydraulic conductivity of the Guelph
and Gasport formations (Table 1). The Goat Island and the
Eramosa formations can also be discontinuous, interfin-
gered, stacked, or can laterally vary in thickness across the
city of Guelph, as shown by the geological cross section
(Fig. 2b). Overall, the system of aquitards beneath the city
of Guelph is complex due to variations in disconformities
and fracture connectivity within the geological formations,
resulting in highly variable vertical hydraulic conductivity
distributions. Figure 10 provides examples of this geological
and hydraulic variability using six selected boreholes across
the city of Guelph study area (refer to map in Fig. 1c): three
boreholes (GSMW2-09, VPV-01 and Tier3-10) located in
the southern part of the city of Guelph, a fourth borehole
(SEN-07) located in the central part of the City, and a fifth
and sixth (SEN-05 and MW367-8) located in the northern
sector of the study site.

A TD system with multiple transducers attached at dif-
ferent depths along a cable is sealed in a borehole using a
FLUTe™ liner in GSMW2-09 in the southern part of the
study area (Fig. 10a). GSMW2-09 indicates 19.8 m of head
loss between the top and bottom of the monitored interval
(Guelph Formation to the upper Gasport Formation), with
the head profile flattening out in the lower part of the Gas-
port Formation where it is well connected hydraulically
(Fig. 10a). In all, 23% of the head loss occurs in the upper-
most Gasport Formation (4.5 m), 59% in the Ancaster and
Niagara Falls members of the Goat Island Formation (11.7
m), and 18% in the Vinemount Member (3.6 m) of the Era-
mosa Formation. High values (<70 cps) of natural gamma
suggest the presence of marls in the Vinemount Member
that occur above the depth interval where the hydraulic head
reduces. The full interval (273-253 meters above sea level,
masl) where the head loss occurs is relatively less fractured
(fracture intensity < 1.5 0 frxm™!) than the rock sequence at
the bottom (fracture intensity > 1.5 0 frx m™!) in the Gasport
Formation (246-253 masl), and at the top (fracture inten-
sity > 2.0 frxm™!) in the Guelph and upper Eramosa forma-
tions (273-300 masl). Specifically, a 2-m interval (265-263
masl) in the lower Ancaster Member has no high-angle
joints and bedding plane fractures, according to acoustic tel-
eviewer data and low (<20 cps) gamma-ray values, suggest

no marl beds. This 2-m-thick interval is interbedded between
intervals with P10 for high-angle joints of 1 fr xm~' and 1.5
fr x m™! occurring at 267-265 and 263-261 masl, respec-
tively. In the unfractured dolostone interval 265-263 masl,
the highest magnitude of the vertical component of hydraulic
gradient occurs (2.8 as shown in Fig. 10a). Here, lack of
fractures in mechanically strong dolostone beds create the
head loss instead of the presence of marl beds.

The VPV-01 borehole in Fig. 10b (entire Gasport For-
mation, Goat Island Formation, Eramosa and Guelph for-
mations drilled) shows some similarities to GSMW2-09
(uppermost part of Gasport Formation, Goat Island Forma-
tion, Eramosa and Guelph formations drilled). The head loss
occurs in multiple units with an overall head loss of 1.2 m
and negligible head loss in the lower 32 m of the Gasport
Formation (Fig. 10b). In all, 34% of the head loss occurs in
the upper Gasport Formation (0.42 m), 29% in the Ancaster
and Niagara Falls members of the Goat Island Formation
(0.35 m), and 37% in the Vinemount Member (0.45 m) of the
Eramosa Formation. The head loss varies in a thick interval
(282-296 masl) that is characterized by a low fracturing fre-
quency (<1.0 frx m™") with multiple 1-m-thick unfractured
intervals and subvertical joints that are absent throughout
the 14 m of poorly fractured dolostones. By contrast, the
fracturing frequency is higher in the intervals of dolostones
below (258-271 masl) and above (298-320 masl) the inter-
val of occurrence of the head loss. High-angle joints are also
more frequent in the upper and lower more highly fractured
zones (Fig. 10b).

Another hydraulic scenario is observed in the SEN-07
borehole (Fig. 10c). In this borehole, the highest magni-
tude of vertical hydraulic gradient (—4.2) aligns with a thin
(287-285 masl) marly dolostone interval that is poorly
fractured (<2.0 frxm™!) with no high-angle joints. This
zone is located between highly fractured intervals (>6.0
frxm™'). A single high-angle joint is present in both these
relatively highly fractured intervals (289-287 and 285-283
masl; Fig. 10c). This sparsely fractured interval is part of the
Vinemount Member where the gamma-ray counts are mod-
erate (10—60 cps) but much higher than dolostone-dominated
stratigraphic intervals below (gamma-ray counts <20 cps).
The vertical component of the hydraulic gradient is also rela-
tively high (—1.8) for SEN-07 (Fig. 10c) in a 1.5-m interval
(276-274 masl) that occurs in the uppermost portion of the
Gasport Formation. This logged interval of dolostones is
characterized by a fracture frequency of 0 with low gamma-
ray counts (<20 cps).

A TD system installed at SEN-05 (Fig. 10d) shows a 10 m
head loss across a 2.5-m interval (306-303.5 masl), result-
ing in a vertical component of a hydraulic gradient of —4.0.
This stratigraphic interval has high natural gamma values
(65 cps) and marly dolostones observed in the rock core.
This interval occurs in the Ancaster Member of the Eramosa
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Formation, which is also poorly fractured (<1.0 fr x m™1).
The rock interval where the head loss occurs (306-303.5
masl) also shows a smaller interval where no high-angle and
mechanically connective joints occur. Of note, three high-
angle joints are present above (308-305.5 masl), and two
below (306-301.5 masl), the interval where the head loss
occurs.

This hydro-mechanical scenario fits the data collected
in Tier3-10 using a Westbay™ MLS to determine the
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MW367-6 wells. Irondequoit, Rockway and Merritton formations
(Irm), Cabot Head Formation (Ch), Gasport Formation (Gf), Niagara
Falls (Nf) and Ancaster Member (Am) of the Goat Island Formation,
Vinemount (Vm), Reformatory Quarry (Rm) and Stone Road (Sr)
members of the Eramosa Formation, and Guelph Formation (Guf)

hydraulic head (Fig. 10e). Here, the majority of the head
loss occurs in the thin Ancaster Member where high natu-
ral gamma values (55 cps) and marls are present 4.0 m
below the bottom of the Eramosa Formation. Head loss
(18.4 m) and a vertical component of gradient equal to
—7.2 occurs in a 2.8-m thick, and poorly fractured (<1.0
frxm™') interval (281.8—279 masl) with no high-angle
joints. In the 2 m above (283.8-281.8 masl) and below
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(279-277 masl) the head loss zone, high-angle joints occur
with a frequency of 0.5 and 1.0 frxm™!, respectively.

In the northwestern sector of the city of Guelph
(Fig. 1c), the Eramosa and the Goat Island formations are
absent and head loss occurs in the upper Guelph Forma-
tion as seen in MW367-6 (Fig. 10f). Brunton and Brintnell
(2020) have provided an alternative and revised interpre-
tation of the lithostratigraphy at this location suggesting
there may be a thick Goat Island Formation in this area
between the Gasport and Guelph formations, contrast-
ing their original interpretation and the authors of this
study’s subsequent interpretations that exclude the pres-
ence of this unit based on visual inspection of high-res-
olution rock core and geophysical logs. This variability
in interpretation by the same individuals over time high-
lights the subjectivity and uncertainty in distinguishing
these lithostratigraphic units and may be subject to re-
evaluation and refinement in the future. A Westbay™
system with 45 ports installed in MW367-6 indicates a
0.90 m of head loss between 330-330.5 masl, showing a
—1.8 vertical component of gradient (Fig. 10f). It is note-
worthy that the minimal occurrence of head loss does not
align with two major spikes in the natural gamma log: (1)
in the middle of the Gasport Formation, and (2) at the
erosional disconformity between the Guelph and Gasport
formations. These very thin gamma spikes likely relate to
remnants of the argillaceous material from the Eramosa
and Goat Island formations that are absent in this loca-
tion but occur nearby; or the concentration of clay miner-
als from a period of subaerial exposure and dissolution
(Fig. 10f). Only minor and relatively uniform head loss
is observed in the 58 m of Gasport Formation intercepted
by MW367-6, possibly induced by fully penetrating water
supply wells pumping in the Gasport Formation. The most
transmissive interval in this borehole from straddle packer
and FLUTe™ transmissivity profiling is in the lower one-
quarter of the Gasport formation between 79.3 and 86.1 m
below ground surface (mbgs; data not presented here). The
Gasport Formation is highly transmissive and has a bulk
horizontal hydraulic conductivity 1-3 times higher than
the Guelph Formation according to straddle and pumping
test data (Table 1).

Overall, the position of the head loss observed in these
boreholes is variable—SEN-07 has 11.67 m, SEN-05 has
10 m (Fig. 10d), VPV-01 has 1.2 m (Fig. 10b), and Tier3-
10 has 18.4 m (Fig. 10e) of head loss primarily within the
Goat Island and Eramosa formations. MW367-6 has 3 m of
head loss occurring largely in the upper Guelph Formation
(Fig. 10f). The vertical hydraulic gradient varies signifi-
cantly in the uppermost Gasport Formation in GSMW2-09
(Fig. 10a). In this borehole, only data from the uppermost
12 m of Gasport Formation exists.
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Discussion
New findings

Hydrologic units and aquitards are often inferred, depend-
ing on lithostratigraphic units at the scale of either mem-
bers or geological formations in carbonate successions
(e.g., Moya et al. 2014; Smerdon and Gardner 2022). In this
study, lithostratigraphic units were found to not be predic-
tive of aquitard position or thickness in a Silurian dolostone
succession based on a large dataset of rock discontinuities
(Tables 3, 4 and 5; Figs. 6, 7, 8 and 9, and Figs. S2 and S3
of the ESM), and high-resolution head data in vertical pro-
file at two dozen locations (Table 6; Fig. 10 and Fig. S4 of
the ESM). The combination of hydraulic head profiles and
rock discontinuity data from vertical and inclined boreholes
and scanlines at outcrops shows the aquitard units to appear
more heterogeneous than expected, as depicted in the con-
ventional conceptual models in Figs. 11 and 12. According
to the high-resolution multilevel hydraulic head monitoring
systems, head loss relating to lower vertical hydraulic con-
ductivity was measured in all of the observed lilthostrati-
graphic units of the Lockport Group (Fig. 11).Informed by
hydraulic head profiles from 24 locations, some degree of
consistency exists regarding the hydraulic head occurrence
in the Lockport Group across the city of Guelph, as shown
in Table 6. Inflections of the hydraulic head do not occur
in the lower and intermediate portions of the Gasport For-
mation. Head inflections in the Gasport Formation, if pre-
sent, appear to occur exclusively in the upper 8 m (Table 6),
below which, the formation appears to be hydraulically
well connected vertically. The upper Gasport head inflec-
tions could be related to the gradual lithological transition to
the Goat Island Formation that occurs locally (Brunton and
Brintnell 2020). Overall, the Gasport Formation is a produc-
tive aquifer unit that (1) is thickly bedded (Table 4); (2) has
relatively long joints that are 0.1-3 m in height as shown by
192 measurements collected in an outcrop located 7.5 km
northeast of the city of Guelph (Kunert and Coniglio 2002;
Cole et al. 2009); and (3) has particularly high bulk hydrau-
lic conductivities (Table 1). These high values of hydraulic
conductivity at the packer and pumping test scales are 1-3
orders of magnitude higher than those in the other geological
units (Guelph, Eramosa, and Goat Island formations) due
to either connectivity of joints (contributing to increased
K,), and enhanced apertures of laterally extensive bedding
plane discontinuities (contributing to high K} ) enlarged by
groundwater dissolution as shown in the core and ATV logs
(Skinner 2019; Munn et al. 2020).

Comparisons of the ATV log fracture datasets and the
high-resolution hydraulic head profiles from the same
boreholes show an association of low fracture frequency
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Fig. 12 3D conceptual scheme of the system of aquitards; a traditional approach with cores and pumping tests, and styles at the study site, and b
(MG360) hydro-geophysical investigation based on ATV, outcrop scanlines, gamma-ray and hydraulic head profiles

of the high-angle joints within the occurrence of large
inflections in hydraulic head, showing changes in the ver-
tical hydraulic gradient magnitude in the Eramosa and
Goat Island formations. Here, important inflections of
the hydraulic head occur where thin 2-2.5-m rock inter-
vals show no high-angle joints. These conditions exist in
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three of the six boreholes (SEN-07 in Fig. 10c, SEN-05
in Fig. 10d and Tier3-10 in Fig. 10e). These mechanical
interfaces (changes in cumulative fracture frequency with
depth) that coincide with inflections in hydraulic head
can occur in either (1) thin marl beds with high natu-
ral gamma values; or (2) thin (2-2.5 m) finely grained
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dolostones with bed parallel laminations (see sedimento-
logical details for the Ancaster Member in Brunton and
Brintnell 2020). Head loss occurs most frequently in the
Ancaster Member of the Goat Island Formation accord-
ing to the data summary in Table 6. This finding does not
imply that the occurrence of head loss across marl beds of
the Eramosa Formation are scarce. Such head inflections
have been detected in most boreholes where the Vine-
mount Member is present, but the presence or thickness
of this unit and the nature of the head loss are not consist-
ent across the city of Guelph. The marls in outcrops are
highly variable and show either the characteristics of a
preferential pathway (abundance of high-angle joints that
crosscut beds) or characteristics that could represent a bar-
rier to flow (shallower joint dip angles, joint terminations
at bedding plane discontinuities, and lower joint heights
than in dolostones). The marl beds, which are often thinly
layered (arithmetic average of bed thickness: 5 cm from
outcrop scanlines), can impede the vertical propagation
of the high-angle joints (Fig. 4a,c), and are characterized
by lower dip angles in outcrops as shown by the quarry
walls (Fig. 4b) collected at the Reformatory Quarry in
Guelph (Fig. 8b). This pattern has also been noticed by
structural geologists in the Silurian carbonates in north-
eastern Wisconsin (Underwood et al. 2003). The marl beds
are therefore capable of reducing vertical hydraulic con-
ductivities, which results in inflections of the hydraulic
head profiles in some cases (Fig. 10e). However, 72 and
68% of the joints internal to the mechanical unit either
contact (termination types 2, 3, and 8) or crosscut (termi-
nation types 4, 5, 6, 7, and 9) the bedding planes in marly
and dolostone beds, respectively (Fig. 9b). According to
these percentages, the marls do not represent perfect barri-
ers for vertical groundwater flow, which is consistent with
the observed minimal head loss across marl rich layers as
denoted by the many small natural gamma spikes in the
boreholes presented in Fig. 10.

The interplays between the three mechanical factors are
the height of the joints, fracture frequency of the joints,
and types of joint termination that are difficult to observe
in borehole logs yet readily observed at the quarry walls,
and that are associated with four styles of hydraulic head
inflections (Fig. 11). Aquitard style 1 shows head loss occur-
ring over thin (1-3 m) dolostone layers characterized by no
high-angle joints (e.g., Fig. 10b). It is noteworthy that style
1 can occur in all the lithostratigraphic units, yet the Ancas-
ter Member is more prone to this style of hydraulic head
loss due to the low frequency of high-angle joints across the
study area (Table 4).

Agquitard style 2 shows head loss occurring over thicker
intervals (<18 m) also depicted in Fig. 11. In this case, mul-
tiple poorly fractured intervals with no or few high-angle
joints can occur within a thicker sequence. The third aquitard

style (style 3) occurs when head loss is localized across thin
(0.1-3 m) marly layers. Examination of the statistics on joint
terminations in Fig. 9b reveals that vertical joints, although
very short, crosscut the marls slightly more frequently than
the dolostone layers. Although these marls are character-
ized by small fractures, they can fail at being vertical bar-
riers (style 3), and other styles (1 and 2, Fig. 11) of vertical
reduction of hydraulic conductivities can occur in dolostone
beds. Of note, styles 1 and 2 show two common features and
the head loss can occur across thin intervals of rocks within
a lithostratigraphic unit. A fourth style (style 4) occurs in
the absence of a thick marly interval in the uppermost part
of the Silurian dolostone sequence. In this case, the head
loss occurs in a carbonate interval, but not in the lower and
intermediate portions of the stratigraphic sequence that are
characterized by massive beds and very long joints. Over-
all, the four styles illustrated in Fig. 11 advance the previ-
ous conceptualization of this Silurian sequence where an
aquitard was systematically assigned to a 5-15-m-thick
marly geological member. The fourth style incorporates the
observation that the principal aquitard can occur at different
sublithostratigraphic levels and is not necessarily associated
with observable fracture or lithological changes, and can be
much thinner than 5-15 m (Fig. 11).

New research scenarios

The bulk hydraulic conductivity in fractured rock aquifers
is strongly influenced by fracture connectivity; therefore,
zones of lower vertical hydraulic conductivity are expected
where fracture connections are limited due to terminations
or closure (Aydin 2000). This study is novel in that it shows
the connection between the fracture characteristics and the
style of hydraulic head loss observed at multiple locations in
a Silurian dolostone sequence. In addition, this study intro-
duces a new scanline method for use in outcrop mapping
for classifying the type of joint termination or character-
istics (Fig. 9a). These fracture termination datasets, while
not fully predictive of aquitard properties on their own, can
be identified with high-resolution head profiles to provide
additional insights into the mechanism of head loss within
the dolostone sequence. This approach has identified likely
causes for nonsystematic occurrences of head loss (and lack
of head loss) in the full thickness of the marl-rich Vinemount
Member of the Eramosa Formation, in contrast with the tra-
ditional assumption that the presence and entire thickness of
this member can be assigned aquitard properties (Figs. 11
and 12a). Head loss, as well as the reduced vertical hydraulic
conductivity associated with aquitards, has been observed
within all the lithostratigraphic units of the Lockport Group,
and therefore the position of these low K, units can be chal-
lenging to predict from geologic data alone.
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The aquitard units throughout the multilayered Silurian
dolostone sequence seem to be characterized by multiple
patches of limited lateral extent and variable thickness pro-
viding a conceptual picture very different from the tradi-
tional view either vertically (Fig. 11) or laterally (Fig. 12b).
The minimum lateral extension of these patches has been
recently constrained by Skinner (2019) to 800 m (Fig. 2a)
using multiple MLSs shown along the cross-sections. How-
ever, cross-referencing the information from geological
cross-sections at larger scales with the hydraulic data in
Table 6 makes it difficult to laterally constrain the patches
using hydraulic head profiles for distances over 3,000 m
(Fig. 2b,c). The lateral extension of the patches is less than
3,000 m in the geological cross section in Fig. 2b where the
head loss moving laterally occurs at different depths and in
different lithostratigraphic units. Therefore, this study rein-
forces the need for further detailed hydraulic head profiles to
identify the position, lateral continuity and thickness of aqui-
tard units in fractured carbonate aquifers to provide reliable
definition of the 3D groundwater flow system influencing
groundwater flow trajectories linking recharge and discharge
points (i.e. capture zones) and residence times.

This research combines high-resolution hydraulic head
profiles most notably derived from Westbay™ multilevel
monitoring systems and strings of transducers temporar-
ily deployed behind liners (i.e. TD systems) that provided
dozens of depth-discrete hydraulic head profile locations
across the Silurian dolostone unit thickness with fracture
data from outcrop and high-resolution logs from vertical
and inclined boreholes. The majority of these techniques
(analysis of fractures in outcropping reservoir analogues,
geophysics in vertical and inclined wells, and Westbay MLS
or TD systems) have been used in the shallow sedimentary
bedrock aquifers of Wisconsin and Minnesota (Runkel et al.
2018) and Ontario (this research) in areas characterized by
subhorizontal beds in continental platforms. Similar meth-
ods have also been used, but not analysed together, across
other geosciences disciplines such as the determination of
cap rock suitability in CO, storage in deep saline aquifers
in tectonically deformed areas (Aydin 2000; Proietti et al.
2023). The suitability of rock to be either an aquitard or a
cap-rock depends on the capacity of the rock to reduce the
vertical hydraulic conductivity associated with joint termi-
nations. Such joint terminations are difficult to use alone in
a predictive manner, but when combined with high-resolu-
tion hydraulic head profiles, they can potentially be used to
improve the basis for aquitard delineation with confidence
in other fractured rock systems.

The joint termination used in this work has been acquired
by performing scanline surveys in the field on quarry faces.
This parameter can also be determined using unmanned aer-
ial vehicles as well as the LiDAR tablets that are currently
spreading widely within the geo-engineering community
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(e.g., Allmendinger et al. 2017; Medici et al. 2023b). Over-
all, the proposed approach demonstrates the combining of
fracture analysis, incorporating the type of joint termina-
tion with high-resolution hydraulic head profiles, to be fea-
sible and promising for improved flow system characteriza-
tion, useful to many geoscience fields such as contaminant
hydrology, natural resources extraction (i.e. water supply
hydrogeology, mining, oil/gas) and waste isolation such as
the currently and emerging topic of CO, storage.

Conclusion

This paper describes the combination of high-resolution
hydraulic head profiles with rock discontinuity statistics
derived from vertical and inclined boreholes and outcrops to
determine the factors that affect the occurrence of head loss
and its degree of spatial predictability in the Silurian Dolos-
tone below the city of Guelph, ON. The presented research
can be summarized in four key findings, all unknown before
applying this multimethod field approach:

1. High-angle joints crosscut dolostone and marl beds in
5.1 and 27.9% of the measurements, respectively. An
analysis of the rock discontinuities reveals that the marls
are characterized by shorter joints, and shallower dip
angles relative to the dolostones in outcrop. However,
high-angle joints more frequently crosscut the bed-
ding plane fractures in marls relative to dolostones and,
therefore, do not appear to represent consistent barriers
(lower K, units) for reducing vertical groundwater flow.

2. Three mechanical factors appear to play a role in the
aquitard properties in a carbonate succession contain-
ing interbedded marls: (1) fracture frequency of the
high-angle joints; (2) joint height; and (3) the type of
termination of high-angle joints with bedding plane
fractures (i.e. connectivity). Inflections of hydraulic
head occur most commonly in substratigraphic inter-
vals with low fracture frequency. The inflections do not
occur in thickly bedded or massive intervals containing
long joints. In such intervals, the head is more uniform
(negligible vertical components of gradient) across
thicknesses greater than 20 m such as within the lower
Gasport Formation.

3. Four styles of head-loss are identified in the Silurian
fractured carbonates in the southern Ontario study. Head
loss occurs in relatively thin (1-3 m) dolostone layers
with a low frequency of high-angle joints (<1.0 n® x
m~! of fracture frequency; style 1). These unfractured
dolostones can occur multiple times in the stratigraphic
sequence in layers <18 m thick; here the head loss
occurs over a broader interval, representing style 2. The
head loss occurs in a few cases in thin (0.1-3 m thick)
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marly and poorly fractured layers embedded in relatively
thick and heavily fractured intervals of dolostone beds
(style 3). A fourth style occurs in the absence of a thick
marly interval in the uppermost part of the Silurian
dolostone sequence. In style 4, the head loss occurs in a
carbonate interval, but not in the lower and intermediate
portions of the stratigraphic sequence characterized by
massive beds and very long joints.

4. This data-intensive investigation reveals that the head
loss can occur within any of the lithostatigraphic units of
the Lockport Group, except within the lower and inter-
mediate part of the Gasport Formation, which is hydrau-
lically well connected in all cases. The dolostone and
marl intervals containing either low fracture intensity
or unconnected joints that do not crosscut the bedding
planes are abundant, laterally discontinuous and verti-
cally stacked. This hydro-mechanical pattern makes the
effective aquifer/aquitard sequence significantly more
complex than inferring hydraulic properties based on
lithostratigraphy alone, and reinforces the value of high-
resolution head profiles for delineating hydrogeological
units informing 3D groundwater flow systems.

Overall, the statistics calculated for the geometry, fre-
quency and termination of rock discontinuities are the
largest reported in the hydrological literature among frac-
tured sedimentary rocks. The combination of high-spatial-
resolution techniques (outcrop scanlines, gamma-ray and
ATV logs from vertical and inclined boreholes combined
with hydraulic head profiles) are used both in the fields of
contaminant hydrogeology and geological carbon storage
in shallow and deep aquifers, respectively. Therefore, these
findings are relevant for determining aquitard or cap-rock
properties in other heterogeneous carbonate sedimentary
sequences.
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