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Abstract: Septic systems are a common contributor of contaminants to groundwater that have
implications for source water protection, particularly in fractured sedimentary bedrock environments.
Two 24-h tracer experiments were performed that applied (1) the dye Lissamine Flavine FF and (2)
three artificial sweeteners (acesulfame, sucralose, and cyclamate) in the leaching bed to examine
solute transport from a single-family septic bed to a multilevel monitoring well installed in fractured
sedimentary bedrock on a First Nation reserve in Southern Ontario, Canada. Tracer was first observed
3 h and 20 min after deployment, and breakthrough curves showed that multiple pathways likely
exist between the septic bed and the monitoring well. Cyclamate concentrations were more elevated
than expected compared to other studies that examined cyclamate’s attenuation in the laboratory
and in porous media aquifers. Solute transport through the septic bed was analyzed with the
numerical modeling software Hydrus 1D, which indicated that the septic bed may be too thin, located
directly on bedrock, underlain by fractured soils, or bypassed through a short-circuit. The rapid
transport of septic leachate to fractured sedimentary aquifers is problematic for First Nation and
rural communities. More stringent regulations are needed for the design and use of septic systems in
these environments.

Keywords: source water protection; groundwater quality; rural water sources; fractured sedimentary
rock; tracer time of travel experiments; septic system leach bed; artificial sweeteners

1. Introduction

Source water protection is a complex process that must consider a number of socio-
political and technical factors, including jurisdictional considerations, flow and transport
of water and contaminants in the natural environment, and built infrastructure [1]. While
many advances have been made towards protecting drinking water sources around the
world in recent years [2–7], issues persist in many environments, including vulnerable
hydrogeology, aging or inappropriate infrastructure, and where socio-economic and other
factors have made it difficult to implement adequate source water protection measures, as
is the case in many rural and Indigenous communities [3,5,6].

It is well-known that septic systems are a common contributor of contamination to
groundwater, streams, and lakes [8–16]. Particularly in fractured rock environments, septic
systems can pose a threat to groundwater and nearby surface water bodies due to the rapid
transport of contaminants along fractures with little attenuation. In sedimentary fractured
rock, the behaviour of dissolved phase solutes is influenced by the porous nature of the
matrix blocks between fractures. It has been well-established that strong matrix diffusion
effects cause contaminant mass to be transferred from fractures to the porous matrix where
it is stored and slowly released, delaying arrival and reducing peak concentrations, but
impacting groundwater sources for many decades [17–21]. Despite the risks septic systems
pose to the environment, septic systems are widely used in rural areas across Canada and
the United States. They are often approved for use in vulnerable fractured rock aquifer
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settings if the overlying overburden meets grainsize and minimum thickness requirements;
although, increasingly, evidence shows that groundwater quality impacts from septic
systems are common [14].

In Canada, septic systems are a common form of wastewater treatment and disposal
in Indigenous communities, which are predominantly rural. In a 2011 national assessment
of First Nations’ water and wastewater systems, 36% of homes on reserves were found
to use septic systems [22]. However, the use of septic systems can be problematic on
reserves; of the individual systems examined in the national assessment, 47% had opera-
tional issues and approximately 20% were discharging wastewater directly to the ground
surface [22]. Some of these issues were related to the improper installation of septic beds in
unsuitable soils, while others were related to a lack of maintenance and/or the age of the
septic systems [22]. Given the limited funds available to First Nation bands for wastewater
infrastructure [23], timely maintenance and replacement of septic systems is often difficult
to achieve due to financial barriers. In terms of improper septic system installations, a lack
of regulation and training for contractors at the time of installation may be a contributing
factor (e.g., prior to 1997, contractors were not required to be licensed or trained to complete
septic system installations in Ontario [24]). Regardless of the causes of these malfunctions,
failing septic systems pose serious health risks for Indigenous communities in Canada, and
are particularly troubling for Indigenous communities located above fractured bedrock
aquifers, where septic system malfunctions can lead to the rapid and widespread migration
of contaminants in groundwater without much attenuation [14]. Even when no malfunc-
tions are visible, septic systems pose a threat in these vulnerable aquifer settings where
groundwater flow rates are rapid [25,26].

Tracer experiments can be used to provide valuable information about the impact
of septic systems on the environment. Studies have examined the fate and transport
of passive tracers, wherein they simply rely on wastewater constituents present in the
flow system such as viruses and bacteria [27–29]; nutrients [30–32]; pharmaceuticals and
personal care products [33–35]; and artificial sweeteners [15,16]. Other studies have carried
out experiments where tracers, such as fluorescing dyes, have been intentionally added to
septic leachate to examine its movement in the environment [13,14,36,37].

Septic system tracer studies are essentially infiltration tracer experiments. Most infil-
tration studies performed in fractured rock settings have examined shallow and deeper
unsaturated zone transport phenomena [38–43]. Few studies conducted in fractured rock
settings have examined solute transport from surface to substantial depth in the saturated
zone [44,45]. In fractured sedimentary rock environments, while studies have examined
passive tracers of wastewater from septic systems to depth [46–48], to the best of the au-
thors’ knowledge, only two active tracer experiments have been carried out to examine
the transport of solutes from near-surface to substantial depth in fractured sedimentary
rock, including an experiment carried out by Harden et al. [49] and an experiment docu-
mented by both Alexander et al. [13] and Borchardt et al. [14]. Further, we are unaware
of any studies that have used artificial sweeteners as intentionally added tracers of solute
transport in groundwater (applied to the ground surface or injected), with known timing
and concentration of the total volume. Given that sedimentary fractured rock aquifers can
be highly vulnerable to contamination from the near-surface, infiltration tracer experiments
have significant potential as a useful tool to assess solute transport from near-surface to
depth in this type of setting.

The purpose of this study was to examine the impact to groundwater of an aging
single-family septic bed of typical design located above a fractured sedimentary bedrock
aquifer on a First Nations reserve in Southern Ontario, Canada using two infiltration
tracer experiments. The objectives were to investigate: (1) the effectiveness of overburden
protection; and (2) the variation in solute concentration with depth over time. Lissamine
Flavine FF, an organic dye, and three artificial sweeteners (acesulfame, sucralose, and
cyclamate) were used as complementary tracers due to their range of properties, possible
attenuation, and ease of measurement.
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2. Materials and Methods
2.1. Study Area

This study was carried out in partnership with the Chippewas of Nawash Unceded
First Nation. The research site was located on the 64-km2 Neyaashiinigmiing First Nation
Reserve No. 27, on the eastern shore of the Bruce Peninsula near Wiarton, ON, Canada
(Figure 1). The reserve consists of 268 homes, and wastewater treatment is carried out
using a combination of septic systems and a lagoon [50].
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Figure 1. (a,b) Location of a 2016 groundwater study conducted on a First Nation reserve in Southern
Ontario, Canada (OpenStreetMap contributors, CC-BY-SA, 2018; CHS, Esri, Deforme, NaturalVue,
NOAA OCS, 2018). (c) A schematic of the study field site, including the locations of a 7-channel
Continuous Multi-channel Tubing® (CMT) multilevel monitoring system and infiltration piezometers
installed above an active septic system.

2.2. Site Characterization

Neyaashiinigmiing First Nation Reserve No. 27 sits above a fractured Silurian dolo-
stone aquifer overlain by thin to non-existent Quaternary soils ranging from 0 to 2.9 m [50]
with textures ranging from well-drained clay and loam on the northern plateaus of the
reserve to poorly drained clay and imperfectly drained clay loam on lower slopes and
in depressional areas. Well-drained sands and gravels are present in some areas, such
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as McGregor Harbour and the central village of the reserve [50]. The fractured Silurian
dolostone aquifer is underlain by the confining shales of the Clinton group [51]. Many
formations are visible in outcrops in the area of the reserve, such as the red shales of the
Queenston Formation, the fossiliferous dolostone of the Fossil Hill Formation sharply
overlying the interbedded grey-green shales and dolostones of the Wingfield Formation,
and the large dolostone ridges of the Gasport Formation [51,52].

Water levels in an unused drinking water well at the site and in two other wells within
350 m of the site ranged from 14.15 to 16.17 mbgs when downhole geophysical data was
collected in September 2014. A seven-channel 403 Continuous Multi-channel Tubing®

(CMT) multilevel monitoring well was retrofitted into the unused drinking water well at
the site, which is located approximately 15 m from the septic bed. Downhole geophysical
data; hydraulic data (pumping and slug tests); isotopes (tritium, δ15N and δ18O); and
monthly groundwater quality data, including anions, Escherichia coli, total coliforms, and
artificial sweeteners, were collected from the seven CMT ports from December 2015 to
November 2016. Water levels in the CMT ranged from 9.59 to 17.02 mbgs over the course
of the sampling period. Depth to bedrock near the multilevel was determined to be greater
than 2 m; however, overburden depths are quite variable on the reserve. The formation
transmissivity from the unused water well at the site was calculated using the Moench
solution [53] to be 1.5 × 10−5 m2/s from the pumping test on the open well prior to
CMT installation. Interpretation of downhole acoustic televiewer and temperature data
resulted in the identification of eight open fractures that likely contribute groundwater
to the borehole. Transmissivities from slug tests (carried out following the methodology
outlined by Alexander et al. [13]) on CMT ports 2 to 5, which are 0.58, 0.71, 0.64, and 0.89 m
long for ports 1–7, respectively, were calculated using the Barker-Black solution [54] and
ranged from 8.1 × 10−8 m2/s to 8.4 × 10−7 (corresponding to mean hydraulic apertures
for each interval from 46 to 101 µm).

Equivalent apertures were calculated using the cubic law:

T =
ρg

12µ

(
2b3

)
, (1)

where T is the transmissivity, ρ is the denity of water, µ is the viscosity of water, g is the
acceleration due to gravity, and 2b is the equivalent fracture aperture [55].

Nine shallow piezometers ranging from 0.6 to 1.0 m in depth were installed over
the septic bed in a grid in order to bypass the topsoil layers and allow for direct tracer
application to the septic bed (Figure 1). This method was used to simulate transport of
solutes from the septic bed to the bedrock aquifer. Soil samples were collected from each
piezometer hole and analyzed for grainsize via sieve and hydrometer tests, soil moisture
content, and organic carbon content. Soil types included A horizon (0–20 cm), and gravelly
clayey silt (20–100 cm). Soil moisture content was determined using the gravimetric
method [56] and ranged from 12.8 to 19.9%. Organic carbon content was determined using
the loss on ignition method [57], and average fraction organic carbon (foc) values for the A
horizon and the gravelly clayey silt were 4.2 and 2.2%, respectively.

2.3. Infiltration Tracer Experiments

Two separate 24-h infiltration experiments were conducted in November 2016 and
September 2017, the first using the artificial sweeteners acesulfame, sucralose, and cycla-
mate, and the second using the organic dye Lissamine Flavine FF. Lissamine is a very
effective yellow organic dye that has been used as a groundwater tracer since 1976 [58].
It is non-toxic [59], stable, can be detected at high sensitivities, and has a low adsorption
tendency [60–62]. Smettem and Trudgill [61] identified Lissamine as the most appropriate
water tracer for use in the field under conditions of high flow velocities. It has thus been
used successfully as a tracer in fractured rock settings [45,63,64].

Artificial sweeteners have only recently been identified as promising passive trac-
ers of wastewater transport in the subsurface due to their persistence in soils and
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groundwater [15,16,65–74]. Acesulfame and sucralose, in particular, have been identified
as quite stable in soils infiltrated with untreated wastewater [66,69,75]. In a laboratory
experiment conducted by Buerge et al. [69] in six soil types under aerated conditions,
sucralose, acesulfame, and cyclamate were found to have half-life ranges of 8–124 days,
3–49 days, and 0.4–6 days, respectively, and mean, moisture-corrected half-lives of 9.0, 6.1,
and 0.8 days, respectively. Studies conducted in the field have demonstrated that of the
three artificial sweeteners, acesulfame has been the most conservative tracer of wastewater
impacts to groundwater [65–67,70]. Cyclamate, though less conservative, was included
as a tracer in this study because analyzing for multiple artificial sweeteners can provide
insights about contaminant transport [67].

The infiltration experiments were carried out by purging CMT1 multilevel ports,
applying the tracer in the nine piezometers (Figures 1 and 2), and flushing the tracer into
the groundwater system with water during approximately the first two and a half hours of
the experiments. Samples were then collected from the six multilevel ports (Port 1 was dry)
with a Geopump™ peristaltic pump from Geotech Environmental Equipment Inc. (Denver,
CO, USA) paired with Nycoil® LLDPE 1/4-inch OD tubing.
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2.3.1. Lissamine Tracer Experiment

Approximately 300 L of 1600 mg/L Lissamine Flavine FF tracer, purchased from
Pylam Products Company (Tempe, AZ, USA), was poured into the nine piezometers at a
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rate of approximately 0.75 L per minute for 45 min. After tracer application, 600 L of water
(collected from Georgian Bay near the research site) was poured into the nine piezometers
and allowed to infiltrate by gravity over a period of 1 h and 50 min to ‘chase’ the tracer into
the groundwater system. For each sample collected from the seven CMT ports, turbidity
and fluorescence were measured directly in the field. Turbidity was measured using a
Hach Model 2100P Portable Turbidimeter manufactured by Hach (Loveland, CO, USA) and
fluorescence was measured using a Turner Designs Cyclops-7 submersible fluorometer and
DataBank Station manufactured by Turner Designs Inc. (San Jose, CA, USA). Prior to tracer
application, background fluorescence values were measured for each of the seven CMT
ports. Turbidity values and background fluorescence were removed from each data point.

2.3.2. Artificial Sweetener Tracer Experiment

An artificial sweetener tracer experiment was initiated on 20 November 2016 but
was unable to be completed due to equipment difficulties. A second artificial sweetener
tracer experiment was then successfully conducted on 27 November 2016. Samples were
collected from each CMT port to measure background levels of artificial sweeteners prior
to the start of the second experiment. No samples could be collected during the first
experiment. In both experiments, an artificial sweetener tracer mixture with concentrations
of approximately 130 mg/L of acesulfame, 140 mg/L of sucralose, and 6400 mg/L of
cyclamate was created by preparing a mixture of Coke Zero™(Coca Cola Canada; Toronto,
ON, Canada), Splenda® (Tate & Lyle; London, UK) granulated sweetener, and Sugar Twin®

(B&G Foods, Inc; Parsippany, NJ, US) calorie-free sweetener. A higher dose of cyclamate
was added because it is more susceptible to degradation and digestion by bacteria [69].
The tracer was poured into the nine piezometers at a rate of 0.75 L/minute for 45 min,
and then flushed into the groundwater system by pumping of 600 L of water into the
piezometers over a period of 1 h and 50 min. Samples were collected in HDPE bottles
from each CMT port over the course of 24-h. All samples were transported in coolers
with ice packs and frozen immediately upon return to the laboratory. Artificial sweetener
solid phase extractions were carried out at the University of Guelph and analyzed at Trent
University using liquid chromatography and tandem mass spectrometry (LC-MS/MS).
The limits of detection for acesulfame, sucralose, and cyclamate were 2, 0.3, and 1.5 ng/L,
respectively, and the limits of quantitation were 6, 1, and 5 ng/L, respectively.

2.3.3. Numerical and Analytical Modeling

Hydrus 1D Version 4.16, a numerical model that simulates one-dimensional transport
of water, contaminants, and heat in variably saturated media [76] was used to simulate
tracer transport through the septic bed and the overburden below it. Several conceptual
models were tested; most included two soil layers representing: (1) the septic bed as a
uniform layer with a higher gravel content; and (2) the soil beneath it, which was assumed
to have the same composition as the soil type directly above the septic bed (a gravelly
clayey silt) (Figure 2).

The van Genuchten-Mualem single porosity model [77] with no hysteresis was used
with variable flux as the upper boundary condition and free drainage as the lower boundary
condition. Discretization was retained even along the length of the model, with 101 nodes
used to discretize the 1.5 m soil profile. Since Hydrus 1D is a one-dimensional numerical
model, the tracer application was represented as a uniform flux applied evenly to a 55 m2

area on the leachate bed for 0.83 h, followed by a uniform flux of water across the same
area for 1.67 h. To simulate the flow coming in from the active septic system, a constant
flux of 1000 L of water (corresponding to 250 L/d per person for a four-person household)
was applied to the septic bed throughout the run period. The constant flow from the septic
system was allowed to reach steady state prior to the application of the tracer in the model.

Unsaturated soil hydraulic properties, including saturated hydraulic conductivity;
residual and saturated soil water content; soil water retention parameters; and a tortuosity
parameter, were determined by inputting the composition of each soil layer (% sand, silt,



Sustainability 2022, 14, 1959 7 of 19

and clay) into the Rosetta Lite Neural Network prediction model [78]. The composition
of Layer 1 (the septic bed) was simulated as a sandy gravel, and the composition of Layer
2 (the soil beneath the septic bed) was assumed to correspond to the composition of soil
samples collected from above the septic bed during piezometer installation (i.e., 34% gravel,
41.5% silt, and 24.5% clay). Due to the fact that no records could be found of the construction
details of the septic bed, the thickness of Layers 1 and 2 were assumed to be 60 and 90 cm,
respectively, in accordance with the Ontario septic system design specifications [79].

The estimated Koc value for Lissamine Flavine FF is 245.5 [45], resulting in an average
Kd value of 4.3 for the collected soil samples. Given that no soil samples were collected from
the septic bed and foc values could not be determined for this layer, the Kd was initially
assumed to be 4.3 for both layers.

Outputs from Hydrus 1D were used as inputs in CRAFLUSH to examine solute
transport in the fractured bedrock. CRAFLUSH is a one-dimensional, discrete fracture
network model that analytically solves the solutions from Sudicky and Frind [80] and Tang
et al. [81] to model transport in a set of parallel, evenly spaced, constant aperture fractures
while taking into account advection, dispersion, adsorption, and matrix diffusion (see [80]
for a fulsome description of the analytical solutions solved by CRAFLUSH). The conceptual
model used to inform the CRAFLUSH model was based on an analysis of geophysical logs
of the borehole, including temperature and ATV logs that identified eight active fractures
in the CMT ports (Figure 3). Solute transport was therefore modeled in eight discrete
fractures with an even spacing of 1.62 m. Fracture length from the septic bed to the CMT
was assumed to be 34.85 m, which is the shortest possible length assuming all fractures in
the dolostone aquifer are either vertical or horizontal (i.e., 15 m horizontally and 19.85 m
vertically).

Parameters considered for the CRAFLUSH model are included in Table 1. The local
hydraulic gradient was calculated from hydraulic head data from four ports with similar
depths in CMT1 and CMT2 (a nearby monitoring well [82]) over a period of 14 months.

Table 1. Fractured bedrock parameters.

Parameter Value Reference

Kf, distribution coefficient, fracture 0 Assumption: no organic carbon in fractures
θm, matrix porosity 5% [83]
θf, fracture porosity 1 Assumption: 100% porosity in fractures

D*, molecular diffusion coefficient in water 1.62 × 10−6 [64]
$b, bulk density of matrix (kg/m3) 2400 [84]
Km, distribution coefficient, matrix 0 Assumption: no organic carbon in matrix

i, hydraulic gradient 0.002–0.12 Calculated from head in 4 ports of CMT1 and
2 over 14 monthsAverage: 0.03
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3. Results
3.1. Tracer Breakthrough Curves

Lissamine tracer was first observed at approximately 3 h and 20 min after tracer appli-
cation (Figure 4). Interestingly, the highest tracer concentrations and earliest breakthrough
times were not observed in the shallowest ports, similar to findings indicated by Levison
and Novakowski [45]; the highest concentrations were observed in the lower three ports,
and the earliest arrival times occurred in ports 3 and 5. Port 2, the shallowest port below
the water table, exhibited the lowest concentrations throughout the experiment, with three
small peaks of 4.4, 4.0, and 1.7 mg/L occurring at 5 h, 8 h, and 12 h 35 min, respectively. In
contrast, port 6 had three peaks of 86.9, 50.9, and 18.5 mg/L occurring at 6 h, 8 h, and 11 h
20 min, respectively. Concentrations in port 7 surpassed those of port 6, peaking later on in
the experiment; a full breakthrough curve could not be obtained for this port due to the
lower hydraulic conductivity of fractures isolated in this interval. Water samples had to be
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collected less frequently, and port 7 was purged dry without sufficient recovery rate for
sampling by 20 h.
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profiles (with depth), in ports 2 to 7 of a CMT multilevel monitoring system during a 24-h infiltration
tracer experiment.

Most ports exhibited multiple peaks, which could indicate the effects of multiple
fracture pathways contributing solute to the monitoring port at different times. All ports
except port 7 reached their highest concentration peaks between 3 h 20 min and 7 h
after tracer application. The appearance of the highest concentrations in lower ports
demonstrates the complexity of fracture networks in sedimentary bedrock, the high vertical
connectivity, and the high vertical component of the hydraulic gradient.

Artificial sweetener breakthrough curves (Figure 5) had some similarities to the Lis-
samine breakthrough curves. For example, some of the artificial sweetener breakthrough
curves had multiple peaks, suggesting the influence of multiple fractures and pathways.
Port 7 showed an increase in acesulfame concentration during the last hour of the test,
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indicating that the 24-h experiment period was also not long enough to provide a full break-
through curve for this sweetener in this deepest port with lower hydraulic conductivity.
Interestingly, shallower ports had concentration peaks near the end of the experiment,
which was not the case with the Lissamine results. Ports 2 and 3 showed peaks in cyclamate
concentration within the last two hours of the test.
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Figure 5. (a–f) Artificial sweetener breakthrough curves and profiles in a CMT multilevel monitoring
system during a 24-h infiltration experiment.
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A full comparison between the two tracer experiments is hindered by the fact that
elevated background concentrations of artificial sweeteners from the previous experiment
conducted 20 November 2016 (seven days prior) had not moved out of the groundwater
system and were still present at the outset of the present experiment. These background
concentrations decreased over the course of the present experiment, and therefore could not
be separated from the data to identify distinct tracer breakthrough times for the artificial
sweeteners. However, background concentrations provided insight into the persistence of
the three sweeteners in a fractured sedimentary bedrock system under natural conditions
(i.e., no pumping). When normalized for the initial concentration of artificial sweetener
applied to the septic bed seven days prior, C/C0 concentrations ranged from 8 × 10−7 to
5 × 10−6 for acesulfame, 2 × 10−6 to 1 × 10−5 for sucralose, and 6 × 10−5 to 2 × 10−4 for
cyclamate.

The three artificial sweeteners behaved somewhat differently from one another. Al-
though similar initial quantities of acesulfame and sucralose were applied to the septic bed,
acesulfame concentrations were at times an order-of-magnitude greater in the monitoring
ports. This result corroborates the findings of other field-scale studies, which have found
acesulfame to behave the most conservatively under field conditions [65–67,70]. Cyclamate
concentrations were considerably higher than expected; concentrations observed in the
ports relative to the initial concentration applied at surface were greater than those of
sucralose. For example, the greatest cyclamate peaks arriving towards the end of the 24-h
period were up to 3 × 10−4% of the initial concentration applied to the septic bed. In
comparison, the highest acesulfame and sucralose peaks were 1 × 10−3 and 5 × 10−5% of
the initial concentrations applied to the septic bed, respectively. Additionally, the elevated
background concentrations of cyclamate were an order-of-magnitude greater than those of
sucralose, and two orders-of-magnitude greater than those of acesulfame. These results
suggest that cyclamate behaves more conservatively in the field, and that it may behave
more conservatively in fractured sedimentary aquifers than in granular media. Studies
that have examined artificial sweetener concentrations at the field scale in relation to their
initial concentrations (e.g., by measuring initial concentrations in septic systems) have all
been conducted in granular media [15,67,68,73]. However, the larger dose of cyclamate
included in the tracer mix could have played a role in the elevated percentage remaining in
the groundwater system; more research that attempts to constrain experiment variables
in a field setting are required to better examine the behaviour of cyclamate in fractured
sedimentary aquifer environments.

3.2. Numerical Modeling

No tracer was able to pass through the soil profile in the Hydrus 1D model when the
effects of sorption were considered (i.e., when a Kd greater than 0 was used). With Layer 1
and Layer 2 thicknesses of 60 and 90 cm, respectively, and a Kd of 0, 1.3 × 10−10 mg/L of
tracer reached the bottom of the profile in 15 h, which did not correspond to observations
made in the field. Given that Lissamine was first detected in Port 3 by t = 3.33 h with
a concentration of 5.2 mg/L, solute was expected to reach the bottom of the profile in
less than 3.33 h with a concentration greater than 5.2 mg/L. Therefore, other conceptual
models were considered that varied the thicknesses of Layers 1 and 2. Three scenarios were
considered in both Hydrus 1D and CRAFLUSH to explore the range of soil thicknesses
and fracture apertures that would be required to produce a concentration of 5.2 mg/L at a
distance of 34.85 m along the fracture in 3.33 h (Table 2; Figures 6–8).
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Table 2. Three solute transport scenarios through a septic bed and overburden below. Solute con-
centrations at the bottom of the soil profile were used as input concentrations in CRAFLUSH [80,81].
Scenarios 1 and 2 were modeled in Hydrus 1D [76].

Scenario Soil Residence
Time (min)

Bedrock Residence
Time (min)

Layer 1, Septic
Bed (cm)

Layer 2, Gravelly
Clayey Silt (cm)

Solute Concentration,
Bottom of Soil Profile (mg/L)

1 180 20 60
12.7
2.8
0

5.2
100

158.3

2 60 140 39.7
31.5

0
0

5.2
100

3 0 200 0 0 1600
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Figure 6. Scenario 1 CRAFLUSH outputs for a range of apertures (46–800 µm) with an initial
concentration corresponding to a septic bed thickness of 60 cm and soil layer thickness of 0 cm
(C0 = 158.3 mg/L).
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Figure 7. Scenario 2 CRAFLUSH outputs for a range of apertures (46–800 µm) with an initial
concentration corresponding to a septic bed thickness of 31.5 cm and soil layer thickness of 0 cm
(C0 = 100 mg/L).
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Figure 8. Scenario 3 CRAFLUSH outputs for a range of apertures (46–800 µm) with an initial
concentration corresponding to a septic bed thickness of 0 cm and soil layer thickness of 0 cm
(C0 = 1600 mg/L).

Scenario 1 did not correspond with field observations. If solute remained in the soil
profile for 3 h and spent only 0.33 h in the fractured bedrock, no solute reached the minimum
distance along the fractures (i.e., the CMT). In Scenario 2, in which solute traveled through
the soil profile for 1 h and through the fractured bedrock for 2.33 h, only a very large
aperture (800 µm) was able to transmit solute to the CMT. In Scenario 3, in which the solute
was assumed to completely bypass the septic bed altogether and the full concentration was
applied to the fractured bedrock, large apertures were still required to transmit solute to
the CMT in 3.33 h.

The aperture results from the model are an order-of-magnitude larger than most of the
equivalent apertures calculated from the slug tests in individual ports (46 to 101 µm) and are
on the same order-of-magnitude as the equivalent aperture generated by the pumping test
on the open well (263 µm) but are still substantially larger. These results may be influenced
by the assumptions made in the model (e.g., fracture length to the CMT, fully saturated
flow), and demonstrate the complexity of modeling fractured rock systems. While more
information would be needed to improve the model of Lissamine transport through the
subsurface, these results illustrate the ineffectiveness of the leaching bed at protecting the
fractured sedimentary bedrock aquifer from contamination. Movement through the soil
profile was likely extremely rapid, allowing most of the travel time to occur rapidly along
preferential flow pathways within the fractured rock.

4. Discussion

The results of the two tracer experiments indicate that pathways connected solute from
the septic bed to the CMT multilevel at multiple depths. Fluctuations in concentrations
may therefore be attributed to the influence of the fracture network. The connectivity of
fractures, which is influenced by fracture geometry controls the distribution and magnitude
of hydraulic conductivity within the three-dimensional fracture network [85]. Solute
concentration peaks occurred at different times, suggesting that preferential flow through
multiple connected fractures with different attenuation along their pathways may be
contributing solute from the septic bed to the CMT monitoring well. Given the short solute
arrival times, it is likely that septic leachate is moving rapidly through the overburden
before making its way into bedrock at the site. This rapid travel may be related to an
improper septic bed design, such as a leaching bed located less than 900 mm above bedrock,
as specified in the Ontario Building Code [79] or could be related to issues with the septic
system construction. For example, in a study conducted by Alexander et al. [13], the
septic tank and dosing chamber of a brand-new septic system were installed on a gravel
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layer, allowing leachate to “short-circuit” the leaching bed and enter the groundwater
quickly. It may also be possible that fractures or macro-pathways that cause channeling
exist in the thin soil layer below the septic bed, allowing leachate to move rapidly with
little attenuation through connected pathways into the bedrock below. Once in the bedrock
below, preferential flow paths in the fracture network allowed the solute to move rapidly
to the CMT multilevel, contributing to the short arrival times.

These results highlight that in general, conventional septic systems are poorly suited
to fractured sedimentary bedrock environments, especially with thin overburden soils or
soils with rapid flow. This is particularly emphasized by the fact that the CMT multilevel
was installed in a drinking water well (now unused) located 15 m from the septic bed, in
accordance with established setback distances [86]. Septic system malfunctions, which
can happen to new and older septic systems alike and are not always visible from the
surface, may cause rapid and widespread contamination of groundwater in fractured
sedimentary rock settings [69]. It is noteworthy that rapid transport was observed with
solute tracers that are much more susceptible to attenuation in fractured sedimentary
rock and clayey soils, and pathogens such as viruses and E. coli are even more likely
to travel rapidly in such hydrogeologic systems [87]. Furthermore, conventional septic
systems are problematic for First Nations that are unable to ensure the regular maintenance,
replacement, and monitoring of septic systems. In the provincial source water protection
plan for the area near Neyaashiinigmiing reserve, small septic systems located in vulnerable
areas are required to be removed and replaced with a connection to a municipal sewer
system, and all new builds are required to establish municipal sewer connections [88].
However, connecting to municipal sewer systems is not an option for rural First Nations
such as the Chippewas of Nawash, and funding is generally not available to construct
wastewater treatment plants and sewer systems for these small, dispersed populations.
Rural, non-First Nation residents are faced with the same predicaments.

A recent study by Hamilton et al. [89] outlined extensive areas in Southern Ontario
where subsurface karst is connected to the surface, resulting in rapid recharge. Hamilton
et al. greatly extended the areas known to be highly vulnerable due to surface-connected
karst features, including the area near the boundary of Neyaashiinigmiing reserve. While
no karst features have been reported on the reserve [50], the rapid arrival of tracers in
the CMT may indicate that groundwater flow is influenced by nearby subsurface karst.
The results of this research and the study conducted by Hamilton et al. [89] suggest that
more stringent regulations are needed for the design and use of septic systems in karst or
non-karst fractured rock environments. In the source water protection plan for the Saugeen,
Grey Sauble, and Northern Bruce Peninsula areas, it is recommended that the Ontario
Building Code “require that advanced septic systems be required for new installations in
vulnerable areas where an on-site sewage system is or would be a significant drinking
water threat” [88] (pp. 6–22). It is recommended here that the definition of “drinking water
threat” be extended beyond the areas that impact municipal drinking water sources to
include areas of rapid recharge that may impact the drinking water sources of rural and
First Nation residents, such as those areas outlined by Hamilton et al. [89].

5. Conclusions

Two successful qualitative solute tracer experiments were performed, demonstrat-
ing that multiple connected preferential pathways exist between the septic bed and the
CMT multilevel monitoring system, and that travel from near surface leach fields to depth
can be extremely rapid in fractured sedimentary bedrock aquifers with thin overburden.
Lissamine Flavine FF and all three artificial sweeteners applied to the surface of the sep-
tic bed–acesulfame, sucralose, and cyclamate–were observed at multiple depths in the
CMT multilevel.

Elevated tracer concentrations in deeper multilevel ports highlighted the complexity
of fracture networks in sedimentary bedrock. Numerical and analytical analyses of the
transport of Lissamine from the septic bed to depth suggested that the septic bed and
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overburden below (if any is in place) is inadequate for attenuating solutes and protecting the
fractured rock aquifer, despite the suitability of the design from a best practices perspective
and the lack of visible signs that the septic system is malfunctioning. This suggests the need
for performance checks on septic systems to address different hydrogeologic environments
known for rapid recharge to groundwater. Additionally, more studies are needed that
consider a variety of subsurface data to effectively model the transport of tracers from the
septic bed to depth in the fractured sedimentary aquifer.

The rapid transport of septic leachate to groundwater is problematic for First Nations
communities with aging and malfunctioning septic systems. More funding is required for
the maintenance and replacement of septic systems on reserves, and in particular, special
consideration should be given to First Nation communities situated above vulnerable frac-
tured rock aquifers. Currently, federal funding in Canada for the construction of wastewater
treatment infrastructure on reserves is limited [23], which is particularly problematic for
communities with reserve residents that are unable to afford the maintenance of their
septic systems. For communities that are able to replace aging septic systems, alternative
decentralized wastewater treatment technologies should be considered (e.g., advanced
septic systems; composting toilets)—particularly for communities located in areas with
rapid recharge rates to the groundwater zone that may be influenced by discrete fracture
flow and/or karst features. More stringent regulations, and the means to implement them,
are needed for the design and use of septic systems in fractured rock environments.
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