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Forward

Funding provided by the federal government of Canada through the International Polar
Year programme and Environment Canada was awarded to the Centre for Alternative
Wastewater Treatment (CAWT) to conduct site investigation at 13 tundra treatment
wetland locations in Nunavut and the Northwest Territories. Funding from the Royal Bank
of Canada (RBC) Blue Water Project was used to consolidate and analyze this information
and to develop a guidance document for wastewater stakeholders within indigenous
communities in Canada’s far north. This guidance document “Tundra Wetlands: the
treatment of municipal wastewaters — performance and operational tools, 374 pages”, along
with a smaller summary “companion” report (e.g., 34 pages) outlines the major treatment
processes occurring within wetlands, provides information on the performance of 13
northern treatment wetlands and presents operational tools (e.g., SubWet 2.0) that can be
used by wastewater managers and regulators. This information can be used to predictively
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assess how wetlands may respond to changing conditions (e.g., wastewater strength, flow
rates, etc.) and how wetlands could be used in a hybridized treatment train that includes
both waste stabilization ponds and wetlands as part of a wastewater strategy for northern
Canada. The RBC Blue Water Project funding was awarded to the Institute for Watershed
Science (IWS), Trent University who in turn subcontracted the CAWT to produce the
performance and operational tools to serve as a guidance document for wastewater
treatment within indigenous communities of Canada’s far north. The primary focus of the
RBC award to the IWS was to develop teaching materials and tools dedicated to the
protection of drinking water within indigenous communities of Canada’s north. To this
end, the IWS has developed source water protection guidance information generated for a
northern indigenous audience. The CAWT’s contribution to this work was focussed on the
treatment of domestic sewage in the belief that proper treatment is an important component
in the overall protection of source waters used for drinking purposes.

The genesis for this wetland work began during the International Polar Year (IPY) in
2007. Once every 50 years, the attention of researchers from around the world is focussed
on both the north and south poles. At this time, the Centre for Alternative Wastewater
Treatment (CAWT), an applied research facility located at Fleming College, Lindsay,
Ontario, Canada was awarded a grant from the federal government of Canada through the
IPY programme to examine the performance of tundra wetlands that had been used for
several decades in Canada’s far north for the treatment of domestic sewage. During this
initial IPY study, the CAWT investigated the performance of six wetlands in the Kivalliq
region of Nunavut, Canada. This work was further extended to include the study of seven
additional wetlands with funding provided by Environment Canada.

During the course of this work it became apparent that most of the wetlands examined do
provide an effective wastewater treatment service to the northern communities utilizing
them. The natural treatment wetlands provide an economical, passive system that is well
suited to the needs of northern communities in that these systems are not reliant on
constant supervision by highly skilled operators nor do they require support from the
installation and operation of expensive infrastructure. In fact, until recent decades, natural
wetlands provided the only viable wastewater treatment option available to some of these
communities.
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Most northern, isolated communities of Canada’s far north now utilize wastewater
stabilization ponds (lagoons) as their primary mode of treatment. Despite a historic reliance
on tundra wetlands, these areas are typically not formally recognized as being part of the
wastewater treatment strategy in the far north. The finding of the CAWT wetland studies
suggests that the reasons why wetlands are not formally recognized could be due to:

e an overall lack of study documenting the treatment performance of wetlands,

e a lack of understanding in how wetlands are best managed in order to optimize treatment
performance,

e alack of a standardized sampling protocol, and

e the absence of predictive tools required by wastewater managers and regulatory agencies in

order to assess operational management options and future capacities.

The RBC funding has enabled the CAWT to develop management tools (such as SubWet
2.0) and to summarize these tools and findings into one document that is being made
available to northern wastewater stakeholders. This document outlines how natural tundra
treatment wetlands differ from constructed or engineered wetland systems. It also provides
a basic overview of the main treatment processes operative in treatment wetlands. The data
and finding generated from the study of 13 natural treatment wetlands within Nunavut and
the Northwest Territories are also contained in this document. To our knowledge, this
work represents one of the largest and most comprehensive data sets currently existing for
northern Canada. The data from these studies has been summarized into tabular form;
however, the raw data table are appended along with interpolated mapping for seven of the
eleven wetland sites.

During the IPY study, the CAW'T joined forces with Dr. Sven Jorgensen, the originator
of the SubWet wetland model, to modify this predictive tool for natural tundra wetlands.
The grant provided by RCB enabled the CAWT to subsequently develop a user’s manual
for this model and to calibrate SubWet 2.0 to the eleven wetlands studied. This document
provides an overview along with the calibrated rate constants for all eleven wetlands. The
SubWet 2.0 wetland user’s manual is found in the appendix.

It is believed that the material presented in this document provides valuable insight and
tools for wastewater managers and regulators and addresses many of the unknowns that

have hampered the formal inclusion of natural tundra wetlands into wastewater
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management strategies. It is hoped that the information presented will help to facilitate
future discussions concerning the development of a northern wastewater management
strategy that formally recognizes the critical services that tundra wetland are currently
providing. It is suggested that a reclassification of the treatment wetlands from being part of
the “receiving environment” to being an integral part of a hybridized treatment system
could provide a treatment strategy with the capacity to meet CCME guidelines for the
north. This hybridized system would include the wastewater stabilization pond as the
provider for primary treatment and the wetlands as the provider to secondary treatment. It
is also suggested that the SubWet 2.0 model could also provide managers and regulators the
predictive capacity to determine the best management approaches and the system’s capacity
to accommodate future growth.

For readers wanting additional information regarding study sites and applications of the
SubWet 2.0 program you are in directed to the following published manuscripts that have
arisen from this work:

Chouinard, A., Balch, G.B., Wootton, B.C., Jorgensen, S.E. and Anderson, B.C., in press.
Modelling the performance of treatment wetlands in a cold climate. In Advances in the

Ecological Modelling and Ecological Engineering applied on Lakes and Wetlands.
Jorgensen, S.E.; Chang, N.B.; Fuliu, X., Eds. Elsevier: Amsterdam, Netherlands

Chouinard, A., Yates, C.N., Balch, G.C,, Jorgensen, S.E., Wootton, B.C., Anderson, B.C,,
2014. Management of Tundra Wastewater Treatment Wetlands within a Lagoon/Wetland
Hybridized Treatment System Using the SubWet 2.0 Wetland Model. Water, 6(3):439-454

Yates, C. N., Wootton, B. C., and Murphy, S. D., 2012. Performance assessment of Arctic

tundra municipal wastewater treatment wetlands through an Arctic summer. Ecological
Engineering, 44(0), 160-173

Yates, C.N., Wootton, B.C,, Jargensen, S.E., Murphy, S.D., 2013. Wastewater I'reatment:
Wetlands Use in Arctic Regions. In Encyclopedia of Environmental Management. Taylor

and Francis: New York

Yates, C., Balch, G.B., Wootton, B.C., Jorgensen, S.E., in press. Practical Aspects,
Logistical Challenges, and Regulatory Considerations for Modeling and Managing
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Treatment Wetlands in the Canadian Arctic. In: Advances in the Ecological Modeling and
Ecological Engineering applied on Lakes and Wetlands. Eds., Jorgensen, S.E., Chang, N.
B. and Fuliu, X. Elsevier, Amsterdam, The Netherlands, 560 pages

Yates, C.N., Balch, G.C., Wootton, B.C., Jergensen, S.E., in press. Exploratory
Performance Testing of a Pilot Scale HSSF wetland in the Canadian Arctic. In Advances in
the Ecological Modelling and Ecological Engineering applied on Lakes and Wetlands.
Jorgensen, S.E.; Chang, N.B.; Fuliu, X., Eds. Elsevier: Amsterdam, Netherlands

Yates, C.N., Balch, G.C., Wootton, B.C., Jargensen, S.E., in press. Framing the Need for
Application of Ecological Engineering in Arctic Environments. In Advances in the
Ecological Modelling and FEcological Engineering applied on Lakes and Wetlands.
Jorgensen, S.E.; Chang, N.B.; Fuliu, X., Eds. Elsevier: Amsterdam, Netherlands

Yates, C.N., in press. A Review of Wastewater Treatment in the Canadian Arctic:

Comments and Recommendations for New Municipal Effluent Performance Standards.
Arctic

In summary, it is hoped that this work will prove to be a valued resource for wastewater
stakeholders of Canada’s far north.
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1.0 Treatment Wetlands

1.1 Introduction
Treatment wetlands are either natural or constructed systems managed in a specific

manner for the treatment of wastewaters. Although traditionally applied for the treatment
of domestic and municipal sewage from both separate and combined sewage, treatment
wetlands have been applied globally since the late 1980s to treat various types of
wastewaters, including agricultural wastewaters (cattle, swine, poultry, dairy), mine
drainage, food processing wastewaters (winery, abattoir, fish, potato, vegetable, meat,
cheese, milk, sugar production), heavy industry wastewaters (polymers, fertilizers,
chemicals, oil refineries, pulp and paper mills), landfill leachate and runoff waters (urban,
highway, field, airport, nursery, greenhouse) (Babatunde er a/, 2010; Kadlec and Wallace,
2009; Mander and Jenssen, 2003; Vymazal, 1998; Hammer, 1989). Treatment is achieved by
a variety of physical, chemical and biological processes, including sedimentation, filtration,
precipitation, sorption, plant uptake, microbial decomposition and nitrogen transformations
(Kadlec and Wallace, 2009; Scholtz, 2005). An overview of basic treatment processes within
wetlands is presented in Appendix A.

The literature related to mechanisms of action published in recent years mainly contains
references to the efficient and effective use of constructed wetlands (CWs) or engineered
wetlands (EWs) for the treatment of municipal effluents and specific wastewaters from a
variety of sources (e.g., mining, industry, etc.). Less information has been published
regarding the use of natural wetlands. The term CWs is associated with manmade
structures designed to control many of the treatment processes within defined operational
conditions, spatial dimensions and process parameters. Similarly, EWs generally refer to
wetlands designed to optimize specific treatment processes necessary for the effective
treatment of a specific waste stream such as the removal of particular trace elements or
organic constituents. By contrast, natural wetlands have developed through natural or

spontaneous processes; therefore, many of the characteristics regarding the biochemical,
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chemical, physical processes and spatial conditions are unknown and/or unregulated.
Because of this, natural wetland tends to have highly variable functional components which
make them site specific. Many of the characteristics of the treatment process remain
undocumented (Hayward et al., 2012).

Harnessing natural processes or systems for wastewater quality improvement has several
advantages over conventional technologies. Cost-reduction is one of them, and a prime
reason for the increased interest in CWs and EWs since the high costs associated with the
implementation of advanced wastewater technologies is cost prohibitive in many regions of
the world. Rural areas with low population densities do not have the financial capital or tax
base, and are not able to raise the public funds necessary for such an investment. Another
advantage of these passive systems is their low maintenance since it is often difficult for
small communities to attract qualified individuals with the technical expertise necessary to
oversee large conventional treatment facilities. Some additional ecosystem services include
biomass production, carbon sequestration, seasonal agriculture, reusable water supply,

regional climate regulation, habitat conservation, and educational and recreational usage
(Liu er al, 2008).

Based on hydrological flow patterns, constructed wetlands can be divided into surface flow
(SF) and sub-surface flow (SSF) systems (Fonder and Headley, 2011; Kadlec and Wallace,
2009; Kadlec et al, 2000; Suthersan, 1999; Cooper et al., 1998; Cooper, et al., 1996). Sub-
surface flow can, in turn, be further divided into horizontal flow (HF) and vertical flow (VF)
types, and vertical flow can be either vertical downflow or vertical upflow. Table G-1 in
Appendix G elaborates on the classification derived from functional definitions coupled with
brief descriptions as well as relevant references. In order to achieve higher treatment
efficiencies, especially for nitrogen, various types of systems may be combined. Hybrid
systems most frequently combine VF and HF systems arranged in a staged manner, where
the advantages of the HF and VF systems can be maximized in a complimentary manner
and thus overcome some limitations inherent in each type. With HF and VF hybridized
systems it is possible to produce an effluent low in BOD, which is fully nitrified and partly
denitrified with an overall reduction in total-nitrogen concentrations (Cooper, 2001).
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Natural wetlands can be characterized with similar terminology as the effluent flow in

natural wetlands can vary from SF to SSF, or a combination of both.

1.2 CW or EW systems vs natural tundra wetlands
Natural tundra wetlands used for the treatment of municipal wastewaters are

fundamentally different from CW or EW systems that are used for the same purposes.
Constructed wetlands or engineered wetlands, as their name implies, refers to wetlands that
are man-made and designed to specific dimensions, porosity, flow paths, hydraulic retention
times, and related design features for the intended purpose of achieving predetermined
levels of treatment (Akratos and Tsihrintzis, 2007; Kadlec and Wallace, 2009; Vymazal,
2005). The science regarding treatment processes, reaction rate constants, soil porosity,
hydraulics, design options and management practices has been thoroughly investigated in
the last two decades and is well documented (Buchberger and Shaw, 1995; Campbell and
Ogden, 1999; Cooper, 2009; Hammer, 1989; Babatunde et a/, 2010; Kadlec and Wallace,
2009; Mander and Jenssen, 2003; Vymazal, 2011).

In contrast, tundra wetlands are significantly different in several aspects. First, tundra
wetlands have developed through natural processes and have not been specifically designed
to meet a desired performance characteristic. Therefore there is no control on design, and
little options for alteration to enhanced treatment. Each tundra wetland is unique and very
little is known about site specific hydrology, porosity, soil types and depth, flow paths and
other key parameters influencing wastewater treatment. Treatment potential varies widely
from site to site, and is thus site specific. Vegetative boundaries are relatively easy to
identify, however it is difficult to know the subsurface flow paths that the wastewater travels
and how these may change seasonally or annually and thus it is difficult to determine what
portions of the wetland are actually involved in the treatment process. Likewise, soil types
and depths are not homogeneous and unlike CW or EW systems it is difficult to gather
information on many of the physical parameters required to make predictions regarding
treatment performance.
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Lastly, there are several aspects inherent within tundra wetlands used for the treatment of
wastewaters that can make them logistically challenging to work with. Some of these aspects
include the difficulty in identifying single or representative “point of release” where the
effluent leaves the wetland. Wetlands can have more than one point of release and it is
possible that the location and relative volumes delivered can change seasonally and from
year to year. This makes it difficult for regulatory agencies when trying to identify the best
location to obtain an effluent sample representative of treatment efficiencies. In addition,
unlike engineered lagoons, it is often not possible to control the flow leaving the wetland
and thus if treatment is lower than desired, then there is no way of controlling the flow from
the wetland until better treatment is achieved. The remoteness of tundra treatment
wetlands presents challenges for not only sample collection but also sample analysis. In most
cases the nearest laboratories capable of providing the analytical services needed are located
turther south in Ottawa, Winnipeg or further west in Yellowknife. Some wastewater
parameters such as BOD; and E. coli have relatively short (e.g. 48h) holding times to ensure
sample integrity.

Further challenges include the fact that most of the research on processes and reaction
rates has been generated from CW or EW systems established in warmer temperate or
subtropical climates which are quite different from the harsh conditions of northern Canada
were tundra wetlands freeze solid for a significant portion of the year. Because of the
logistical challenges in gathering the type of information described above, most regulatory
agencies have tended to view the tundra wetlands as unknowable and unpredictable and

therefore of little use as part of a formally recognized wastewater treatment strategy.

1.3 Natural tundra wetlands for wastewater treatment in the
Canadian Arctic

Communities in the Canadian Arctic and sub-Arctic have small populations of 100 to
2,000 people and many can only be accessed by air, or by sea during the brief summer
season, making them dependent upon self-supported infrastructure to deliver community

services, such as wastewater treatment, solid waste disposal and provision of potable water
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(Jamieson and Krkosek, 2013; Yates er al, in press). The extreme climate, the logistical
challenges of bedrock and/or permafrost together with the lack of financial and human
resources represent significant impediments to the development and operation of
mechanized wastewater treatment infrastructure commonly used in more southern locations
of Canada. Therefore, people living in the Arctic often have to rely on a trucked system for
water delivery and wastewater collection. Historically, domestic sewage within these
communities was trucked outside of the community and deposited into natural depressions
which were typically better classified as natural tundra wetlands. Current practices have
evolved somewhat with domestic sewage being initially contained within heated storage
tanks of individual dwellings only to be pumped and trucked to a holding lagoon or lake
with eventual release of the effluent often to a natural tundra wetland.

The Canadian Council of Ministers of the Environment (CCME) recently developed a
Canada-wide strategy for the management of municipal wastewater effluent. This strategy
was endorsed by the Council of Ministers on February 17, 2009. It is a strategy that sets out
a harmonized framework to manage discharges from more than 3,500 wastewater facilities
in Canada, many of which currently need repair and upgrading. The intent is to develop
performance standards which will increase the protection for human health and the
environment on a national basis. The CCME is comprised of the 14 environment ministers
from federal, provincial and territorial governments. The CCME recognizes that the
Canada-wide performance standards may not be appropriate for some regions of Canada
because of regional differences, such those within portions of Canada’s Far North
(Nunavut, Northwest Territories, and regions located north of the 54™ parallel in Quebec
and Newfoundland and Labrador). As such, the CCME has provided a 5 year window
during which time a strategy will be developed to prepare regional specific performance
standards. Regardless of the outcomes, communities north of 60° N latitude will have to
ensure that the domestic wastewater effluent meets the performance standards for the far
north.

Tundra wetlands located downstream of waste stabilization ponds or those connected with
facultative lakes are generally considered as part of the receiving environment and not part
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of the treatment process. The exploratory research by Yates er al (2012) and Yates er al.
(2013) has demonstrated that although tundra wetlands are not formally recognized as part
of the treatment process they do in fact provide significant additional treatment benefit.
Yates et al. (2012) and Yates er al. (2013) assessed the wastewater treatment potential of
several tundra wetlands located downstream of primary treatment facilities. Apart from
these investigations there are relatively few studies that match the scope of their tundra
specific work. Most of the existing literature provides little guidance regarding treatment
process reaction rates, management strategies or predictive tools for assessing the capacity
of existing tundra wetlands to meet the needs of expanding populations (Doku and Heinke,
1995). Natural tundra wetlands are by nature open and diffuse systems, often with poorly
defined boundaries, flow patterns and permeable boarders (Kadlec, 2009). These conditions
present challenges for wastewater regulators who require well defined points of control.
This manual is therefore an attempt to address some aspects of the knowledge gap and
provide help to those tasked with the management and regulation of wastewaters in
Northern Canada by providing background information related to how tundra wetlands
process wastewaters and to provide a summary of the most recent data that assesses the
efficacy of using tundra wetlands to treat municipal wastewaters along with some

operational tools.

In 2008 a team of researchers, environmental educators, and national aboriginal
organizations collaboratively presented a proposal to the Royal Bank of Canada under the
bank’s Blue Water Trust Fund that outlined a path forward to address water issues in
aboriginal communities of Canada’s north. The proposal addressed both source water
protection and the treatment of domestic sewage. This manual has developed out of the
work focussed on the development of resource tools for the management and operation of
tundra wetlands for the treatment of municipal wastewaters. The manual in its current form
is limited to the discussion of wetlands and does not address the operation and maintenance
of sewage lagoons, facultative lakes or ponds other than to recognize that they are an
important component in the effective treatment of sewage and are required as a pre-
treatment step for the sewage prior to it being released to the treatment wetland. In many
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ways the sewage lagoons perform much of the primary treatment while the wetlands
perform functions more characteristic of secondary treatment.

2.0 Tundra wetland as part of the treatment chain

2.1 Natural tundra wetland for wastewater treatment
Focusing on waste disposal as a management technique, rather than wastewater treatment

was the original intent of many Arctic systems (Yates et al, in press). As described by
Gunnarsdottir et al. (2013) and Ritter (2007) the focus on waste disposal has also been
common in many other Polar Regions. Because of the remote nature of these communities,
small population sizes, harsh climates and the technical and logistical barriers that hinder
the application of mechanical treatment systems more typical of developed regions in
southern Canada, the use of waste stabilization ponds (sewage lagoons) and facultative lakes
arose. When compared to lagoons/lakes, tundra wetlands have been generally viewed as
providing little to no treatment benefit. There has also been concern about the potential
release of untreated or partially-treated wastewaters into a natural environment may pose a
human health risk if tundra wetlands were the sole treatment option (Doku and Heinke,
1995). In many cases, the genesis of wetlands located downstream of the waste stabilization
ponds has been in response to the release of nutrients and organic matter exiting the
lagoons. This in turn provided the conditions conducive to the growth and establishment of
natural vegetation (Yates et al., in press; Doku and Heinke, 1995). Consequently, many
tundra wetlands did not arise because of any intentional design on the part of waste
managers and thus cannot be considered akin to constructed wetlands in terms of design

teatures.
Two major tundra wetland assessment studies funded as Canada’s contribution to the

International Polar Year (2007) and Environment Canada have been summarized and
published by Chouinard et al., in press; Chouinard er a/, 2014; Yates et al,, 2012; Yates et
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al., 2013; Yates et al., in press; Yates et al, in press and Yates et al, in press. These studies
have demonstrated that even though tundra wetlands are not formally recognized as part of
the treatment process they do provide a significant additional benefit to the treatment of
municipal wastewater effluents. Apart from these investigations there are relatively few
studies that have matched the scope of this tundra specific work. Most of the previously
collected information related to the anticipated cold climate treatment performance and
predictive aspects of wetland size is found in the unpublished literature and much of this
work provides little guidance regarding management strategies, treatment process reaction
rates or predictive tools required to assess the capacity of existing tundra wetlands to meet
the needs of expanding populations (Doku and Heinke, 1995).

Wastewaters intentionally released from waste stabilization ponds (e.g., decanted),
unintentionally released as leakage from the detention berms of the ponds (exfiltration) or
the natural releases from facultative lakes typically exhibited levels of carbonaceous
biochemical oxygen demand (cBOD), total ammonia nitrogen (TAN) and microbial
indicator organism FE. coli and fecal coliforms that were higher than desired by territorial
regulatory authorities (Yates er al, 2012; Yates et al, in press; Yates et al, in press;
Chouinard er al., 2014; Challen-Urbanic, 2009). Duko and Heinke (1995) have described
wetlands as an energy-efficient and low-cost treatment option for municipal wastewater in
the Northwest Territories, Canada. However, they did identify that that the lack of
adequate design criteria and performance data presented significant challenges to their use
in the Canadian Arctic. Because of these reasons, wetlands are overlooked by some as a
viable treatment option, particularly until recently when there were only a few sources from
non-peer-reviewed literature that provided only limited guidance regarding their use or
potential use (Kadlec and Johnson, 2008).

2.2 Logistical challenges

Because of the remote nature of the communities in the Canadian Arctic, the management
and treatment of wastewater are being confronted with a number of logistical challenges.
Logistical challenges related to wastewater management by communities in the Arctic at the
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time of their formation in the early 1960’s remain (Yates et al., in press). Dawson and
Grainge (1969) had suggested that heated piped systems for Arctic communities was better
than haulage systems, because of a reduced chance of accidental spillage, lower chance of
contamination and lower maintenance cost. However, the logistical challenges with respect
to designing piped systems in Arctic communities because of permafrost, topography, poor
town layout and the high construction costs remain impediments to utilodor systems.

The logistical challenges of disposal and management have largely remained unchanged to
this day due to the complex nature of Arctic communities. Haulage systems remain the most
common form of wastewater collection, despite periods of no service because of service
repairs to vehicles or inclement weather (Yates et al., 2012). It is difficult to directly quantify
volumes of wastewater discharged into the treatment systems because of the way wastewater
is managed. Wastewater volumes can however be indirectly estimated by knowing the
volume of potable water delivered to each building. The volume of potable water is
monitored more closely since municipalities are mandated under the territorial water taking

license agreements to record drinking water withdrawals (Government of Nunavut, 2002).

Access to trained personnel required for the management and operation of municipal
infrastructure including wastewater facilities is a major logistical issue for Arctic
communities. Johnson (2010) explained that this administrative challenge can be found at
multiple levels and is often expressed as a lack of resources for hiring, and even more so a
lack of resources for training and retaining qualified personnel. Poor management of
records and consequently an erosion of the community’s knowledge-base are results of
constant shuffling of staff. For the majority of Canadian Arctic communities, this has
become an endemic problem (Johnson, 2010).

The fact that accredited laboratories close to Arctic communities are lacking creates a
logistical hurdle for compliance testing required for wastewater facilities. Many wastewater
parameters are time sensitive and require analysis within defined time lines. The shipment
of samples often requires more than twenty-four hours to reach the closest laboratory for
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analysis: therefore, when samples are collected for regulatory purposes, the quality of the
sample arriving at the laboratory is often poor (Yates et al., in press).

2.3 Natural tundra wetland sampling

Natural tundra treatment wetlands present many logistical challenges to sampling and
despite the recent studies, much still remains to be known regarding seasonal influences on
treatment efficiencies and year-to-year variability in performance. The main challenges to a
formal recognition of wetlands as part of a treatment strategy can likely be summarized as:

e No point of control

e No standardized protocol for the establishment of representative sampling points for
wetland influent and effluent

e Seasonal and year-to-year influences on treatment performance are poorly understood

e Logistical challenges in sample analysis

2.3.1 Point of control

In most installations, waste stabilization ponds (lagoons) are engineered in a manner that
provides the manager control over the release of the treated effluent. In theory, the manager
has the ability to retain the wastewater until a desired level of treatment is attained, or to
halt the release of wastewater if desired. In the case of natural tundra treatment wetlands,
managers do not have the same control over the release of wastewater leaving the wetland.
Thus if a manager determined that the wetland was under performing, they would have few
options for stopping the flow and retain the wastewater in the wetland until the desired level
of treatment was obtained. Therefore without an ability to manage the release of effluent,
the regulatory control is undermined.
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One option to gain better control over the treatment and release of effluent from the
wetland would be to provide good control on what enters the wetland in terms of both
effluent quality and quantity. The work outlined earlier in this document demonstrated that
treatment performance of the wetland decreased when effluents were decanted (released)
into the wetland in late summer over a relatively short time period of a few days (e.g., Fort
Providence) as opposed to a continue slow release from an exfiltrating berm of the lagoon.
Therefore controlling the volume and timing of the release is one way to better control
what is potentially released from the wetland.

2.3.2 Inlet / Outlet sampling points

Site conditions vary greatly amongst individual treatment wetlands. For example, the flow
patterns of wastewater released from lagoon systems into the wetland can vary widely within
and amongst wetlands. In some situations the flows released from exfiltrating berms travels
underground while within the same wetland, some of that flow may travel on the surface in
braided streams. Determining which waters (ground waters, surface waters) to sample and in
what locations in order to get a representative sample of the influent into the wetland
becomes challenging. Likewise it can be just as challenging to determine sample locations of
waters exiting the wetland that would provide a good representation of the treatment
performance. In addition Mitsch and Gosselink, (1986) concluded that in diffuse and
dynamic systems like wetlands, it was unrealistic to establish static formal sampling points
since flow patterns alter on an annual basis. What is clearly needed is the establishment of a
formalized sampling protocol that provides a standardized methodology for determining
sampling locations for the collection of both influent and effluent samples. The sampling
protocol described earlier in this document by Yates et al. (2012) provides a good starting
point. However, broader input is needed by regulatory agencies and other stakeholders in
order to develop a standardized protocol that is acceptable by all major players.

RBC Blue Water Project -Tundra Wetlands: performance & operational tools 2014 33



2.3.4 Seasonal and yearly variability

More study is needed to better understand the how treatment performance may vary over
seasonal changes and amongst years. One of the major areas that need to be better defined is
the period of spring freshet. Wetlands can vary significantly in how they are managed
during winter months. In some cases there can be a buildup of wastewater over the winter
months that rapidly melt during the freshet. Most of the recent investigations have missed
monitoring this time due to logistical challenges associated with travel and sampling. Better
understanding the performance dynamics at this time will help in the establishment of
better management practices. Likewise, monitoring wetland performance over several years
and correlating climatic conditions with treatment performance will help managers better

quantify uncertainties in predicted treatment efficiencies.

In an attempt to better understand treatment processes within these Arctic tundra
wetlands, the timing of sample collection is important to ensure key treatment periods are
captured. Yates et al., (in press) mentioned that sampling should take place at a minimum
three times within the year. Accessing these communities more frequently is recognized to
not be feasible given the limited availability of resources to do so. Yates er al, (in press)
stated that samples should be conducted during thaw (to capture any freshet event - if
logistically possible), the active summer period of the wetland, and just before freeze up.
The authors explained that these shoulder periods are important, as they will represent the

period of poorest performance in the wetland.

2.3.5 Logistical analysis in sample analysis

Due to the fact that the geographical location of the investigated wetlands by the CAWT
and Yates et al, (2012) spanned a large geographic area and because of shipping logistics,
the laboratory used for sample analysis varied from location to location and between years.
Appendix B provides a list of contact information regarding the specific laboratories at

which the samples were analyzed.
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Natural tundra wetlands have been a reliable technology to manage wastewater to-date
despite the lack of knowledge regarding performance, or acceptance as part of the regulated
treatment chain. Even though the climatic conditions in the Arctic are harsh wetlands have
still demonstrated the capacity for wastewater treatment via natural processes; albeit at
slower rates. Evidence of ecosystem response to nutrients in the Arctic wet tundra provides
further detail that these systems can quickly assimilate small additions of nutrients and
organic matter (Mack er al, 2004; Shaver and Chapin, 1980; Shaver and Chapin, 1995;
Gough et al, 2002). Because of the logistical challenges in gathering the type of information
described above, most regulatory agencies have tended to view the tundra wetlands as
unknowable and unpredictable and therefore of little use as part of a formally recognized
wastewater treatment strategy. The need and or merit of formally recognizing these lands in
land use planning documents should be revisited in light of the most recent evidence
regarding the efficacy of tundra wetlands for the treatment of municipal wastewater
effluents. Formal recognition may include the reclassification of these tundra treatment
wetlands from their current designation as the receiving environment to being classified as

part of the treatment train.

3.0 Current wastewater treatment strategies in
Northern Canada

3.1 Current treatment practices employed in the Canadian Arctic
The logistical challenges of bedrock and/or permafrost together with the lack of financial

and human resources and within the cold arctic climate represent significant impediments
to the development of mechanized wastewater treatment infrastructures commonly used in
more southern locations within Canada. As such wastewater disposal to lagoons, engineered
lagoons, facultative lakes and/or direct discharge to land have been seen as the most feasible
historical options available. The release of primarily treated municipal effluent to the land
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occurs through the intentional decanting of effluent from a lagoon or via exfiltration
(intentional or unavoidable leakage) of the effluent through the wall of the lagoon berm on
to the land. Until recently a few communities discharged their hauled wastewater directly to
natural depressions or surface water bodies termed facultative lakes without prior treatment.
Anecdotal information suggests that the release of municipal wastewaters or primarily
treated wastewater effluents into natural depressions appears to have either enhanced
vegetative growth or in some cases may have even facilitated vegetative growth in areas that
were naturally devoid of vegetation.

In most locations within Canada’s Far North, municipal wastewater is first held within
sewage lagoons where the wastewater undergoes primary treatment for the reduction of
suspended solids and biochemical oxygen demand. In most locations, the retention of the
wastewaters is not sufficient to produce municipal effluents that would meet the proposed
NPS of 25 mg L for the parameters of cBOD and TSS. Tundra wetlands that have either
serendipitously or by design developed downstream of sewage lagoons may have the
potential to become part of a hybridized treatment system that includes not only the lagoon

but also the associated wetland

3.2 Wastewater handling

Yates er al,, (2012) stated that wastewater streams in Arctic communities are often quite
homogenous and that in most communities it only contains blackwater and greywater.
Greywater is discharged directly on to the land from the residence in some communities.
Wastewater from commercial sources is typically limited to a few service providers in the
community, generally consisting of a hotel, grocery and hardware stores (Yates er al, 2012).
In the majority of Arctic communities, industrial wastewater is not a component of the
waste stream. Communities will occasionally have process/packaging plants for fish or other
locally harvested foodstuff. The only other source of industrial wastewaters is provided by
airports and fueling depots, but most of the waste generated in these systems is not
incorporated into the municipal waste stream, as they are often diffused across the landscape
(Yates eral., 2012).
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As stated earlier, wastewater is managed at the source by binging temporary held in
insulated holding tanks located just outside or under raised buildings. Tanks are pumped
out and sewage hauled via pumper trucks to the disposal area. Drinking water is also
distributed via tanker trucks. Consequently, water use in these communities is significantly
less than the Canadian average (Yates er al, 2012). Wootton and Yates (2010) reported that
the average for many communities in Nunavut is approximately 90 Liters/day/per, but some
communities have usage averages below 70 Liters/day/per. Low usage in these communities
is often the result of logistical issues described previously.

3.3 Long and short-term holding lagoons

Long and short-term holding (discontinuous and continuous discharge) lagoons are the
most common treatment system in Canadian Arctic communities (Heinke et al, 1991).
Long and short-term lagoon systems are often engineered using aspects of the natural
landscape. The use of small lakes, with additional berms to prevent spring overflow and
engineered berms in a natural depression, are common methods of creating lagoons to treat
wastewater in the Arctic. Wastewater that is directly discharged into a lake is referred to as
facultative lakes or ponds. Facultative lakes may be contained (retention) or experience
percolation (continuous discharge or detention) of wastewater through the berm sides. The
engineered and facultative lake lagoon systems rely on algae-bacterial populations to
breakdown organic matter in aerobic and anaerobic zones of the lake. Discontinuous or
intermittent discharge lagoons are also common. In the past these systems have been
designed in the same manner as lagoons in more temperate regions, but are often much
larger to accommodate for deeper winter ice depths, lower bacterial-algae biomass and
longer residency time (Dawson and Grainge, 1969). Because lower bacteria-algae
populations limit the metabolism of organic particles, mechanical aeration has been
recommended for northern regions (Dawson and Grainge, 1969). Although mechanical
aeration is a common solution in temperate regions, in remote northern communities the

availability of infrastructure to power those systems is not feasible due to operational
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limitations. Despite extensive use of lagoons in the Arctic there remains little peer-reviewed
literature on their performance (Wootton et al, 2008c¢; Yates et al., 2012).

3.4 Mechanical and connected central serviced systems
The use of mechanical and connected centrally serviced wastewater treatment facilities in

the Canadian Arctic is minimal. Some large communities utilize the Hudson Bay or Arctic
Ocean as a receiving environment, with primary treatment connected on line prior to
discharge into the receiving environment. These communities have municipal services
(piping) that serve many of the residents, commercial buildings and any industry present.
The wastewater passes through a pumping or lift station to the receiving environment. The
pumping station may contain primary treatment systems, such as screening and/or
communitors to remove or break down grit and large organic debris (Johnson, 2008). This
form of wastewater treatment is uncommon in communities of the Canadian Arctic. The
only community that is recorded to have anything more advanced than primary treatment is
Pangnirtung, Nunavut on Baffin Island. Pangnirtung is reported to have a secondary
treatment facility using a rotating biological contactor and activated sludge system
(Wootton et al., 2008a). Most Arctic communities remain without mechanical systems since
earlier attempts have shown that these systems under Arctic conditions regularly fail to
produce effluent that meet regulatory standards, or because of operation costs, or the lack of
a skilled labor pool to maintain them (Johnson and Wilson, 1999). Initial attempts to use
mechanical treatment could be considered an oversight by planners to appropriately address
community needs, as many communities have returned to using simpler technologies such
as lagoons (Johnson, 2008). This evidence demonstrates the need for alternative low cost,

simple, yet efficient techniques for wastewater treatment in the Arctic.

3.5 Land treatment and wetlands
Land disposal or land treatment is another common method of wastewater treatment or
disposal in the Arctic (Wootton et al, 2008a). In Arctic Canada, wastewater disposed onto
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the land is done so at some distance away from the community and drinking water sources,
although there are examples where the receiving environment is indirectly connected to the
community water supply, as in Baker Lake (Wootton et al, 2008a; Yates er al, 2012).
Although overland flow is present, such as in Coral Harbour, many of the land treatment
locations are actually in natural wet-sedge tundra wetlands. However it is not known
whether these systems existed as wetlands before receiving increased water and nutrient
loads, or whether they are a result of the anthropogenic influence. Evidence from
fertilization studies show that nitrophilous and hydrophilic plants have been found to
colonize these environments following long periods of increased water and nutrient loading.
Kadlec and Johnson (2008) suggested that the wetlands may not have been present prior to
sewage being disposed at these sites.

Whether or not these landscapes have been altered, the use of wetlands is extensive
secondary and, in some locations, primary treatment in Arctic Canada. They have shown
excellent ability to treat wastewater in the past in more temperate locations (Kadlec and
Wallace, 2009; Mander and Jenssen, 2002). However, similarly to lagoon systems in the
Canadian Arctic, there is very little data from peer-reviewed literature on wetland

performance.

3.6 Current and future wastewater regulations in the Canadian
Arctic

Performance standards for wastewater effluents are currently in transition within Canada
as the federal government is developing national performance standards (NPS) for
municipal wastewater effluent. In 2009, the Canadian Council of Ministers of the
Environment (CCME) released the final draft of the Canada-wide Strategy for the
Management of Municipal Wastewater Effluent which details regulatory changes to be
implemented through the Canadian Fisheries Act. The intent of the strategy is to ensure
there are no deleterious effects to the water bodies receiving the treated effluent,
particularly with regard to fish health and or fish habitat. This strategy has identified

specific national performance standards for effluent of Canadian wastewater treatment
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facilities at 25 mg L' for the parameters of cBOD and TSS, 1.25 mg L' for un-ionized
ammonia expressed as NH;-N at 15°C=1°C and a standard of 0.02 mg L™ of total residual
chlorine (TRC) (CCME, 2009). The Federal Government recognizes that conditions in
portions of Canada’s Far North (Nunavut, Northwest Territories, and regions located
north of the 54" parallel in Quebec and Newfoundland and Labrador) are unique and as
such NPS have not yet been determined for these areas. A five-year research period was
initiated in 2009 to determine what NPS (treated effluent concentration levels) would be
appropriate in the Canadian north (CCME, 2009).

4.0 Cold Climate Treatment Wetland Studies:
Overview from the 1970s to present day

"This section includes a synthesis of the studies that have been conducted on the treatment
performance, and potential impacts, of natural wetlands used for municipal wastewater
treatment operating specifically in cold climates. This information is intended to summarize
the current performance of tundra treatment wetlands in Canada’s far north and to identify

knowledge gaps that need to be addressed to improve the application.

Our knowledge of wastewater treatment in remote Canadian Arctic communities has
grown very little since the 1970s, despite a half-century of operation. Current knowledge of
treatment performance of natural treatment wetland systems in the Canadian Arctic is
largely restricted to site-specific governmental and consultant reports (Dillon Consulting
Ltd., 2004; Environment Canada, 1985), and other sources of unpublished literature. Only a
few peer-reviewed documents, as well as conference proceedings (Miyamoto and Heinke,
1979; Johnson and Wilson, 1999) exist to contribute to our current understanding of
performance with most investigations confined to the performance of lagoons. In the
Canadian Arctic, wastewater treatment facilities such as lagoons and wetlands are generally
designed and managed using southern engineering standards, adopting design models to
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reflect Arctic temperature (Kadlec and Johnson, 2008; Prince et al, 1995; Heinke et al,
1991).

Most of the intentional use of natural wetlands for the treatment of municipal wastewater
has been primarily for the provision of tertiary treatment (Breaux et a/,, 1995; Cooke, 1994;
Kadlec et al, 1979). In the 1990s, it was estimated that approximately half of the 200 surface
flow wetlands used for wastewater treatment in North America were natural wetland
systems (Brix, 1994). There has been a general reluctance to use natural wetlands for
treatment purposes since the long term impacts upon the natural ecology of these areas is
generally uncertain (Kadlec and Wallace, 2009). Despite these uncertainties, it has been
demonstrated on numerous occasions that natural wetlands are effective in the treatment of
municipal wastewater. Previous studies and reviews on this topic have demonstrated that
wastewater treatment can be effective even in cold climate regions (Mander and Jenssen,
2002; Kennedy and Mayer, 2002; Wittgren and Mzhlum, 1997; Jenssen et al., 1993). The
following paragraphs in this section summarize the research conducted to date on cold

climate treatment wetlands in Canada, particularly the arctic and sub-arctic.

Wright (1974) conducted one of the first natural treatment wetland studies in northern
Canada. This site was a 32 ha natural swamp in Hay River, NWT that received primary
treated municipal wastewater from three wastewater stabilization ponds WSPs. The author
reported that the effluent discharge area was estimated at 110 m’ per capita per year. In this
study, hydrological context for the swamp was not quantified; therefore, dilutive effects
could not be estimated. The swamp was sampled monthly from August 1972 to September
1973 (Wright, 1974). Favorable percent reductions in concentrations of treatment
performance parameters were observed in Wright’s study, including: 97.7% for BOD;
96.8% for TSS; 98.0% for VSS; 96.2% for Un-ionized Ammonia Nitrogen (NH;-N);
97.6% for TP; and 98.7% for Total Coliform (T'C). The author observed an ecological
alteration to the swamp in terms of decreased benthic organism diversity, zooplankton,
nekton, and alterations in the overall composition of the ecological community. Flows were
observed to be transient in the swamp over the treatment season with a high spring freshet
flow. Increased bacterial concentrations were observed at the swamp’s outlet during the
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spring freshet. Wright (1974) recommended guidelines for the use of similar natural
swamps as part of the wastewater treatment process. These recommendations stipulated that
the: 1) wetland treatment areas be sited away from groundwater recharge zones; 2)
alteration of the natural wetlands should be deemed acceptable; and 3) wetland morphology
should be such that the HRT is relatively long. Doku and Heinke (1993) reported that the
Hay River, NWT swamp was studied for over twenty years and during that time it
consistently met the regulatory compliance requirements for the treatment system.

The work of Dubuc et al (1986) is one of very few papers to investigate long-term
performance of treatment wetlands in Northern Canada. The authors demonstrated that a
natural peat wetland in Northern Quebec was highly effective at treating domestic
wastewater. The study site was located at the James Bay Energy Company’s Fontanges
construction camp for the James Bay Energy Company in Northern Québec and was a mid-
to high boreal wetland area near the 55 parallel. The camp wastewater was discharged into
a peatland that was approximately 1.5 km in length. For most treatment performance
parameters, average percent reductions were greater than 90%, indicating that the natural
peatland system was highly effective at treating the wastewater. Dubuc er al. (1986) noted
that the study failed to quantify the hydraulic parameters of this area and thus the

proportion of treatment related to dilution could not be assessed.

Doku and Heinke (1993) reported that Canada’s northern communities are small and
remote, experience extreme climates, have limited infrastructure funds for construction,
design and maintenance of facilities, and have a chronic shortage of skilled labour. Natural
tundra wetland areas in northern territories are generally nutrient deficient, and abundant.
Doku and Heinke (1993) suggested that the addition of municipal wastewater to tundra
wetlands could improve the ecological functioning of the area through the addition of
nutrients, while minimizing deleterious water quality impacts to other receiving
environments. According to Doku and Heinke (1993), the primarily domestic origin of the
wastewater generated and the relatively small size of northern communities render the use
of natural tundra treatment wetlands an appropriate option for use in the North,
particularly for communities that have sufficient land available for the application. Increased
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long-term monitoring data collection and interpretation as a precursor to the identification
of the most appropriate design criteria for use in the arctic and sub-arctic regions were
recommended by the authors.

The use of natural wetlands in the Yukon was also discussed by Doku and Heinke (1995).
The Yukon Water Board had at that time issued five licenses to communities in the
territory to permit the use of natural wetlands for secondary municipal wastewater
treatment. The Yukon Water Board required that treatment performance and site-specific
hydraulic assessments be conducted before use of the systems as part of the wastewater
treatment train. Primary treatment of wastewater, at a minimum, prior to discharge into the
wetlands was a regulatory requirement. The demonstration of long-term treatment of
effluent discharge in the absence of ecological impacts was a stipulation of acceptance by the
regulatory body. Doku and Heinke (1993) suggested, as part of their study,
recommendations to guide the use of natural treatment wetlands as a viable and effective
secondary or tertiary treatment technique. Their recommendations included: 1) requiring
that all natural treatment wetland systems be capable of meeting treatment guidelines
established by the NW'T government during the time of their study; 2) that site-specific
ecological studies be conducted to determine local vegetation pollutant removal capabilities;
3) that a minimum of primary treatment occur in advance of wastewater discharge to the
natural wetland; and 4) that an areal BOD loading rate not exceed 8 kg BOD/ha-d, and that
a HLR of between 100 and 200 m*/ha-d be maintained. In a subsequent publication (Doku
and Heinke, 1995), the authors provided additional recommendations: 5) conduct further
research on the use of natural treatment wetlands in order to assist in the establishment of
design criteria; 6) that the NW'T government encourage the informed and responsible use
of natural wetlands for wastewater treatment; and 7) that communities be informed and
become engaged on the responsible use of natural wetlands for treatment.

A study by Kadlec and Johnson (2008) addresses some mechanistic function in a Canadian
Arctic treatment wetland but did not provide significant background data. Much of the
current knowledge on plant and microbial influence on wastewater treatment in the Arctic
has been derived from smaller-scale fertilizations and carbon cycling studies in different
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Arctic environments (Shaver and Chapin, 1995; Arens et al, 2008; Edwards and Jefferies,
2010). Edwards and Jeffries (2010), in a study on the winter treatment abilities of arctic
wetlands, disproved the common assumption that arctic wetland treatment mechanisms
cease in the winter. Their study located in a low arctic meadow in Churchill, Manitoba,
focused on nitrogen uptake by Carex aquatilis. The authors determined that plant uptake
still occurs at temperatures below 0°C. They suggested that decomposition processes occur
year-round in tundra ecosystems, and mentioned that vegetation nitrogen uptake was
elevated during spring melt. These studies demonstrate the effective use of natural arctic
and sub-arctic wetlands for use in municipal wastewater treatment.

Recently, researchers and graduate students from Dalhousie University’s Centre for
Water Resources Studies have established environmental monitoring programs in six
Nunavut communities: Grise Fiord, Pond Inlet, Clyde River, Coral Harbour, Pangnirtung,
and Kugaaruk. Hayward et al, (2012) conducted hydrological characterization and assessed
treatment performance of a natural tundra wetland receiving effluent from a single-cell
wastewater treatment exfiltration lagoon in Coral Harbour, NU. The authors reported that
the hydraulic loading rate of effluent on the wetland was highly dynamic, depending on
seasonal factors with greater loading occurring during the spring melt period. The HRT of
the natural treatment wetland was also highly variable depending on the period of
observation; generally, the HRT was much shorter during the spring melt when flows into
the wetland were high. Treatment performance (in terms of concentration reductions) of
the natural treatment wetland was observed to be reduced in June compared to September,
attributable to decreased retention time and higher amounts of dilution. Hayward et al,
(2012) concluded that the incorporation of natural tundra wetland areas in wastewater
treatment may be a viable option in Canada’s North; however, appropriate rate constants
must be applied when determining appropriate hydraulic loading rates, and sizing the
required wetland treatment area.

The Centre for Alternative Wastewater Treatment (CAWT), Fleming College, Lindsay,
Ontario has also been investigating the treatment performance of Arctic wetlands since
2008. The majority of this work was funded by the Federal government through the
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International Polar Year (IPY) program and from Environment Canada (EC). Much of this
work has been published in Yates et al, (2012, 2013 and in press) and Chouinard er al,
(2014 and in press). The IPY study assessed the treatment performance of six natural tundra
wetlands that received municipal wastewater from the hamlet communities of Arviat, Baker
Lake, Chesterfield Inlet, Coral Harbour, Repulse Bay, and Whale Cove in the Nunavut
region of Kivalliq. During the EC study the treatment performance of seven additional
northern treatment wetlands located in both Nunavut and Northwest Territories were
investigated. The focus of the EC study was to monitor treatment as the wastewater
traversed the wetland in order to provide Environment Canada background information
needed to help in the determination of appropriate NPS specific to arctic conditions within
Canada. The overall goal of both studies was to evaluate the efficacy of using northern
tundra wetlands to treat municipal wastewaters. The results are presented in section 6.1.2
and 6.2.2 of Chapter 6. The treatment performance assessments conducted on the natural
tundra wetlands demonstrated that the passive wastewater treatment technology has

promising potential to be an effective technology for use in communities in the Canadian

Arctic.

5.0 Natural tundra wetlands for wastewater
treatment

The following represents the culminating summary for two separately funded studies
investigating the performance of northern treatment wetlands undertaken by the Centre for
Alternative Wastewater Treatment (CAWT), Fleming College, Lindsay, Ontario. Data
from these two studies likely represent the most extensive data base currently existing. This
data base assesses the capacity of 13 tundra treatment wetlands situated in Nunavut and the
Northwest Territories of Canada. The first study was funded by the Federal government
through the IPY program. During the IPY study (2008-2011) the treatment wetlands

associated with six Nunavut communities (Kilvalliq region) were investigated by monitoring
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key water quality parameters within the influent and effluent (e.g., two sample locations)
over the course of an Arctic summer (e.g., several weeks of sampling per wetland). A
summary of the IPY investigation has been published in Yates er al, (2012, 2013 and in
press) and Chouinard et al., (2014 and in press). Subsequent funding was provided by
Environment Canada (EC) through the EC Aquatic Ecosystem Management Research
Division to investigate the treatment performance of seven additional northern treatment
wetlands located in both Nunavut and Northwest Territories (2009-2011). The focus of the
Environment Canada study was to monitor treatment as the wastewater traversed the
wetland. This meant that each of the EC wetlands was studied more intensely than the IPY
wetlands (e.g., multiple sites between inlet and outlet of wetland). The duration of time
spent at each of the EC wetlands was generally only a few days per year (unlike the IPY
study); however, several of the EC wetlands were revisited in subsequent years. The overall
scope of both studies was to evaluate the efficacy of using northern tundra wetlands to treat
municipal wastewaters. This involved monitoring the change in chemical, biochemical and
physical characteristics of municipal wastewater effluent as it traveled through wetland areas
and to assess major influencers within the wetland that affect wetland performance. The EC
study was undertaken to provide Environment Canada background information needed to

help in the determination of appropriate NPS specific to arctic conditions within Canada.

5.1 International Polar Year Wetland Study
The CAWT was awarded a research grant from the Federal government through IPY to

investigate the efficacy of northern treatment wetlands and to document efficiencies in the
treatment of municipal sewage received from six adjacent hamlets in the Kivalliq region of
Nunavut. Systems in the Hamlets of Arviat, Baker Lake, Chesterfield Inlet, Coral Harbour,
Repulse Bay and Whale Cove were studied (Figure 5.1). Three of the six treatment
wetlands, located in the communities of Arviat, Coral Harbour, and Whale Cove received
effluent after pre-treatment in waste stabilization ponds or lakes. The other wetlands in
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Figure 5.1 = Map of Canada showing location of communities studied (Map Credit:
Noreen Goodliff).

Baker Lake, Chesterfield Inlet, and Repulse Bay received either wastewater that had
received minimal pre-treatment or raw wastewater from trucks directly. This section
provides a summary the study results. Those wishing more detail regarding this work are
referred to the published work of Yates et a/ (2012 and in press). All IPY wetlands sites
studied in these six communities were all physiographically distinct, with varying cover and
composition of vegetation communities, presence of surface water and treatment area (Yates
etal,2012).
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5.1.1 Methodology

Samples were collected from six treatment wetlands between June 21°* and September 24",
2008 which approximates the historical ice-free period of the year (9-12 weeks); June 10-15
to September 5-20 (Mack, 2004; Yates et a/., 2012). Samples were transported in coolers to
a laboratory in Rankin Inlet and analyzed within 24 h of collection for time sensitive analysis
of parameter (e.g. cBOD;, and pathogens) following Standard Methods for Wastewater
(Yates et al,, 2012). At each of the six wetlands, samples of 500 mL each from the point of
influence and effluence were obtained. The samples gathered weekly were used to evaluate
the temporal variation associated with treatment efficacy of the tundra wetlands (Yates et al,
2012). Biological, chemical and physical water quality parameters were assessed; particularly
cBOD;, TSS, and NH;-N which are regulatory parameters of the Fishery Act regulations
(Government of Canada, 2010).

Other sampled parameters include DO, TC, E. Coli., TP and COD. Temperature was
recorded continuously over the ice-free period, with Onset Temperature logging tidbits
situated in the surface water of the influent and effluent streams, obtaining readings at 0.5 h
intervals (Yates et al, 2012). The focus of this study was to assess treatment efficiencies over
the duration of one Arctic summer (June — September). This was accomplished by
monitoring selected wastewater quality parameters in both the influent entering the wetland
and the in the effluent exiting the wetland. No attempts were made to monitor the
progression of treatment at sample locations between the influent and effluent sites.
Sampling at the influent and effluent is considered the minimum required sampling for
wastewater treatment facilities (Kadlec and Wallace, 2009). Yates et al, (2012) reported that
sampling more than once per week was not logistically possible, given restrictions of flight
schedules in the Arctic to transport samples within a 24-h period. A second season of data
was collected in 2009 only for Baker Lake.

5.1.2 Results

Within these communities, the collected wastewater was place into either wastewater

stabilization lagoons (sewage lagoons), into facultative lakes or discharged directly into the
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wetland without pre-treatment. Yates er al, (2012) found that the concentration of the
cBOD; entering these systems ranged between 550-1000 mg/L, and noted that influent
wastewater entering wetlands following pre-treatment in either facultative lakes or lagoons
was significantly less than that of direct discharge into the wetland. Influent values observed
in Whale Cove (facultative lake pre-treatment) as compared to Chesterfield Inlet (direct
discharge) (Table 5.1) shows this difference. For each community, the performance of
wetland measured varied for different wastewater parameters; some wetlands were much
more efficient in the treatment of TP or NH;-N than other wetlands, while TSS was
particularly variable (Yates et al, 2012). TSS reductions were generally high in systems
where wastewater was diluted in stream and small water bodies; believing that

sedimentation was a primary treatment process. This was especially noticeable in Repulse
Bay and Baker Lake.

cBOD; and COD removal was observed to vary between 47-94% and 57-96%,
respectively amongst the wetlands. The percent removal of COD and ¢cBOD; and T'SS were
generally lower in the wetlands that received wastewater that was first pre-treated in either a
facultative lake (e.g., Whale Cove) or an engineered lagoon (e.g., Coral Harbour). The
reason for the lower treatment rates in these wetlands likely relates to the fact that much of
the oxidative treatment and settling of 'T'SS was occurring within the pre-treatment phase
(Yates et al, 2012). In all wetlands the effluent was below 25 mg/L for cBOD; and TSS,
which are the effluent standards for municipal wastewater for cBOD; and 'T'SS in southern
Canada. Yates er al,, (2012) found that at the time of study, treatment facilities with minimal
holding capacity during the winter months observed increases in cBOD; effluent
concentrations during the spring freshet, such as in Chesterfield Inlet. Amongst the
wetlands removal was observed to vary between 80-99% and 85-100% for TP and NH;-N,
respectively. Systems with more surface water flow obtained high levels of DO, although all
achieved concentrations of greater than 8 mg/L on average in the effluent. Pathogen
concentrations were generally reduced significantly, although results were variable and
likely influenced by natural sources such as snow geese (Chen caerulescens L.) which were
commonly present throughout some of the wetlands (Yates et al, 2012).
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Air temperature and soil temperature can significantly influence the treatment of
wastewater in the Arctic and during winter time temperatures (e.g. -17° C to -32° C
between November and May) no significant biological treatment occurs (Yates er al, 2012).
The authors also mentioned that wastewater treatment would be expected to be minimal
during the spring freshet during the release of thawing wastewater that had accumulated
over the winter in communities that did not have the capacity of long term storage and thus
discharged to the wetland during these frozen periods. The sampling conducted in this
study captured a portion of the spring freshet, which likely accounted for variation in
effluent concentration of many of the parameters tested. These variations are the most
prominent at the end of June during final snow melt and at the end of September following
senescence and short periods of freezing temperatures.

Yates et al,, (2012) reported that some treatment wetlands such as Arviat and Cambridge
Bay, were modified through the construction of berms to help both direct and detain the
flow of wastewater through the wetland in an attempt to increase the hydraulic residence
time (HRT) and thus allow more time for the microbial uptake/transformation of nutrients
in the wastewater (Yates er al, 2012).
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Table 5.1 Mean influent and effluent data, with percent concentration change, and
wetland characteristics from six tundra treatment wetlands studied in Nunavut.

2] 2 g g 3 3

T & 2 S . 5

S| = ks E = 5 Z
Performance measured & § S E E § § Su
Wetland characteristics
Wetland — Conc. In (¢cBODs e 1) 181 103 385 40.3 466 221
Wetland — Conc. Out (cBODs 1, L'l) 14 16 25 21 6 14
% Reduction between in & out 92 85 93 47 99 94
Wetland — Conc. In (COD 1) 308 236 450 133 798 300
Wetland — Conc. Out (COD 1) 66.3 100 64.4 39.5 24 64.3
% Reduction between in & out 79 58 86 70 97 79
Wetland — Conc. Tn (TSS e 93.2 55.7 197 29.4 314 74.9
Wetland — Conc. Out (TSS g1 ™) 10.5 19.1 34.8 18.0 32 10.3
% Reduction between in & out 88 66 82 39 99 86
Wetland — Conc. In (TP e ") 5.5 11.3 9.2 4.1 13.9 5.6
Wetland — Conc. Out (TP pg1™") 0.8 2.3 14 0.1 0.2 0.4
% Reduction between in & out 86 80 85 97 99 92
Wetland — Conc. Tn (NH3-N e 1) 21.8 73.2 70.0 9.0 82.5 39.6
Wetland — Conc. Out (NH3-N 117" 2.8 11.0 2.8 0.0 0.1 0.1
% Reduction between in & out 87 85 96 100 >99 99>
Wetland — Conc. In (E Coli g1 3.7E4 2.9E4 14.6E6 7.5E3 16.4E6 1.3E6
Wetland — Conc. Out (E COli g1 1.7E2 9.0E2 1.6E2 3.6E1 1.4E1 8.7E1
% Reduction between in & out 100 97 100 100 >99 >99
Wetland — Conc. In (TC pe1") 4.9E6 6.3E5 2.1E9 1.2E5 30.6E6 57.1E6
Wetland — Conc. Out (TC ne1”") 6.9E3 4.7E3 1.9E3 2.0E2 1.1E3 7.7E2
% Reduction between in & out 100 99 100 100 >99 99>
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Wetland — Conc. Tn (DO e 1™") 33 1.9 1.3 10.0 0.7 1.7
Wetland — Conc. Out (DO 1) 10.6 9.1 10.1 10.9 8.9 11.0
% Reduction between in & out 68 79 87 8 92 84
Temperature In (°C) 11.7 9.2 6.1 8.2 14.2 6.6
Temperature Out (°C) 9.7 6.3 6.2 10.7 32 6.2
Volume discharged (m*/day) 96 235 66 82 167 36
Size of wetland (ha) 10 7.8 9.5 3.7 1.1 55
Approximate length (m) 650 500 1,400 900 70 700
Approximate width (m) 130 140 70 35 150 200
Water holding capacity (m’)

5.1.3 Discussion

The study results obtained in the harsh climatic conditions and low biomass producing
ecosystems of the Canadian Arctic exemplifies the ability of natural wetlands to act as sinks
and transformers of nutrients, organic material and pathogens. Yates et a/, (2012) noted
that the exact mechanisms and processes of transformation and removal have not been
identified in this study and should be examined further. The wetlands surpassed
expectations for the removal of organic matter in the form of cBOD,/COD, pathogens,
NH;-N, TP and had reasonable TSS removal, despite the lack of knowledge in processes.
In all cases, removals for cBOD; were below regulatory standards for effluent in southern
Canada (CCME, 2009). 'T'SS was also below regulatory standards in southern Canada; only
the Coral Harbour wetland was the exception. Pathogen concentrations were variable,

which may be attributed to local wildlife populations, a common variable in natural
wetlands (Yates er al, 2012).

Treatment efficiencies are negatively impacted during the spring freshet in areas where
large volumes of frozen wastewater have accumulated during the winter months. An
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appropriate management strategy to improve treatment during the spring freshet would be
to store wastewater generated over the winter period in lagoons or facultative lakes (Yates et
al., 2012). These lagoons should be designed as continuous flow exfiltrating systems, which
slowly decant into throughout the summer months. This way, the wetlands would be able to
sustain performance with lower and longer sustained loading rates, than with an annual
rapid release of frozen wastewater during spring freshet or the annual end of summer decant
when most plants have already begun to senesce (Yates et al., 2012). Chesterfield Inlet and
Baker Lake have both received larger lagoons as part of their treatment systems since the
time of study by Yates ez al., (2012).

5.2 Environment Canada Wetland Study (2009-2011)
During the 2009 field season the CAWT investigated the treatment wetlands associated

with Paulatuk (N'T) and Pond Inlet (NU). The additional sites of Edzo (NT), Fort
Providence (N'T), Gjoa Haven (NU), and Ulukhaktok (N'T) were studied in the 2010 field
season. During the summer of 2011 Edzo (NT) was revisited and Taloyoak (NU) was
studied for the first time. Figure 5.2 illustrates the generalized locations of these wetlands
and Table 5.2 provides specific information concerning the dates of the on-site visits.

This study was undertaken to:

e Better understand the range of treatment efficiencies currently achieved at existing
tundra wetlands to inform the development of a NPS for the Far North in the
regulations of the Fisheries Act;

e To present these data in an interpolated format to provide a visual overview of
treatment performance within the wetland, and

Better understand correlations between effluent strength and influential factors
that modulate treatment efficiencies in order to determine if there are some
common insights / principles that could be used to develop better operational
(design) standards for the use of tundra wetlands.
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5.2.1 Methodology

The wetland surveys conducted for Environment Canada were performed in midsummer
(e.g., late July to early September) for each of the three years of investigation. Each
wetland was visited over a one to six days duration depending on whether the investigation
undertaken was ether: i) a full survey or a reconnaissance survey and ii) the physical size of
the wetland with larger wetlands requiring more time to survey. Reconnaissance surveys
were employed only for Fort Providence and Edzo, both surveyed in 2010. Full surveys
were conducted on all other Environment Canada wetlands including Edzo which was
revisited for a second time in 2011. Reconnaissance surveys were intended to provide a
rapid assessment of wetland performance and differed from full surveys in that the number
of sample collections sites was reduced, along with a reduction in the number of water
quality parameters investigated. The water quality parameters eliminated from the
reconnaissance survey were typically those parameters such as ¢cBODS5 or microbial
samples whose analysis was time sensitive. Both survey methods provide a one-time “snap-
shot” analysis of wetland performance, with most water quality parameter samples
collected on one day. Thus the data generated for Environment Canada are discrete and
do not represent time series data. The following provides a detailed explanation of what
constituted a full survey and a reconnaissance survey.
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Generalized location of treatment wetlands investigated by the CAWT for

Environment Canada during the summer months of 2009 - 2011.

Table 5.2 Summary of wetland studied, by year and intensity of study.
Location Territory lat/long 2009 2010 2011
Paulatuk NT full
Pond Inlet NU full
Edzo NT RC full
Fort Providence NT RC
Gjoa Haven NU full
Uluhaktok NT full
Taloyoak NU full

Legend: full means full study protocol; RC means reconnaissance study protocol
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Full Survey

Each wetland was surveyed using a standardized methodology developed for this
investigation. In brief, transects were established to provide full coverage of the portion of
the wetland believed to be actively involved in the treatment of municipal effluents. Sample
locations were established at various points along each transect in a standardized manner in
order to achieve the desired intensity of sample collection. The location of each collection
site, along with numerous other points was geo-spatially referenced with the use of a
TopCon 3105W reflectorless total station that provided not only referenced site locations
but also elevation differences and the boundary of the active portion of the wetland involved
in the treatment of municipal effluents. The full survey was designed to assess key water
quality parameters of the effluent as it traversed the length of the wetland in order to
determine the effectiveness of the wetland treatment process. In a similar manner, soil
samples were collected to monitor key parameters influenced by municipal effluents in
order to better assess effluent / soil interactions such as nutrient concentrations and trace
elements within the soil matrix. Physical and hydrological parameters of the wetland’s soil
matrix, such as, grain size, porosity, hydraulic conductivity and percent moisture were also
assessed to better understand the primary factors influencing subsurface flow and
preferential flow of the effluent within the wetland. Lastly, the full survey also included
information regarding the vegetative community structure within the wetland. The

information presented in this document will summarize the major parameters such as

cBOD;, TSS, TAN and TP, and the hydrological and hydraulic context of the wetlands.

The establishment of transects and sample locations and the mapping of micro-topographic
changes within the wetland
A thorough ground-truthing of the wetland was first undertaken by an initial walk around

the site to determine point(s) where influent entered the wetland and the effluent exited the
wetland and major preferential flow pathways through the wetland complex. During this
time, effort was also taken to determine the approximate boundaries within the wetland
believed to embody the landscape actively involved in the effluent treatment process. This

information was then used to establish a series of transects at right angles to the general
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flow path; beginning near the point of influence and ending near the point of effluence. The
number of transects established longitudinally through the wetland was dependent on the
length of the wetland assessed. The placement of transects was done in a manner that
captured the primary treatment areas identified during the ground-truthing exercise. The
number of sample locations along each transect was dependent upon the width of wetland
that a particular transect traversed. It should be noted however, that a transect may or may
not contain a surface water/ preferential flow sample point depending on the physical
makeup of the wetland. Groundwater sampling locations were established approximately
every 15 m.

A TopCon 3105W reflectorless total station was used in Paulatuk, Gjoa Haven,
Ulukhaktok, and Taloyoak, to map wetland boundaries, elevation, and microtopographic
variation within the wetland. Similar data was collected in Edzo, Pond Inlet and Fort
Providence via a global positioning system (GPS, Garmin eTrex Vista HCx) since factors
such as thick vegetative understory interfered with line of sight for the total station or the
lack of human resources available did not permit the use of the total station. For the
collection of total station data, a single base station was established to which bench marks
were tied together spatially using back sighting. An individual with the prism and rod
walked along transects throughout the wetland in order to accurately reference the sample
locations. Surveying was conducted by running cross-sectional transects across the entire
width of the wetland, making sure to capture surface and groundwater sampling locations.
Transects traversed the length of the wetland and spaced approximately 30 m apart or closer
in some locations. Measurements were recorded every 10-15 m across the wetland. Each
point was also referenced with a global positioning latitude-longitude coordinate. At surface
and groundwater sampling points used in the water quality analysis, measurements were also
taken 0.25 m and 0.75 m away from the sampling point. This was conducted to help map
micro-topographic changes within the wetland.

Surface Water Sampling

The surface water samples were generally collected from surface flow or preferential flow
locations. Surface samples were often collected into the sample bottle by submerging the
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sampling container below the water surface. However, in cases where water depth was
shallow, syringes were used to minimize the disturbance of sediment that could have been
collected inadvertently using the other method. Surface water samples were obtained from a
minimum of 40 sample points throughout active treatment zone but could be more
depending on the dimensions of the wetland. The chemical and biochemical water quality
parameters surveyed in surface waters are summarized in Table 5.3 Likewise physical and
ionic parameters of surface water samples are summarized in Table 5.4 with the trace
elemental parameters identified in Table 5.5.

In addition, surface water temperature was recorded during the site visit with the
placement of a hobo tidbit data logger into the surface water of the wetland in one location.
Likewise, air temperature was also logged during this time by the suspension of one hobo
tidbit data logger at one location in the wetland.

Table 5.3 Chemical and biochemical water quality parameters surveyed in surface
waters collected from tundra wetlands

Ammonia (NH5-N) Total Phosphorus (TP)

Nitrite (NO,-N) Phosphate (PO,)

Nitrate (NO5-N) Dissolved Organic Carbon (DOC)

Total Kjeldahl Nitrogen (TKN-N) Dissolved Oxyen (DO)

Total Coliforms (TC) Chemical Oxygen Demand (COD

Escherichia coli (EC) Carbonaceous Biological Oxygen Demand - 5 Day (cBOD5)
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Table 5.4  Physical chemistry and ionic parameters surveyed in surface water samples
collected from tundra wetlands

Temperature Conductivity

Total Alkalinity pH

Hardness Total Solids (TS)

Sulfate (SO,) Total Suspendid Solids (TSS)
Chloride (CI') Volatile Solids (VS)

Flouride (F) Volatile Suspended Solids (VSS)

Table 5.5  Trace elements surveyed in surface water samples collected from tundra
wetlands

Aluminum (Al) Copper (Cu) Rubidium (Rb)
Antimony (Sb) Iron (Fe) Selenium (Se)
Arsenic (As) Lead (Pb) Silver (Ag)
Barium (Ba) Lithium(Li) Sodium (Na)
Beryllium (Be) Magnesium (Mg) Strontium (Sr)
Calcium (Ca) Manganese (Mn) Thallium (Ti)
Cadmium (Cd) Mercury (Hg) Uranium (U)
Cesium (Cs) Molybdenum (Mo) Vanadium (V)
Chromium (Cr) Nickel (Ni) Zinc (Zn)
Cobalt (Co) Potassium (K)

Subsurface Water Sampling
In locations where surface waters were not present, subsurface water samples were

collected with the use of a lysimeter (0.05 m diameter) constructed from polyvinyl chloride
(pvce) piping which was placed into a bore hole at a maximum depth of 0.25 m or less where
soils were shallow. A series of 1/8 inch holes were drilled into the lower 10 cm portion of
the lysimeter which were then covered with a microfilter sheath to allow the infiltration of
groundwater into the tube without the intrusion of sediment or organic matter. Sample
water was collected with the aid of a sterile 60 mL syringe fitted with peristaltic pump
tubing that allowed the extraction of water from deep within the lysimeter. A single

RBC Blue Water Project -Tundra Wetlands: performance & operational tools 2014 59



syringe/tube system was designated to a specific subsurface sampling point and
corresponding lysimeter. Lysimeters were purged prior to sampling followed by the
collection of a 500 mL water sample after recharge. Once completed syringes and tubing
were discarded. If a new sampling period was required, then a new syringe and tube was
prepared for that lysimeter.

Groundwater flow
Groundwater flow was surveyed only at the Ulukhaktok, Edzo and Taloyoak treatment

wetlands. This work was undertaken to provide information regarding the subsurface flow
of wastewater through the wetland and to provide in a generalized manner an ability to
compare one treatment wetland with another in order to gain insight to the relative flow
rates and hydraulic retention times. To accomplish this, piezometers were installed at each
groundwater water quality sampling station. Piezometers were constructed from 0.02 m
diameter polyvinyl chloride (PVC) pipe, with perforations for the inflow of water in the
bottom 0.15 m of the piezometer tip. The length of the piezometer piping was 0.53 m.
Two piezometers were installed at each collection site, with up to 50 sites per wetland.
Tundra wastewater treatment wetlands have been found to be rarely greater than 0.30 m in
depth. The piezometers were installed at the two different depth ranges of 0.10-0.20 m
depth and 0.20-0.30 m depth. A subsurface well (lysimeter), for subsurface water quality
samples was included in the cluster with the piezometers. A description of the subsurface
well or lysimeter is provided in the water quality sampling section (above).

The characterization of the wetland’s hydrology was further augmented with the use of
soil moisture probes. This provided a rapid infield assessment of the relative closeness of the
water table to the surface. At each topographic sample location, soil moisture content was
assessed. A TDR soil moisture probe was used to take readings of percent soil moisture of
the upper 12cm of soil. These data were used to conduct a spatial analysis of moisture
gradients throughout the wetland, potentially indicating primary flow subsurface paths of
wastewater passing through the wetland.
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Vegetative Community Structure

A digital photograph of a 1 m’ plot centered on each water quality sample location was
taken. The dominant plant species were later determined for each plot with each of the
dominant plants expressed as a percent cover of the entire vegetative cover in the
photograph.

Quality Assurance / Quality Control

For all samples, HDPE bottles were used. Each filled sample bottle was labeled with
sample location and Fleming College and packed in appropriate coolers together with a
chain of custody form identifying each bottle and the analyses required. Coolers were
packed with ice and Onset Hoboware temperature logging tidbits to record temperature
variances during sample shipment. The shipment of samples may have been 24 to 48 hours
in duration and therefore it was necessary to monitor the temperature to ensure sample
integrity was known. The desired temperature was 4+3°C.

A series of measures were adopted to ensure that all water samples collected in the wetland
had not been contaminated by poor handling, or pre-assessment contamination of sampling
bottles. Nutrient parameters were also preserved with acid at the site of collection prior to

being shipped for analysis.

5.2.2 Results

The results generated from the work on the seven Environment Canada wetlands are
summarized below. In brief, the following text describes in a generalized manner the
similarities and differences amongst the wetlands in terms of cBODj;, TSS, Ammonia,
microbial presence, and the hydrology of the sites. The first portion of the results section
focuses on treatment performance differences amongst the wetland site. The later portion
of the results section provides a summary of the major findings for each individual wetland.
Many of the water quality parameters of the analyzed wetland effluent samples have also
been expressed as an interpolated map for ease in visualizing the trends noticed at each
wetland site. A collection of selected interpolated maps can be found in the Appendix.
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Review of overall treatment performance amongst wetlands

This section summarizes the generalized treatment performance patterns evident in each
of the wetlands at the time of study. The values expressed here are intended to provide an
overview of the generalized performance with the understanding that these results provide
only a “snap shot” overview that can vary seasonally and from year to year. However, this
high level overview is helpful in understanding basic information regarding the level of
treatment afforded by the wetlands and major differences amongst the wetlands.

Wetland Characteristics

Each wetland is unique in both its natural characteristics and how municipal effluents are
discharged to the wetland. In some locations such as Paulatuk and Taloyoak the municipal
sewage is pre-treated by disposal to a facultative lake while pre-treatment occurs within
engineered lagoons at Pond Inlet, Edzo, Fort Providence, Ulukhaktok, Gjoa Haven. In
addition, the effluent from the pre-treatment lagoons at Fort Providence and Pond Inlet
sites are decanted, meaning that a large volume of effluent is discharged over a short period
of time. This is different from the other sites where the effluent either exfiltrates through
the berm wall of the lagoon or overflows through a natural drainage channel from the
facultative lake with the result that the effluent is released at these sites in generally a
continuous manner with smaller daily volumes than what is experienced at the sites where
decanting takes place. Most wetland sites are relatively flat, allowing a slow progression of
effluent over the length of the wetland. Pond Inlet is different in that the slope of the site is
much steeper.

Apart from the descriptors above, wetlands can also be characterized by the associated
hydraulic loading rate (e.g., depth of water applied per unit area), organic loading rate (e.g.,
mass of organic material applied per unit area), hydraulic conductivity (flow rate through
the substrate) and hydraulic retention time (turn over time of the water volume retained in
the substrate). Each of these parameters will affect treatment efficiencies by influencing how
long the effluent is retained in the wetland which in dictates the length of treatment (often

microbial and/or transformation and mechanical filtration). Treatment can also be
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influenced by many other parameters such as the inflow of new water from melt or
precipitation events (e.g., dilution), temperature, vegetation cover (areal extent and
speciation), substrate grain size, composition of the effluent and so on.

Some of the more prominent wetland characteristics and hydrological parameters have
been summarized in Table 5.6. These values can be used to provide an overall indication as
to the major similarities and differences amongst the wetlands. In this table, the depth of the
active wetland substrate has been arbitrarily set at 0.4 m in order to provide an estimate of
the relative groundwater holding capacity of the wetland. Survey results generated from this
study suggests that the depth of the saturated substrate level is close to this value (e.g., 0.4
m), however, it should be understood that a standardized depth has been chosen to facilitate
comparisons amongst wetlands. Although the porosity of each wetland was measured, some
of the measurements appear high (particularly for Pond Inlet) and may have been influenced

Table 5.6 Wetland characteristics: daily volume applied equals the annual effluent
released in a 122 day period; organic loading based on cBODS influent concentrations.

wetland arbitary average waterholding dailyvol ¢BOD5 Hydraulic Organic Hydraulic
size depth porosity capacity applied influent Loading Loading Retention

m? m m® m>/d mgL™ cm/d  kg/ha-d d
Paulatuk 14600 0.4 0.48 2803 102 40 0.69 2.8 27
Pond Inlet 5800 0.4 0.82 1902 312 70 5.4 38 6.1
Edzo 21300 0.4 0.50 4260 325 26 0.51 1.3 13
Fort Providence 8700 0.4 n.a. n.a. n.a. 60 2.6 16 n.a.
Gjoa Haven 169000 0.4 0.46 31096 356 113 0.21 2.4 87
Ulukhatok 72900 0.4 0.62 18079 121 94 0.17 1.6 149
Taloyoak 61200 0.4 0.48 11750 257 80 0.42 3.4 46

by the high organic content of the soil which absorbed water and artificially inflated the
corresponding pore space volume. The water holding capacity of the wetland has been
generated by multiplying the wetland size by substrate depth and associated porosity. The
daily volume of effluent entering the wetland is based on the annual volume of wastewater
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generated by the community and dividing this value by 122 days or the number of days in
June, July, August and September. It is believed that effluent enters the wetland only during
periods above freezing and hence the reason for this calculation. It is not known however,
how evenly this volume is distributed over the 122 day period and it is anticipated that
greater flows are experienced early in the season when the thaw first begins. The hydraulic
loading rate is an expression of the depth of water entering the wetland on a daily basis if
this water was evenly distributed and it is one way of visualizing how flows differ amongst
wetlands. The organic loading rate is based on the concentration of the cBOD; in the
influent entering the wetland. The hydraulic retention time (HRT) provides a measure of
how quickly the volume of water contained in the substrate of the wetland is replaced with
the associated volume of influent discharged to the wetland per day. It should be noted that
the HRT expressed in Table 5.6 is based on the assumption that the hydraulic conductivity
of the substrate is large enough to not impede the subsurface flow rate needed to
accommodate this volume. However, an evaluation of the hydraulic conductivity of the
wetland substrates was found to be slow enough to like impede the total infiltration of these
volumes thus resulting in overland flow. The extent and duration of overland flow is still

unknown.

From the data contained in Table 5.6 it can be seen that the wetland at Gjoa Haven is the
largest while the Pond Inlet site is the smallest. Pond Inlet also has the highest hydraulic
loading rate with Fort Providence being having the second highest HLR. Likewise the
greatest organic loading rates are occurring at the Pond Inlet and Fort Providence wetland
sites. The flow of ground water through the subsurface substrate was studied more intensely
at the Ulukhaktok, Taloyoak and Edzo wetland sites. Groundwater flow through these
wetlands was estimated using the Darcy equation.

Q=K,d,(dh/dx)

Where Kh is the hydraulic conductivity, which was estimated by conducting
pumping tests at each of the piezometers using the methods described by Luthin
(1966).
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The hydraulic conductivities for the Ulukhaktok site ranged from 1.20 m/d to 1.24 x 10~
m/d. The term dh/dx is the hydraulic gradient estimated by the elevation of the water table
at a transect in relation to the adjacent transects. The d, is the cross sectional area of the
saturated zone, which is the elevation difference between the permafrost layer and the water
table. The depth of the permafrost layer was considered the deepest point at which the
drivepoint piezometers could penetrate to.

The hydraulic conductivity of the Ulukhaktok wetland is highest in the vicinity of the
lagoon berm. The average hydraulic conductivity of the soils in Transect 1, closest to the
lagoon, is 7.98 x 107 m/d, considerably higher than the 3.9 x 10 ? m/d averages of the
remaining 7 transects. As expected, the hydraulic conductivity of the wetland decreases with
depth. The average hydraulic conductivity of the soils surrounding the shallow piezometers
was 6.38 x 107 m/d, whereas hydraulic conductivity of the soils surrounding the deep
piezometers was 2.34 x 10”° m/d. The result is that flow rates are substantially higher in the
upper portion of the saturated layer. The piezometer data shows that the water table is
perched in at multiple locations in the south-eastern part of the wetland. The areas where
this perching occurs are adjacent to locations with extremely low hydraulic conductivities,
which is to be expected. At sites where there were both deep and shallow piezometers (and
both contained water), it was possible to estimate if water was recharging or discharging at
that particular location. All but three nests locations showed hydraulic gradients that
indicated a downward movement of water. Three nests 2D, 5C and 6C) had gradients that
would indicate upward discharge of water indicating that the flow of water through the
wetland subsurface matrix was complex. Overall water flow through the subsurface saturated
layer of the wetland is limited. The low hydraulic conductivities and low hydraulic gradients
in the wetland result in estimated groundwater flows ranging from 0.00001 m’/day per unit
width to 0.0004 m*/day per unit width.

The hydraulic conductivity values for Taloyoak were similar to Ulukhaktok in that the
upper portion of the substrate (shallow) was slightly faster flowing (0.0035 m/d) in
comparison to the deeper layers of the substrate (0.00082 m/d). Overall the hydraulic
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conductivity range within the Taloyoak substrate varied between 0.013 m/d to 9.76 X 10
m/d. The hydraulic conductivity at the Edzo wetland was found to be slightly faster flowing
in the deeper portions of the substrate (0.0054 m/d) than the upper portions (0.0035 m/d).
Overall the hydraulic conductivity values at the Edzo site ranged from 0.016 m/d to 3.46 X
10”° m/d. Hydraulic conductivity measurements were conducted on composite soil samples
taken from the Paulatuk and Pond Inlet wetland sites. These soils were first oven dried and
later the soil clod were gently broken and placed into a static head permeameter. The
resulting values were 1.81 m/d for Paulatuk and 1.04 m/d for Pond Inlet indicating that in
general terms the hydraulic conductivity of Paulatuk was greater than that of Pond Inlet.

Carbonaceous Biochemical Oxygen Demand (5 day)

An overview of the general treatment performance has been summarized in Table 5.7. For
comparative purposes, this table indicates the cBOD; target identified in the hamlet’s water
licence (at the time of study) and an approximate cBOD; concentration entering the wetland
and exiting the wetland in order to provide an approximate indication of overall treatment
expressed as a “% reduction”. For example if the cBOD; concentration entering the wetland
is 40 mg L' and exiting the wetland this concentration has decreased to 2 mg L™, then this
is expressed as a 95% reduction, or the cBOD; concentration has been reduced by 20 times.

The concentration of the cBOD; leaving the wetland is then compared to the CCME
national performance standard of 25 mg L' set for southern municipalities. It is understood
that national performance standards have not yet been determined for northern
communities; however, this southern standard is being used for comparative purposes in
order to assess the relative ability of the wetlands in the treatment of this parameter. This
comparison is expressed as a percent value. For example if the cBOD; exiting the wetland is
2 mg L' then this value is lower than the NPS of 25 mg L' and is expressed as
approximately 8% of the NPS. If however, the ¢cBOD; exiting the wetland is 50 mg L,
then the percentage is 200% meaning that the value is twice as great as the NPS of 25 mg
L.
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The treatment performance is further summarized by providing a generalized indication as
to where in the flow path of wastewater through the wetland the incoming cBOD;
concentration is reduced by half (e.g., 50% reduction) and when the cBOD; reaches an
approximate steady state. These generalized zones of reduction are expressed as a
percentage of the total distance the effluent travels through the wetland. For example, if the
total length of the wetland is approximately 100 m and the cBOD; concentration is reduced
by half (e.g. 50% reduction) after traveling the first 30 m into the wetland then this values is
expressed as “30% of the total distance of the wetland’s length is required to achieve a
reduction of 50% in the strength of the wastewater parameter”. Likewise, if the cBOD;
values are generally stable for the last quarter of the wetland’s length, then this is expressed
as “75% of the total distance of the wetland’s length is required to achieve steady state”.
Note that the steady state can vary amongst wetlands and therefore it does not represent a

standardized performance value.

Table 5.7  Overview of wetland treatment performance in the reduction of cBODS
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Performance Measure
Water Licence Conc. (BOD5 mg L?) 100 100 30 100 80 120  unknown
Wetland - Conc. In (¢cBOD5 mg L'l) 40 70 26 60 113 94 80
Wetland - Conc. Out (¢cBOD5 mg L™?) 2 50 2 32 2 5 25
% Reduction between in & out 95 29 92 a7 98 95 69
% of NPS for ¢BODS5 (25 mg L™) 8 200 8 128 8 20 100
% Wetland length to achive 50% reduction 25% rrx 50% *kk 20% 30% 50%
Wetland length to achieve 50% reduction (m) 70 rkk 150 ok 150 160 240
% Wetland length to achive steady state 50% ok 85% ok 60% 80% 70%
Wetland length to achieve steady state (m) 140 xxx 260 rxx 450 425 335
Size of Wetland (m?) 14600 5800 21300 8700 169000 72900 61200
Approximate length of wetland (m) 275 250 300 160 750 530 480

Legend: *** means that <50% reduction was achieved
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In all wetlands, except for Pond Inlet and Fort Providence, a 50% reduction in cBOD; was
achieved within the first half (e.g., inlet side) of the wetland and in the case of larger
wetlands such as Gjoa Haven and Ulukhaktok this reduction was achieved within the first
20 to 30 percent of the wetland. All wetlands met or exceeded the NPS of 25 mg L' “for
cBOD; except for Pond Inlet and Fort Providence. The cBOD; removal rates were even
greater in Taloyoak than what is shown in Table 5.7 when sampled from the stream exiting
the Taloyoak wetland. The ¢BOD; concentrations of approximately 2 - 3 mg L™ are
observable within the appended data tables for this stream location. However, this stream
area was not considered in the mapping of the Taloyoak wetland and is therefore not
incorporated into the interpolated maps for Taloyoak. The cBOD; treatment appears to be
poorer in areas associated with high moisture content, or in areas of standing water,
particularly in the Taloyoak wetland. The underlying cause for this association is unknown,
but may be related to a greater influence of surface water flow and less subsurface flow
which may in turn be related to shorter HTR at those wetter locations. This is however,
only speculation at this point.

The poor performance of both Pond Inlet and Fort Providence may be related to their
relatively smaller size. The steep slope of the Pond Inlet wetland facilitates a rapid travel of
the effluent down the slope leading to the assumption that the HRT at Pond Inlet is very
short. In the case of the Fort Providence wetland it was assessed in 2010 during the decant
period and likely a major factor as to why the treatment efficiency was poorer. In addition it
should be noted that the the surface water of the adjacent 7ypha marsh was not included as
part of the wetland boundary due to the depth of the water which made sample collection
difficult. However, this wetland marsh should have likely been included as part of the
wetland. It is anticipated that the samples collected from this site would likely have had
significantly lower cBOD; concentrations. Future investigations of the Fort Providence
wetland should include the 7ypha marshland. These results also suggest that better
treatment may be achieved if the rate of the lagoon decant was slower, allowing for a greater
time for wetland treatment.
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Total Suspended Solids

The current water licence agreements for total suspended solids amongst the eight sites
varies from a low of 35 mg L' for Edzo to a high of 180 mg L' for Ulukhaktok. Individual
limits are summarized in Table 5.8. The pattern of TSS is variable within and amongst
most wetland sites and it is therefore difficult to assess how well individual wetlands are
performing in the removal of TSS. In some locations there appears to be an association
between higher T'SS values and higher relative soil moisture content. This association may
be due in part to how the samples were collected. Water samples in drier areas were, for the
most part, collected from sampling wells inserted into the wetland that provided access to
subsurface water samples and hence may naturally contain less TSS because of the filtering
process occurring with subsurface flow. In wetter locations surface waters were often
collected. Wetter locations tended to be in lower points of elevation and located nearer the
outflow of the wetland. It is also suspected that the wetter locations may be more influenced
by surface flow and thus could be one reason why in some wetlands the concentration of

T'SS increases rather than decreases as the effluent traverses this area.

A further subdivision of TSS into its components of Fixed Suspended Solids (FSS) and
Volatile Suspended Solids (VSS) can be used to provide an indication of the organic
component of T'SS. Municipal effluents tend to be high in organic content in comparison to
the inorganic fraction. Graphing the ratio of VSS to FSS and monitoring the change in this
ratio can at times provide a better distinction between the portion of T'SS originating from
municipal effluents and the portion that could be a natural constituent of the site. Volatile
suspended solids were analyzed for all sites except for Paulatuk and Fort Providence.

A review of the ratio of VSS to FSS for the Pond Inlet wetland (Figure 5.3) reveals that the
VSS remains relatively constant and thus suggests that this wetland was poor at removing
suspended solids from the wastewater effluent. The poor removal of cBOD; supports the
conclusion that relatively little treatment of the effluent in terms of carbon removal was
occurring.
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A similar graph of VSS to FSS for the Taloyoak wetland shows a changing ratio where the
percentage of VSS (the organic portion) decreases with travel length through the wetland
suggesting that the wetland is effective in the removal of TSS originating from municipal
effluents (Figure 5.4). The trend for the ratio of VSS to FSS in the remaining wetlands is
more variable and difficult to interpret as evident in Gjoa Haven and Ulukhaktok (Figure 5.5
and Figure 5.6, respectively). There does not appear to be a clear trend of decreasing VSS
with increased travel through the wetland. It should be understood however that VSS is
determined by measuring the mass loss after ignition at 550°C.

Table 5.8  Summary of current water licence compliance targets for total suspended
solids
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Performance Measure
Water Licence Conc. (TSS mg L™) 120 120 35 120 100 180  unknown

Opverall, the use of TSS as an indicator of treatment performance in wetlands is likely a
poor choice for compliance testing. It appears that in some cases, wetlands can be a
generator (not a sink) for TSS. Generation of T'SS can occur through erosional forces
within the wetland, particularly during melt events where the velocities of surface water
flows may be strong enough to transport inorganic fines. In other situations wetland may
contribute organic constituents to surface flows from the decomposition of plant matter. If
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TSS is to be used as a treatment indictor, then it is suggested that the sample be analyzed to
determine the proportional composition of organic to inorganic matter (e.g., the ratio of
VSS to ESS) in order to gain better insight into how the wetland is functioning in regards to
the removal and or addition of these constituents.
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Figure 5.3 Ratio of VSS to FSS at the Pond Inlet wetland. Effluent direction
through the wetland is from left to right.
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Figure 5.4 Ratio of VSS to FSS at the Taloyoak wetland. Effluent direction
through the wetland is from left to right.
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Figure 5.5 Ratio of VSS to FSS at the Gjoa Haven wetland. Effluent direction
through the wetland is from left to right.
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Figure 5.6  Ratio of VSS to FSS at the Ulukhaktok wetland. Effluent direction through
the wetland is from left to right.

Ammonia

Ammonia can exist in both an un-ionized form (NH;) and an ionized form (ammonium
NH,"). The proportion of these two forms is both pH and temperature dependant with
higher percentages of NH; favoured with higher pH values. The un-ionized form (NHj) is
toxic to aquatic life forms and as such CCME has set a national performance standard for
the concentration NH; (measured as N) at 1.25 mg L™ for southern treatment plants. A

NSP guideline for northern communities is currently under review.

The ammonia concentrations expressed in this report are expressed as the concentration of
nitrogen measured in NH;. This is written as NH;-N. However the nitrogen measure from
the NH; form does not accurately represent the toxic form of NH; found in the original
environmental sample. The effluent sample in its natural state would contain a fraction of
both the un-ionized form (NH;) and the ionized form (NH,"). The effluent sample is
analyzed under a basic environment which forces all of the NH," into the NH; form. Thus
what is expressed in the value NH;-N is actually the nitrogen from both the un-ionized and
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ionized forms. Therefore a better expression of this value is a term called “total nitrogen
ammonia” or TAN for short. In order to approach the NPS of 1.25 mg L' of the toxic un-
ionized form (NH,), a “total nitrogen ammonia” (T'’AN) concentration of approximately 100
mg L' in an environment with a pH of 8 and a temperature of 5°C would be needed.

All TAN values (expressed in this manual as NH;-N) were well below the 100 mg L™
example provided above. The highest concentration of TAN (e.g., 76 mg L") was found
entering the wetland at Gjoa Haven. The pH of the wetland effluent was less than 8 at all
sites except for some locations within the Taloyoak wetland (pH range: 7.1 to 8.6), however,
the TAN concentrations at the Taloyoak were below 5 mg L. Because of either the
relatively non-basic pH values in the wetland or the low TAN concentrations it can be
surmised that the concentration of the un-ionized toxic NH; would be well below the
threshold of 1.25 mg L™ in all areas of the wetland including the effluent exiting the wetland

to the receiving water body.

The removal of ammonia was efficient in all wetlands with the exception of Pond Inlet and
Fort Providence. Once again, the steep slope and the anticipated short hydraulic retention
time at Pond Inlet likely contributed significantly to the poor ammonia removal. The poor
performance at Fort Providence may have been related to the fact that this wetland was
surveyed during the lagoon decant period and so flows would have been higher than normal
with the inflow of fresh effluent. Ammonia removal in all other wetlands was generally
ninety percent or greater (Table 5.9) and strongly suggests that the release of NH; would be
well below the 1.25 mg L' NPS established for southern Canada.
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Table 5.9  Overview of wetland treatment performance in the reduction of total
ammonia nitrogen (TAN) expressed as NH3-N
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Performance Measure
Water Licence Conc. (TAN mg L'l) notset notset notset notset notset notset notset
Wetland - Conc. In (TAN mg L™) 3.2 75.4 16.1 26 76.4 9.6 4.6
Wetland - Conc. Out (TAN mg L™Y) 0.01 31.6 0.31 18 1 0.1 0.13
% Reduction between in & out 100 58 98 31 99 99 97
% Wetland length to achive 50% reduction 33% 100 50% o 30% 20% 30%
Wetland length to achieve 50% reduction (m) 90 250 150 xxk 230 100 150
% Wetland length to achive steady state 70% rork 60% *kk 60% 50% 70%
Wetland length to achieve steady state (m) 190 Fork 180 *kk 450 270 335
Size of Wetland (m?) 14600 5800 21300 8700 169000 72900 61200
Approximate length of wetland (m) 275 250 300 160 750 530 350

Legend: *** means that <50% reduction was achieved

Microbial Indicators

When microbial indicators are stipulated for compliance purposes, most water licences
base treatment on the reduction of fecal coliforms. For this investigation, total coliforms
and E. coli were the primary microbial indicators surveyed in all wetlands except for Pond
Inlet were microbial parameters were not monitored and in Paulatuk where fecal coliforms
were monitored in addition to total coliforms and E. coli. Microbial organisms by nature are
very heterogeneous in their distribution and thus sample results often reflect high
variability. As such, any results generated from this study must be understood as providing
only a snap shot of the conditions on that particular sample day with the realization that no
attempt was made to quantify the variability in microbial densities at a particular sample
locations. Thus the results can at best provide only a generalized impression of treatment
efficiencies. The expression of these data into interpolated maps has been challenging since
outliers caused from either natural variability or perhaps sample contamination at the time

of collection can skew the resulting maps. It should also be understood that E. coli is a
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subset of the microbial density that is normally captured when monitoring the larger body
of organisms categorized as fecal coliforms. However, the E. coli data does provide an
indication of trends in the overall reduction of E. coli that likely reflect similar trends that
would have been noticed in fecal coliforms should these organisms had been monitored. An
overall comparison of the microbial removal by wetland has been provided in Table 5.10.

The information presented in Table 5.10 is intended to provide a high level overview of
treatment performance that will allow some generalized trends to be identified amongst the
treatment wetlands. This information should not be used for generating specific values since
all values presented are rough approximates, particularly when describing approximate
lengths within the wetlands associated with a percent reduction in bacterial counts.

Overall, the densities of E. coli exiting the wetlands are below the densities stipulated in
the water licences for fecal coliforms within all wetlands. It is understood that £. co/i is only
a subset of fecal coliforms and had fecal coliforms been measured, then the microbial
densities exiting the wetlands would likely have been higher. In most cases the log reduction
of E. coli was approximately 2 or greater except for Fort Providence where it was less than 1

log unit.
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Table 5.10

organisms

Overview of wetland treatment performance in the removal of microbial

Performance Measure

Wetland Site

Water Licence (Fecal Coliforms - CFU/100mL)
Wetland - In (E. coli - CFU/100mL)

Wetland - Out (E. coli - CFU/100mL)
Approximate log reduction

% Reduction between in & out

% Wetland length to achive 50% reduction
Wetland length to achieve 50% reduction (m)
% Wetland length to achive steady state
Wetland length to achieve steady state (m)
Size of Wetland (m?)

Approximate length of wetland (m)

Paulatuk

1x10*
2850
1
3
100
20%
50
40%
110

14600

275

Pond Inlet

1x10°

5800
250

Edzo

1x10°
9090
1
4
100
50%
150
90%
270

21300

300
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1x10°  1X10°
2480 408000
990 300
<1 3
60 100
80 10%
130 50
*kk 20%
*kk 100
8700 169000
160 750

Ulukhaktok

1X10°
9210
1
4
100
50%
270
60%
320

72900

530

Taloyoak

unknown
1300
24
15
98
75%
360
85%
400
61200
480

Legend: *** means that <50% reduction was achieved

Trace elements

The concentration of trace elements in the effluent samples exiting from the wetland is for
the most part below the Canadian Water Quality guidelines for the protection of aquatic
health. Where elevations are occurring within the wetlands, the primary elements seen
above water quality guidelines include iron > copper > zinc. The elevated occurrence of

arsenic, chromium and cadmium are less frequent. At the Paulatuk and Edzo sites, iron and

copper where the only two elements found in the effluent exiting the wetland.

5.2.3 Discussion

The water quality data for each of the seven sites studied for Environment Canada are
presented in the form of interpolated maps in Appendix C of this manual. Note that the raw

RBC Blue Water Project -Tundra Wetlands: performance & operational tools 2014



data files for the interpolated maps are contained in Appendix D. The interpolated maps for

most wetlands represent only the more prominent parameters.

The findings from the study funded by Environment Canada indicate that at the time of
investigation all wetlands, with the exception of the Pond Inlet and Fort Providence sites,
were reducing cBODj sufficiently to meet the CCME NPS of 25 mg L. Some wetlands
like Paulatuk, Edzo, Gjoa Haven and Ulukhaktok were able to lower the values to less than
10 mg L. This likely was influenced by both the larger size of the wetlands and the
correspondingly lower organic loads entering these sites. Likewise all wetlands with the
exception of Fort Providence and Taloyoak (note: Pond Inlet not assessed) were able to
achieve a 2 log or greater reduction in E. coli counts. All the wetlands studied were,
however relatively poor in the removal of total suspended solids. This may be due in part to
the phenomenon that wetlands can both remove and generate their own suspended solids,
and in particular the organic portion (VSS). Thus it becomes difficult to interpret the TSS
findings because the current assessment performed by laboratory methods do not
distinguish the portion of TSS originating external to the wetland (e.g., municipal influent)
and the TSS generated by the wetland itself. Although the study monitored total ammonia
nitrogen (TAN) and not the toxic un-ionized NH;-N, the values of TAN were low enough
in all effluents exiting the wetland to ensure that the concentration of the un-ionized
fraction would be well below the NPS of 1.25 mg L' NH;-N. Trace elements within
effluent samples taken from the wetland were generally below the Canadian water quality
guidelines for the protection of aquatic health. Iron, copper and zinc were slightly elevated
at or near the discharge of some wetlands. At this stage it is not known if the concentration
seen in the effluent samples is a reflection of metal concentration within the sediment
portion of the wetland and reflects a buildup of these trace elements above what would be
found in nearby reference locations. More study would be needed to be able to better
understand the long term impact of land disposal of municipal effluents to these areas.

The data were analyzed to determine if there was an association between the
concentration of COD and BOD; and cBOD:;. If a relationship was found it was speculated
that COD may be able to serve as a proxy parameter for the evaluation of BOD; and/or
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cBOD:;. The ability to use a proxy parameter such as COD would prove valuable since the
COD sample can be preserved in the field and thus does not have the sample time
constraint regarding sample shipment to an analytical laboratory. However, no observable
relationship was observed for any of the wetland sites.

Analysis of the data indicated that performance of Pond Inlet and Fort Providence was
distinctly poorer than the other five sites. Interestingly the effluent transfer from the pre-
treatment lagoons to the wetlands was through decanting. The release of effluent into all
other wetlands was via a slower but continuous exfiltration through leaky berms or
continuous release from facultative lakes during the frost free season suggesting that better
treatment can be achieved when releases are slow and continuous. The impact to treatment
process caused by a sudden discharge related to a decant event or spring freshet is unknown.
It is anticipated that higher flow volumes can decrease HRT's and increase organic loading
to the point that the treatment system is overwhelmed and treatment efficiency decreases.
Decanting of lagoons is also typically done at the end of the summer period therefore

wetlands have less time to assimilate the nutrients and other pollutants.

A four month summer period (e.g. 122 days) was arbitrarily chosen to represent the
average period of time when wetlands could be expected to be unfrozen and when effluents
would be expected to be flowing through the wetlands. It is anticipated that the extreme
cold during winter months would freeze the municipal effluent exiting the pre-treatment
lagoons and effectively stop all treatment by the wetland. The study was for the most part
conducted in late summer and so little is known about the effluent flow volumes and
concentrations occurring in the early part of summer shortly after the thaw and when
effluents started to once again flow to the wetlands. In some cases it may be that the flow
volumes overwhelmed the wetland’s treatment capacity and yet it could also be that there is
such a dilution effect occurring from the melt of winter ice and snow that effluent
concentrations were lower than normal. More study is needed in the early part of summer
shortly after the thaw in order to better understand the influential conditions occurring at
that time.
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The mechanisms of action operative in the treatment of effluent are different for waters
travelling subsurface and that portion flowing overland. This study attempted to understand
the hydraulic dynamics within the wetlands by investigating the hydraulic conductivity and
pore size of the sediments as an indirect method to determine the hydraulic retention time
for the effluent. The result from these efforts had indicated that flow through the subsurface
was quite slow and suggested that a significant portion of the effluent may be traveling
overland in preferential flow paths. The proportion of effluent flowing subsurface in
comparison to surface has been difficult to assess. For example, the piezometer work
undertaken at the Ulukhaktok site would suggest that the vast majority of the effluent
volume should be traveling as overland flow, however, at this site, no overland flow or
preferential pathways were observed as there was also no observable outflow point where
effluent was exiting the wetland. This led to the speculation that most of the effluent loss
from the site might be occurring through an evaporation process. However, some debris
associated with wastewater was found well into the middle of the wetland area suggesting
that higher flow must have occurred at some point in time to have carried the debris this far.
This observation once again indicates that more study is needed to better understand the

seasonality of wastewater flow.

One of the challenges encountered during the interpretation of the data was identifying a
representative exit point for the effluent. In many cases the inflow of effluent to the wetland
was diffuse. Exfiltration from the lagoon berm is often variable both in location and the
volume of flow. It is common to find preferential channelling or ponding occurring while
some of the inflow may also be entering the wetland subsurface and therefore not easily
seen. This makes it difficult to directly measure the daily hydraulic loading of the wetlands.
Likewise monitoring the outflow can also be challenging. In some situations such as
Taloyoak, the wetland flow (at least the overland flow portion) was funnelled into a small
stream exiting the wetland; however in other wetlands the exit of surface waters can be more
diffuse making it difficult to determine if the sample location chosen is the best site to
represent treatment efficiencies. The lack of a clearly defined effluent exit point can make it
challenging from a regulatory perspective unless clearly marked static sample locations are
chosen and agreed upon in advance.
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Despite the challenges and the unknowns associated with wetland treatment sites, it
appears that wetlands are significantly improving the water quality of the effluent beyond
what is being achieved during the primary treatment process. Wetlands appear to play a
critical role as a key component within a hybridized approach to the treatment of municipal
effluents in the north that utilizes lagoons or facultative lakes for pre-treatment and storage,
and wetlands for secondary treatment during the frost-free season.

5.3 Summary and future research directions
Despite the global wealth of knowledge regarding the use of constructed wetlands for the

treatment of municipal wastewater, a review of the published literature suggests that there is
a considerable lack of knowledge regarding the overall understanding of natural treatment
wetlands in the Arctic (Yates et al., 2012; Kadlec and Wallace, 2009; Vymazal, 2011).
Current understanding of Arctic systems generated from research conducted by the CAW'T
and published by Yates et al, (2012) has shown that wetlands which received continuous
exfiltrates from lagoons or facultative lakes, despite cold ambient air temperature,
permafrost soils, minimal soil depth, and a growing season of as little as two months
achieved or exceeded performance standards set for southern Canada. However, there are a
number of specific research needs that need to be fulfilled as we try to determine
appropriate performance standards for wetland treatment systems in the Canadian Arctic.

A greater understanding of the complex roles that the hydrological conditions and
biogeochemical interactions play in the overall treatment performance of tundra wetlands is
needed in order to better apply this technology to cold climate natural tundra regions. For
most natural wetland sites, site specific information regarding subsurface and surface flow is
generally lacking. The volume of wastewater entering the wetland can be estimated from
the volume of waste hauled to the site; however, determining flow volumes exfiltrating from
the lagoon berm and how much of this flow travels overland and what portion travels

subsurface is difficult. Determining the volume of new water entering the wetland either via
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surface or subsurface flow and how this might influence wastewater strength through
dilution is also difficult.

The exact location of the wetland outlet is not always obvious for natural wetlands. Water
quality can change dramatically in short distances from dilution from non-effluent
watershed contributions and other factors. Additionally, the wetland outlet point location
can change over the treatment season. This ambiguity in outlet location complicates
monitoring and performance assessment of the system. The wetland outlet sample
locations, and any other important sample locations, should be strategically located,
representative of the waste stream, and be well defined to assure long-term monitoring is
consistent. The correct sample location siting may require site-specific hydrodynamic
studies such as tracer testing.

The limited amount of information generated from these studies suggest that the level of
treatment may vary seasonally, and particularly during the spring freshet when subsurface
soils are still frozen and the wastewater that has accumulated over the winter time on top of
the wetland surface begins to melt. At this point, there is a lack of understanding regarding
early season variability and ability to identify which wetlands are at risk to being
overwhelmed by high organic loadings and which wetlands have the capacity to assimilate
high spring time loadings. Similarly, the effects of dilution from spring meltwater are
unknown. Dilution from meltwater may mitigate concentration based effects.

Tracer testing to determine site-specific HRTs should be conducted at strategic times
during the spring freshet or in conjunction with the highest effluent discharge period for
decanted systems. Furthermore, the permafrost melt rates and depths of active layers of the
subsurface areas receiving effluent would be an important parameter to characterize,
especially in relation to HRT.

Further research on the effluent effects on arctic vegetation in the wetland treatment areas
is required. Eventually, determination of the threshold HLRs to avoid detrimental effects to
the native vegetation would be useful for design purposes.
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Since monitoring treatment performance data collected in wetlands is limited, it is rare to
have comparable data from one year to the next. As a resul, little is known regarding how
treatment efficiencies may vary and what factors influence this variability. In the Arctic, this
is especially true where climate change is expected, and already is experiencing drastic
changes. With increases in mineralization rates of organic matter and nutrients and
increases in plant biomass, treatment periods would likely become longer, and performance
would only improve (Yates et al, 2012). However, such changes would also require changes
in the management strategies, because of changes in the hydrological regime,
eutrophication downstream and prolonged increases in pathogens that may have human and
ecosystem consequences given the current management of several treatment systems (Yates
etal,2012).

The fulfillment of these research needs would help significantly in both interpreting the
results and predicting how the wetland would perform under different organic loading
regimes. This would facilitate informed, ecologically responsible and safe incorporation of
natural tundra wetlands into the overall northern wastewater management. T'o meet the
research needs outlined above, there is a requirement for hydraulic, treatment performance,
and modeling studies on multiple northern wetlands, which entails comprehensive

monitoring programs and associated funds.

6.0 Predictive tools

6.1 Treatment wetland design models
The increase use of wetlands for wastewater treatment together with increasingly stricter

water quality standards is an ever growing motive for the development of numerical models
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to be used as predictive process design tools. The main objective of the modeling effort was
to increase the predictive insight into the functioning of complex treatment wetlands
through the use of process or mechanistic based models that describe in detail
transformation and degradation processes (Langergraber et al, 2009). Once reliable
numerical models are developed and validated against experimental data, they can be used
for evaluating and improving existing design criteria. Most of the literature on models refers
to simple first-order decay models (e.g. Stein et a/., 2006; Rousseau et al., 2004) or describes
the treatment wetland as a black box (e.g. Tomemko er al, 2007; Pastor et al., 2003)
acknowledging only a limited understanding of the studied facility. The number of
mechanistic or process based models is limited.

There are currently a variety of approaches that can be applied to predict the future
capacity of constructed wetlands. However, the options available for modeling the
performance of natural tundra wetlands are limited. This is primarily due to the fact that
these natural wetlands are not engineered and because of this much less is known regarding
media depth, flow rates, the influence of preferential flow paths and infiltration of surface or
ground waters and many other characteristics required for model input. The options
currently available generally include relatively simple design models like “rules of thumb”
and regression equations along with first-order kinetic models or sophisticated 2-
dimensional or 3-dimentional models. The best approaches are likely those that incorporate
site specific performance data into the model in an attempt to calibrate the model to an
individual wetland.

Regardless of whether the wetland is constructed or natural, these tools are needed by on-
site managers as well as consulting engineers, regulatory agencies, municipal planners and
territorial water boards to allow them the ability to validate a technology and predict future
needs as communities expand and regulations change. This chapter discusses some of the
more common methods used to determine what the optimal wetland size is for the current
and future volume of sewage to be treated.
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6.2 Sizing calculations for existing and new sites

There are a variety of methods that can be used to determine the approximate size a
wetland must be in order to effectively improve the water quality of the influent (e.g.,
Domestic sewage) before it is released to the environment. The Canada - wide strategy for
municipal effluents prepared by the Canadian Council of Ministers of the Environment
(CCME) addresses four water quality parameters (BOD, 'T'SS, ammonia and total residual

chlorine).
Sizing tools can be generally categorized under the following headings:

e Rules of thumb (sometimes also called scaling factors)
e Regression equations and loading charts
e Simple first order kinetic models (e.g., k— C* model)

e Variable - order, mechanistic or compartmental models (e.g., SubWet 2.0) and
sophisticated 2D and 3D models (e.g., HYDRUS, WASP, TABS-2, STELLA)

In general terms, the rules of thumb methods contain the greatest amount of uncertainty
and thus are often used primarily as a “first-cut” estimate of wetland size. The variable -
order and compartmental models can provide the most precise measurements, but their use
is often hampered by the need for a large data set of site specific information which often
does not exist or is not easily obtained. Without the calibration of these models to the
specific conditions of the site, the results can be quite inaccurate. Figure 6.1 provides an
overview of the strength and weaknesses for each major predictive tools category.

6.2.1 Rules of Thumb

Rules of thumb, which are sometimes referred to as “scaling factors”, are based on
observations from wetlands that exhibit a wide range of climatic, vegetative and physical
conditions and water quality types. These generalized observations can be used to predict
the behaviour of certain water quality parameters in relation to different physical
components of the wetland. From an engineering perspective, rules of thumb are the easiest

and fastest method for determining the approximate size needed for a wetland in order to
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achieve generalized water quality parameters or treatment. Since the rules of thumbs have
evolved from a wide range of conditions, they can only be used at best as a very rough
approximation. In fact, Rousseau er a/ (2004) has suggested that they are best used as a
method for validation of other more sophisticated sizing methods such as the first order
kinetic model k-C* or other variable-order or compartmental type models.

Rules of thumb methods are generally based on either the speed at which the sewage
traverses the wetland (e.g., hydraulic retention time), the volume of water entering the
wetland per unit size of wetlands (e.g., hydraulic loading rate), the mass of organic loading
that is being applied per unit of wetland (e.g., organic loading rate) or are composed of a
generalized set of observations that have been compiled over the years from a wide range of
wetland conditions.
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Figure 6.1  Overview of the strength and weaknesses for each major predictive tools

category.
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6.2.2 Hydraulic Retention Time (HRT)

The hydraulic retention time provides an estimate predicting how long it will take for the
water entering the wetland to exit the wetland. Many of the treatment mechanisms within
the wetland are biologically and or chemically driven and as such take time to complete. It
has been generally accepted that most of the biological and chemical treatment can occur
within a 2 to 7 day residency time within wetland. Many of these observations however have
been made for temperate wetlands further south than those found in Nunavut and thus
some have suggested a more realistic HRT for those wetlands north of 60° latitude might be
closer to two weeks.

In many northern situations where natural wetlands are being used to treat domestic
sewage, the size of the wetland is fixed by the surrounding landscape and cannot be easily
adjusted. In these situations, it will still be important to determine what the actual HRT is
for a specific wetland. This can be used to determine if the existing HRT falls within the
generally accepted range of 2 to 7 days or preferable longer. If however, the HTR is less
than 2 to 3 days then there is a significant chance that the wetland is not large enough to
effectively treat the volume of sewage entering the wetland.

The HRT is basically a measure of volume / flow. For example, if the wetland has a
volume of 1000 cubic metres and the inflow is 200 cubic metres per day, then the HRT is
1000 m® / 200 m® per day = 5 days. This is based on the rate of water entering the wetland
together with the volumetric capacity of the wetlands, or in other words, how much water
can the wetland hold (similar in principle to determining how much volume a pond or lake

can hold and how often that water volume is replenished or exchanged).

Determining water volume of the wetland

The water (sewage) holding capacity of a wetland is determined by knowing the wetlands
width, length and depth (to the bottom of the permafrost or bedrock). In most tundra
wetlands, the water volume above the ground is minimal compared to the volume of water
contained in the mineral and organic soils of the wetland. It is important to remember that

the saturated portion of the wetland is much like a sponge and as such is composed of both
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water and sediments. In order to determine the portion of the saturated zone occupied by
only the water, the average porosity of the soil needs to be known. The porosity provides
an estimate of the pore space between soil particles that is occupied by water. In some
wetlands, the porosity is 30% meaning that within 1 cubic metre of soil, 70 percent of the
volume would be occupied by soil and 30 percent would be occupied by water which in this
case would mean that 300 L of water could be stored with a 1 cubic metre of soil that had a
porosity of 30%.

If it were a perfect world, then measuring the water volume of the wetland would be as
easy as it is described above, however, in tundra wetlands, the wetland size is often irregular
in shape and the depth of the unfrozen zone of soil and rocks can be quite variable, as can be
porosity. It is therefore often quite difficult to get accurate measurements, however, the
intent here is to get a reasonable approximation of the wetland volume; remembering that

rule of thumb methods are by nature imprecise.

Determining the flow of sewage through the wetland

In order to determine the HR'T, the flow of water (sewage) into the wetland must be
estimated. Typically this is measured as litres of sewage entering per minute or hour, but
generally expressed as cubic metres of sewage per day. One cubic metre contains 1000 L
and one day contains 1440 minutes per day (e.g., 60 minutes per hour X 24 hours per day =
1440 minutes per day). Depending on the wetland the flow can be estimated in different
ways. For those wetlands that have scheduled periods of decanting, the flow can often be
measured to provide an estimated flow per day or week. In some communities, the lagoon
berm may leak. If leakage is confined to one region, then it may be possible to estimate the
approximate discharge rate to the wetland, in other situations, particularly when leakage
through the berm is more diffuse, estimates are made from knowing the number of trucks
per day discharging sewage to the lagoon and by monitoring water levels within the lagoon
itself.

An indirect way to determine flow, but one that is just as valid as those mentioned above is
to estimate the volume of sewage generated by the community. In communities with
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trucked service the volume of drinking water delivered within the community is tracked
(recorded) and as such can be used as an indirect measure of sewage produced. The volume
of sewage trucked for treatment is generally not tracked. It is also realized that the raw
sewage for most communities is temporarily stored in a lagoon prior to disposal to the
wetland. The underlying assumption here is that evaporation from the lagoon is minimal
and that the discharge to the wetland from the lagoon is consistent in terms of flow volume,
even if the decant occurs over an established period of time rather than being continuous.

In communities where it is difficult to get a reasonable estimate of sewage generation or in
situations where the future volume of sewage generated by a community is of interest, an
estimate can be determined by knowing the population and an estimated volume of water
used per individual per day. This estimated volume is often referred to as “personal
equivalence or PE”. The volume of water consumed per day for an individual varies greatly
depending on their location and the availability of water. Note that the PE method does not
provide any information regarding what strength of effluent can be treated, nor does it
provide any information concerning the quality of treatment. The values generated by the
PE method provide information only in regards to the amount of effluent predicted to be
produced by a certain population size. The Canadian average (for southern Canada) is 454
L/d per person which is a noticeably high estimate that averages in personal consumption
and use by industry. In the USA, the personal equivalents (PE) determined for common
households is 190 L per day per person. In developing countries it ranges between 60 to 80
L per day per person. In the Canadian north, the Department of Municipal and Community
Affairs (MACA), Government of Northwest territories has developed the following formula
to determine the volume of sewage generated from a known population base. The equation

1s:
Water Usage (L/community/d) = 90 L/c¢/d X (1.0 + 0.00023 * population)

Once the flow rate and hydraulic retention time are known, then an aerial estimate of the
wetland size can be determined. A HRT of 1 day would estimate the size of the wetland
needed to contain the volume of water (sewage) generated from one day within a
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community. A HRT of 5 days would estimate the size of the wetland that would have a
capacity to hold 5 times the volume generated from one day within a community. Thus it
would take 5 days for this sewage to leave the wetland. Likewise a HR'T of 7 days would
mean that the size of the wetland needed to retain (hold) the sewage for 7 days would have
to be 7 times the volume produced from a community during one day.

The following provide some example calculations when determining the HRT.
Step 1: Converting a flow rate of litres per minute to cubic meters per day

m3 L m3 60 min  24h

4 min¥10002Y R X4

For an example of 2.7 L per minute the flow rate expressed in m’/d is

m3_2.7LX m3 X60minX 24h—388 bi . 4
T S > - = 3.88 cubic metres per day

Step 2: Factoring in soil porosity to determine the size of the wetland needed for a one-
day HRT

e Using the flow value of 3.88 m’ above, and a porosity of 30 percent then 3.88 m’
represents only 30 percent of the wetland size that is needed. In order to determine
the total size of the wetland needed the following formula is used:

3.88m*  30%
X  100%
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Solving for X you determine that X = 12.9 m’
This means that a wetland with 30 % porosity must be 12.9 m’ in size in order to
hold a daily flow of 3.88 m’.
Step 3: Determining the size of the wetland needed for a 5-day HR'T is as follows

1d HTR _ 129 m?
5d HTR X

Solving for X you determine that X = 64.7 m’
Step 4: Determining the aerial size of the wetland taking into account the depth of the soil

o If the depth of the wetland soil is 0.2 m then the surface area of the wetland can be
determined by:

64.7 m3
0.2m

= 323 m?
Converting to hectares

. 1 ha _
323 m= = —10000m2—0.0323ha

6.2.3 Hydraulic Loading Rate (HLR)

The hydraulic loading rate is a quick method to determine if the flow through the wetland
(distance / time) is within a broad range of values generally considered suitable for the
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treatment of sewage within wetlands. The range of values for HLR are broad and thus must
be interpreted cautiously and considered as only one course indicator to determine if the
wetland is receiving an appropriate load. HLR is a measure of flow divided by area. For
example an 8000 m* wetland which receives a flow of 200 m’ per day has a HLR of 200 m’
per d / 8000 m’ = 0.025 m/d or 2.5 cm / d. The HLR provides a measure of flow velocity
and the lower the flow velocity, the greater the chance for solids to settle out.

The HLR is determined as:

HLR = flow (m’ per day) divided by wetland size (m?)

HLR—m3X1
~ d " m2

HLR—200m3X 1 = 0.0252
- d 8000m2 d

Often HLR will be expressed in cm/d which can be achieved by
multiplying m/d by 100, thus 0.025 m/d =2.5cm /d

Commonly accepted ranges for HLR range greatly. Typically, a normal HLR is
considered to range between 0.2 to 3.0 cm/day (Wood, 1995) and in colder climates it has
been suggested that a more appropriate range is 1 to 2 cm/day (Doku and Heinke, 1993),
but others such as Kadlec and Knight (1996) suggest the range to be somewhere between 8
to 30 cm per day.

6.2.4 Organic Loading Rate
Dillon Consulting Limited prepared an assessment of the Kugaaruk, Nunavut treatment
wetland in 2009. In that report they cite the work of Doku and Heinke (1993) who states

that northern wetlands should not receive an organic loading of greater than 8 kg
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BODs/ha/d in order to ensure adequate aerobic conditions exist within the wetland. Other
investigators have used BOD loadings but more from a water quality perspective. Most uses
suggest that BOD loadings should not exceed certain levels in order to ensure defined water
quality parameters are not exceeded. For example Wallace and Knight (2006) indicate that
BOD loadings should not exceed 80 kg BOD/ha/d to ensure that the water quality of the
effluent exiting the wetland has a BOD concentration of 30 mg/L or less. Most of these rule
of thumb values have be derived from loading charts which plot the BOD concentration of
the water exiting the wetland as a function of the aerial loading rate of the BOD (e.g., kg
BOD/ha/d) entering the wetland. The scatter around these regression curves is often large
since the loading charts are often developed from the inclusion of data gathered from a wide
range of wetland sizes, shapes, flow rates and climatic conditions.

An example of how to calculate the organic loading rate is as follows:

Equations
mg L
kg EODS —= 7 Xlﬂﬂﬂﬁ
Organic Matter EODS—)_ g 1
m.3 1,000,000 7=

I kg o o m3»
kg BODS Organic Matter BCJDE j)XF.rJ'n [a jl

0 ic Loading Rat :|= 2
rganic Loading Rate | ——— Area :__an}

Calculations
L

mg
kg) 120—= T Xlﬂﬂﬂm

1,000,000 24
kg

Organic Matter [EDDS
m3

BOD; = 0.12 kg/nr’

kgEODE:I Organic Matter [0 12- ’93) X 314.6 (?31

Organic Loading Rate [ 3

1.6 (ha)
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Organic Loading Rate = 23.6 kg BOD,/ ha per day

Once again, these prescriptive rule of thumb methods can at best provide only a rough
approximation for anticipated results. The loading rates such as those discussed above will
provide rough guidelines for anticipated results, but it should be remembered that most of
the rule of thumb approaches have been generated for warmer climates where higher
temperature rates are likely more reflective of faster biological and chemical reaction rates.
Loading rates such as the above for BOD cannot be used to provide an estimate of the
wetland size needed to ensure the desired water quality targets are met. Furthermore, rule
of thumb approaches are based on constructed wetlands, not natural wetlands.

Some common scaling factors for BOD are as follows:

Rousseau eral, (2004)
e Max BOD loading rate of 75 kg BOD ha™ d!

EC/EWPCA Emergent Hydrophyte Treatment System Expert Contact Group and
Water Research Centre, (1990) [cf Kadlec and Wallace, 2009]
e 80kg BOD ha' d' to produce an effluent BOD of less than 30 mg/L for primary-
treated domestic wastewater

U.S. EPA, (2000a) [cf Kadlec and Wallace, 2009]
e 60 kg BOD ha' d" at inlet to produce an effluent BOD of less than 30 mg/L

Wallace and Knight, (2006) [cf Kadlec and Wallace, 2009]
e 80 kg BOD ha' d" at inlet to produce an effluent BOD of 30 mg/L
e 50kgBOD ha' d" atinlet to produce an effluent BOD of less than 25 mg/L

Doku and Heinke, (1993) [cf Dillion 2009 KUG]
e 8kgBOD;ha'd"’
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Campbell and Ogden, (1999)
Good estimates for BOD removal in a temperate climate (2.5 kg BOD / m’ / year)
e In slightly warmer climates, this changes to 3.3 kg / m* / year @ 15°C and 4.4 kg /
m’ / year at 20°C

6.2.5 Regression Equations

The majority of the wetland studies appear to measure input and output concentrations,
with some measuring input and output loadings. From this limited information many have
developed regression equations in an attempt to mathematically describe the processes
occurring within the wetland. This overly simplified approach treats the wetland as a black
box and does not allow for the input of other influential parameters such as climate, bed
material or physical dimensions of the wetland (length, width, depth, etc.). A lack of
knowledge concerning these parameters hinders the appropriateness and closeness of fit to
site specific wetlands. Wetlands, particularly those classified as natural wetlands being used
for treatment, are quite variable in many of the influential parameters such as HLR, HRT,
soil type and porosity, wetland dimensions, influent concentrations, climate, etc. and as such
the application of generic scaling factors can only be used as a rough estimate of anticipated

performance.

Regression equations can provide estimates regarding the change in parameter (e.g.,
BOD, COD, TSS, etc.) concentration and / or loading but are limited in the ability to be
used to determine an estimate of the wetland size needed to meet certain effluent standards
unless the regression equation accommodates the input of the hydraulic loading rate which
when inputted into the equation Area (m’) = flow (m’ / d) / HLR (m / d) allows for the
determination of wetland size, or, when a rule of thumb value is available for estimating the

removal rate of the parameter of interest (e.g., a good estimate for BOD removal is 2.5 kg
BOD m™ y™).
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Area based on HLR

L | A

Where:
Q = flow (m’/d)
q = hydraulic loading rate (m/d) [note: the equation used to calculate

q is provided above]
Example:
200 E
A= d
025
d
A = 1000 m’

The following provide some regression equations for HSSF wetlands:

Biological Oxygen Demand
Regression models with concentration or loading only (no HLR) as input parameters
Brix, (1994) [c.f. Rousseau et al, 2004] System = Danish and UK soil-based HSSF
Equation: C_,,=(0.11 *C,) + 1.87
Input Range = 1<C,< 330 mg L'"; Output Range 1<C,<50 mg L'; g = 0.8<g<22 cm d’';
R’ =0.74

Vymazal, (1998) [c. f. Rousseau er al, 2004] System = HSSF in Czech Republic

Equation: C_,=(0.099 * C,) + 3.24

Input Range = 5.8<C, < 328 mg L''; Output Range 1.3<C,<51 mg L''; ¢ = 0.6<g<14.2 cm
d'; R*=0.33

Reed and Brown, (1995) [c.f. Rousseau et al, 2004] System = 14 USA HSSF

Equation: LL (0.653 *L,) + 0.292

removed —
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Input Range = 4<L,< 145 kg ha™ . d'; Output Range 4<L,,,,,..<88 kg ha' - d'; ¢ = not
given; R* = 0.97

Vymazal, (1998) [c.f. Rousseau et al., 2004] System = HSSF in Czech Republic

Equation: L., = (0.145 * L) — 0.06

Input Range = 6<L,< 76 kg ha™ d; Output Range 0.3<L,<11 kg ha” . d'; ¢ = not given;
R?=0.85

Chemical Oxygen Demand
Regression models with concentration or loading only (no HLR) as input parameters
Vymazal, (1998) [c.f. Rousseau et al, 2004] System = HSSF in Czech Republic
Equation: L, = (0.17 *L,) + 5.78
Input Range = 15<L.,< 180 kg ha™ - d'; Output Range 0.3<L_,<11 kg ha' - d'; ¢ = not
given; R* = 0.85

Total Suspended Solids
Regression models with concentration and HLR (q) as input parameters
Reed and Brown, (1995) [c.f. Rousseau et al, 2004] System = 14 USA HSSF
Equation: C_,= C,,* (0.1058 + 0.0011 * g)

Input Range = 22<C,< 118 mg L'; Output Range 3<C,<23 mg L''; g = not given; R* =

not given

Regression models with concentration or loading only (no HLR) as input parameters
Vymazal, (1998) [c. f. Rousseau et al,, 2004] System = HSSF in Czech Republic
Equation: C_,=(0.021 *C,) + 9.17

Input Range = 13<C, < 179 mg L’'; Output Range 1.7<C,<30 mg L'; ¢ = 0.6<g<14.2 cm
d'; R*=0.02

Brix, (1994) [c. f. Rousseau et al, 2004] System = Danish and UK soil-based HSSF
Equation: C_,=(0.09 * C,) + 4.7

out —

Input Range = 0<C, < 330 mg L''; Output Range 0<C <60 mg L''; ¢ = not given; R* = 0.67
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Total Nitrogen
Regression models with concentration and HLR (q) as input parameters
Kadlec and Knight, (1996) [c.f. Rousseau et al, 2004] System = NADB + others
Equation: C_,= 2.6 + (0.46 * C,) + (0.124 * q)

Input Range = 5.1<C,< 58.6 mg L''; Output Range 2.3<C,<37.5 mg L'; g = 0.7<¢<48.5
cmd?’; R* =045

Regression models with concentration or loading only (no HLR) as input parameters
Kadlec et al, (2000) [c.f. Rousseau et al, 2004] System = Danish soil-based HSSF
Equation: C,_,=(0.52*C,) + 3.1

Input Range = 4<C, < 142 mg L"'; Output Range 5<C,<69 mg L''; ¢= 0.8<g<22 cm d'; R’
=0.63

Vymazal, (1998) [c.f. Rousseau et al,, 2004] System = HSSF in Czech Republic
Equation: C,,,= (042 * C,) + 7.68

Input Range = 16.4<C, < 93 mg L'; Output Range 10.7<C,<49 mg L™'; g = 1.7<¢<14.2 cm
d'; R*=0.72

Vymazal, (1998) [c.f. Rousseau et al,, 2004] System = HSSF in Czech Republic

Equation: L, = (0.68 * L) + 0.27

Input Range = 145<L,< 1894 kg ha' . d'; Output Range 134<L,,<1330 kg ha™' - d'; ¢ =
1.7<g<14.2 ecm d'; R* = 0.96

Total Phosphorus
Regression models with concentration and HLR (q) as input parameters
Kadlec and Knight, (1996) [c.f. Rousseau et al, 2004] System = USA HSSF
=0.23 * (¢~ CO7.)
Input Range = 2.3<C,< 7.3 mg L'; Output Range 0.1<C,<6 mg L''; ¢ = 2.2<g<44 cm d'';
R = 0.60

Equation: C

out
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Regression models with concentration or loading only (no HLR) as input parameters
Brix, (1994) [c.f. Rousseau et al, 2004] System = Danish soil-based HSSF
Equation: C_,=(0.65 * C,) + 0.71

Input Range = 0.5<C, < 19 mg L''; Output Range 0.1<C, <14 mg L'; ¢ = 0.8<g<22 cm d'';
R*=0.75

Vymazal, (1998) [c.f. Rousseau et al, 2004] System = HSSF in Czech Republic
Equation: C_,=(0.26 * C,) + 1.52

Input Range = 0.77<C,< 14.3 mg L”; Output Range 0.4<C,<8.4 mg L; ¢ =
1.7<g<14.2 cm d'; R* = 0.23

Regression equation examples for sizing of wetlands
Example 1: When a rule of thumb removal rate is known

"This is an example of BOD removal rates being used along with a regression equation to

determine the approximate wetland size that is needed in order to achieve a desired removal

rate.

Given:
e BOD concentration entering wetland (120 mg L")
e BOD regression equation: C,,,=(0.11 * C,) + 1.87
e Volume of effluent entering the wetland (314 m’ - d™')
e Number of days per year the wetland is functioning (90 d - y™)
e Rule of thumb BOD removal rate (2.5 kg BOD m* y™")
Step 1: Calculate the expected concentration of BOD exiting the wetland

C,.=(0.11*C,)+1.87
C, = (0.11*120) + 1.87
C,.=15mgL"

out
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Step 2: Calculate the mass of BOD removed per year (Note: active portion is only 90 days)

BOD removed (kg/yr) = (BOD loss mg/L) * (Flow m’/d) * (1 g / 1000 mg) * ( 1 kg / 1000
g) * (1000 L / m’) * 90 d/y)

BOD removed = (120-15 mg / L) * 314 m*/d) * (1 g / 1000 mg) * ( 1 kg / 1000 g) * (1000
L /m’ * 90 d/y)

BOD removed = (105 mg / L) * 314 m’/d) * (1 g / 1000 mg) * ( 1 kg / 1000 g) * (1000 L /
m’) * 90 d/y)

BOD removed = 2967 kg BOD per the 90 day active period of the wetland

Step 3: Calculate the area required based on the rule of thumb (e.g., 2.5 kg/m’/y). NOTE:
in this case a year represents 90 days

Area Required = BOD mass removed / rule of thumb
Area Required = 2967 kg BOD per year / 2.5 kg BOD /m’ / y

Area Required = 1187 m’ or 0.1187 ha

Example 2: Regression equation when both influent concentration and HLR are known

This is an example illustrating the use of a regression equation for TP which will allow the
determination of the HLR if the concentration of TP is known at both the inlet and outlet.
In this example, two equations are being used. One regression equation is used to predict
the TP concentration exiting the wetland for a known TP influent concentration. Once the
input and output of TP concentrations are known, then a second equation is used to
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estimate the HLR. A third equation is then used to determine the Area based on knowing
the flow entering the wetland and the HLR.

Given:
e Equation used to model TP loss: C,,, = (0.65 * C,) + 0.71
e Equation used to estimate HLR (once TP in and out are known): C,,, = 0.23 * (¢"°*
C0'76« )
e Equation used to estimate wetland size based on flow and HLR: A = flow / HLR
e Concentration of TP entering the wetland is: 5 mg/L
Step 1: Calculate the concentration of TP exiting the wetland
C,.=(0.65*C,) +0.71

out —

C,.=(0.65*5)+0.71
C,,=396mg/L

Step 2: solve for HLR (q)
Cyp= 023 % ("% C7%)
3.96mg /L =0.23*(g"* 5°7)
3.96 =0.23 * (¢"** 3.40)
3.96/0.23 = (¢"°* 3.40)

17.2/3.40 = ¢
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5.06 = ¢
5,060 = q
q=14.6cm/d
Step 3: determine size of wetland based on formula:
Area (m’) = flow (m’/d) / HLR (cm / d)
Area (m®) = 314 (m’/d) / 0.146 m / d) (Note: HLR expressed in m/d not cm/d)

Area =2151 m’ or 0.21 ha

6.2.6 First -Order Kinetic Models

The first-order k-C* models are based on areal rate constants (k), flow rates, and
wastewater concentrations entering the wetland. They consist of first-order equations which
under the influence of ideal plug-flow behaviour and constant conditions (e.g. influent, flow
and concentrations) predict an exponential profile between inlet and outlet (Kadlec and
Wallace, 2009). The parameters k, C* and 6 group a large number of other characteristics
representing a complex matrix of interactions in a treatment wetland as well as external
influences like weather conditions. Therefore, there can be high variability in reported
values for k, ky, C* and 6 (Rousseau er al, 2004). Many if not most of the areal rate
constants used for these models have been developed in more southern locations under
warmer climatic conditions and with data generated from constructed wetlands, not natural
wetlands similar to those found in the Arctic.

The first-order kinetic models have their own set of limitations and care must be used to
acknowledge the underlying assumptions that are being made by the user and to understand

the limitations regarding many of the unknowns within a wetland, particularly natural
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wetlands. Such unknowns can include factors such as preferential flow paths and hydraulic
dead zones, inconsistencies in bed medium, hydraulic conductivity, porosity, etc. Many of
these uncertainties can also be present in the more sophisticated models when site specific
parameters are substituted with generalized parameters gathered from other sites.

Alberta Model

There are many variations of the first - order kinetic model. One that has gained
popularity for use in the Canadian north is what is typically called the Alberta model (2000)
which was prepared by the Alberta Environment ministry with the help of CH2M Gore and
Storries Limited and an Alberta Environment Advisory / Working group. The basic

expression of the model is a variant of the &£ — C* model described by Kadlec and Knight
(1996).

This model has been rearranged to allow for the estimation of wetland size using the

following expression.

A—|[0'0365Q]] l |[Ci—C*]]
1Tk 1 ee=¢

Where:
A = area (ha)
k = aerial rate constant @ 20°C, m/yr
Q = design flow (m’/d)
C, = influent concentration (mg/L)
C, = effluent concentration (mg/L)
C* = wetland background limit (mg/L)

This equation can be re-written to determine if the predicted size actually produces the
target effluent concentration (C,). This step is done primarily as a check to make sure the
equation is consistent in giving the same answer. The rearrangement of the equation for
determining if the size meets the target concentration is:
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Where:

C, = effluent concentration in mg/L

Co=C"+(Ci-C)exp| edmax |
©= ! P 170.0365 0
The Alberta model provides k - values for TSS, BOD, TP, TN, NH,-N and Org - N,

thus allowing size to be based on all of the above water quality parameters.

The Alberta model requires an estimate of the background concentration for the
parameter of interest. The model developed for the Alberta Environment Ministry provides
regression equations that will allow the background concentrations for T'SS and BOD to be
estimated. These equations are as follows:

TSS C*=7.8 +0.063 C,
BOD C*=3.5+0.053C,

Major drawbacks to the Alberta model appear to be related to the aerial rate constants
which do not account for the influence of temperature. Likewise there is no ability to adjust
for wetland depth or for differences in bed porosity.

Campbell and Ogden 1999

The first - order kinetics model presented by Campbell and Ogden (1999) enables the size
of the wetland to be predicted based on the concentration of the BOD entering and exiting
the wetland. It appears to have greater utility in that it will accommodate the influence of

temperature and porosity, and yet the model as presented below is for use with BOD only.
The Campbell and Ogden (1999) equation is as follows:
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B Q(InCo —InCe)
B Kt -d 'n

Where:
As = surface area of the wetland
Q = flow, in m*/day
Co = influent BOD (mg/L)
Ce = effluent BOD (mg/L)
Kt = temperature — dependent rate constant
d = depth of bed medium

n = porosity of bed medium

The influence of temperature can be accommodated by modifying K,, the temperature -
dependent rate constant using the modified Arrhenius equation (Kadlec and Wallace, 2009,
p. 643):

K‘t = Kzo O(T_ZO)

Where:
K,, = rate constant at 20°C
O = theta, the temperature correction factor set at 1.06
T = temperature of the water in °C

[NOTE: Kadlec and Wallace (2009) provide K,, and theta values for BOD;, Ammonia,
TKN, T Nitrogen, T Phosphorus. However, these were given for FWS systems (e.g., free
water surface wetlands), and it is not known if they can be used for HSSF systems (e.g.,
horizontal subsurface flow wetlands)]

[Note: cf Reed, Crites and Middlebrooks 1995, p. 226: K, increases linearly as the organic
loading increases, up to an organic loading of 100 kg/ha / d (e.g., at a loading of 100 kg/ha/d
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the K, is 1.104/d). This is a value for a HSSF wetland. Values for Surface flow wetlands are
different and generally lower most likely because surface area is less (e.g., at a loading of 60
kg/ha/d the K, in surface flow wetlands is approx. 0.66/d)]

Campbell and Ogden (1999) also provide sizing equations based on i) TKN and HN4 and i1)
NO3I

« TKN/HN,
In (TKN)/NH, ) = K*HRT
or
HRT = /n (TKN)/NH,)/ K,
where:
TKN = influent Kjeldahl nitrogen in mg/L
NH,. 4 = ammonia concentration in the effluent in mg/L
Ky = 0.01854 + 0.3922(r2)> "
rz = percent of bed depth occupied by roots (a range between 0 and 1; use 1 for
100% occupied)
K, = Ky * (1.048)
HRT = hydraulic retention time in days

Example:
Determine the HRT required to drop TKN from 45 mg/L to 4 NH, mg /L at a
temperature of 5°C
HRT = /n (TKN/NH, .9/ K,
1* Step: determine K,

K, = Ky * (1.048)T2
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Where
Kupy = 0.01854 + 0.3922(72)*7

Kyt = 0.01854 + 0.3922(7)*®” (assuming that the root zone penetrates 100% of
the bed depth)

Ky = 0.01854 + 0.3922(7) (Note: (1)**7 =1

Ky = 0.4107

Now determine K,
K, = Ky * (1.048)2
K, =0.4107 * (1.048)°*” (at temp = 5°C)
K, =0.4107 * (0.495)
K, =0.4107 * (0.495)
K.=0.20 (note: K, will range between 0.2 and 0.25 when temp varies between 5 to
10°C)
2" Step: solve for HRT
HRT = In (TKN/NH,)/ K,

HRT = In (45/4)/ 0.2

HRT = /n(11.25)/ 0.2
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HRT =2.42/0.2
HRT = 12 days
3" Step: determine the surface area of the wetland needed

NOTE: use the volume based 1* order kinetic equation to determine volume of wetland
needed:

Volume = Flow (Q) * HRT (where Q is known. In this example I am using Q =
60.5 m’/d)

V (m’) = Q(m*/d) * HRT(d)
V = 60.5 m*/d * HRT

Re-writing the equation where V=A *d *p (where A, = surface area, d = bed depth, p =
porosity)

Solving for Area:

A, = [Q(m’/d) * HRT(d)]/[depth (m) * porosity (unit less)] (where bed depth is

given as 0.6 and porosity is given as 0.4)
A, =1[60.5*12]/1[0.6 * 0.4]

A, =3,025 m’
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. NO,

The following formula can be used to determine the surface area of the wetland needed
based on a targeted wetland NO3 value:

In(NO, ./ NO,,» =K, *HRT
or
HTR = [In(NO;,/ NO, .»)] / K,
Where

K, =1.157

NO3 in
NO,; 4 = effluent nitrate in mg/L

¢ = influent nitrate in mg/L

1% Step: determine Kt at 5°C

K, = 1.15020
K, = 1.159
K, = 1.15020
K, =0.1229

2 Step: determine HRT

HTR = [In(NO;,¢/ NO; .p)] / K,
HTR = [In(40/23)] /0.12
HTR = [In(NO;,¢/ NO; .p)] / K,
HTR =0.55/0.12

HTR = 4.6
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34 Step: determine the surface area of the wetland needed

NOTE: use the volume based 1* order kinetic equation to determine volume of wetland
needed:

Volume = Flow (Q) * HRT (where Q is known. In this example Q = 60.5 m*/d)
V (m*) = Q(m’/d) * HRT(d)

V =60.5 m’/d * HRT
Re-writing the equation where V =A * d * p (where A, = surface area, d = bed depth, p =

porosity)

Solving for Area:

A, = [Q(m’/d) * HRT(d)]/[depth (m) * porosity (unit less)] (where bed depth is

given as 0.6 and porosity is given as 0.4)
A, =1[60.5*4.6] /[0.6 * 0.4]
A, = 1,160 m’

Rousseau et al, (2004) concluded that the first - order kinetic models provided the best
method for sizing wetlands. These authors found that rule of thumb methods were very
generalized and therefore could not be relied on other than to provide a very rough estimate
that could be used to confirm the measurements generated from the first-order kinetic
models (used to verify that the model was being employed correctly). Rule of thumb
methods were generally found to be overly conservative and overestimated the size of the
wetland needed. This may in fact be an advantage in cold climate regions were space

constraints are often of little concern and where microbial action during treatment is
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inhibited by the cold climate which often demands a larger treatment area than typically

needed in more temperate regions.

Rousseau er al (2004) also concluded that regression equations were often of limited
value, stating that there is a wide range of variation amongst the different equations which is
reflective of the site specific conditions under which they were generated. Thus it becomes
difficult to find a regression equation that would model a specific wetland, and in particular
one in the Canadian arctic. Compounding the problem is the fact that most regression
equations model only input and output concentrations without taking into consideration
important parameters such as the hydraulic loading rate (HLR). These authors found only a
few regression equations which allowed investigators to model both concentrations and
HLR in the same equation, thus allowing an estimate of the wetland size to be calculated
using the formula: Area (m?) = flow (m’/d) / HLR (m/d). Kadlec and Wallace (2009)
provides additional comment on regression models (e.g., loading charts) outlining the

limitations to these methods.

6.2.7 Sophisticated 2D and 3D models

Other sizing methods exist, such as variable-order, monod-type, mechanistic and
compartmentalized models, and more sophisticated 2D and 3D models such as HYDRUS,
WASP, TABS-2, STELLA, ANN, BASINS and NPS-WET. However, Rousseau er al.
(2004) suggest that the main limitations to these models relates to the inherent complexity
and parameter requirement which often does not exist for most sites. The lack of site
specific parameter data often leads to the use of more generalized parameter data to satisty
the demands of the model which often creates greater uncertainty without much more gain
in precision than could be achieved with the simpler first - order kinetic models.

SubWet 2.0
The SubWet 2.0 model is a horizontal subsurface flow modeling program designed to
predict the level of treatment that can be expected based on the characteristics of several

parameters known to influence treatment (e.g., wetland size, loading rates, etc.). This model
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has been modified for use within natural wetlands of northern Canada, and is believed to be
a good compromise between first-order kinetic models and the more sophisticated 2D, 3D
models. SubWet utilizes 16 rate constants in an integrated manner to predict the treatment
of BOD, organic nitrogen, ammonium, nitrate and total phosphorus. SubWet also provides
the user the ability to calibrate these rate constants to site conditions in order to better
reflect actual measured values. The calibration method to some extent accommodates for
some of the influential processes that could be occurring within the wetland for which input
data do not exist. For example, in most northern tundra wetlands, the area involved in the
actual treatment process is likely smaller than the physical borders of the wetland.
Modification (calibration) of specific rate constants within SubWet can therefore be used to
ensure that simulated results closely match measured results as illustrated in the examples of
Chapter 7. Obviously, variability between seasons and years may require more frequent
calibrations although it is anticipated that the accuracy of the SubWet predictions will only
increase as the data set for the wetland increases, thus providing greater insight into
seasonal and yearly variability.

7.0 SubWet 2.0

7.1 General considerations

The SubWet model is a software program package used to simulate the treatment of
wastewater in subsurface horizontal flow artificial wetlands. This model was originally
developed by the United-Nations Environment Programme-Division of Technology,
Industry and Economics-International Environmental Technology Centre (UNEP-
DTIE-IETC). The model is distributed by the United-Nations as free-ware and can be
found on the home web page for UNEP-IETC. Initially developed for warm climate
applications and after being successfully used as a design tool in 15 cases in Tanzania,
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SubWet was upgraded for use within cold climates for both artificial and natural
treatment wetlands. The Centre for Alternative Wastewater Treatment of Fleming
College worked in collaboration with UNEP-DTIE-IETC and Sven Jorgensen (the
originator of the model) to developed SubWet 2.0, a new version to accommodate
temperate and cold climatic conditions including summer Arctic and temperate winter
conditions. SubWet was modified for use in cold climates by calibrating the model with
data originating from the natural tundra wetlands investigated during the International
Polar Year study detailed earlier in this manual. The application of this software to natural
tundra wetlands is beyond the original purpose it was designed for. However, the
calibration of SubWet with Arctic data has demonstrated its ability to model treatment
performance within natural tundra wetlands and thus provide an additional predictive tool
to aid northern stakeholders in the treatment of municipal effluents.

7.2 Model structure

SubWet incorporates the influence of several factors at one time while empirical equations
are generally not able to consider more than two factors at one time and usually in isolation
of the other influential parameters. The model has causality: this means that the process
behind the model is known and can therefore be modelled by a mathematical equation. The
model employs 25 differential process equations and 16 parameters (e.g., rate coefficients
such as the temperature coefficient of nitrification). Readers desiring to know more about
the design parameters of the SubWet model are directed to Foundations of Ecological
Modelling (4th Ed.) edited by Sven Erik Jorgensen and Brian D. Fath (2011). Chapter 7.6
of this edition (Jorgensen and Gromiec, 2011) profiles the SubWet model and provides an
in-depth description of differential process equations, default parameters, forcing functions
and output parameters. The SubWet model was originally designed by Sven Jorgensen and
colleagues as part of the Danida project, promoting cooperation between Copenhagen and
Dar es Salaan University in Tanzania. Software for this model was later developed by the
United Nations Environmental Programme, International Environmental Technology Centre
(UNEP-IETC), so that it could be used in developing countries to design subsurface flow
constructed wetlands for the treatment of domestic wastewaters. In 2009, the SubWet model
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was further developed by Sven Jorgensen and the Centre for Alternative Wastewater
Treatment, Fleming College, Canada for use with natural tundra wetlands of the Canadian
arctic.

SubWet suggests default parameters for both warm climate and cold climate scenarios;
however each parameter can be modified to improve the simulation for site specific
conditions. The design input values of the model are used to specify the wetland width,
length, depth, slope, % particulate matter, precipitation factor, hydraulic conductivity and
selected flow rate (in cubic meters per day). The forcing functions outlining the operational
parameters include wetland volume, flow of wastewater, porosity, average oxygen
concentration, average temperature, the input of cBOD;, ammonium, nitrate, total
phosphorus, and organic nitrogen along with the fraction of ¢cBODj;, phosphorus, and
organic N as suspended matter. The model calculates the simulated output values for
cBOD;, nitrate, ammonium, total phosphorus and organic nitrogen in milligrams per liter

and the corresponding removal efficiencies in percentage.

7.3 Model calibration

The procedure used to calibrate SubWet 2.0 to site conditions has been outlined by
Chouinard et a/ (in press). In brief, the calibration is achieved by comparing wastewater
effluent concentrations measured exiting the wetland site against the simulated
concentrations generated by the SubWet 2.0 model. Rate coefficients, referred to as
parameters in the SubWet model, are then selectively adjusted within defined limits to
bring simulated values closer to measured values. Thus the model is calibrated to each
individual wetland; however, calibration can take place only when site specific measured
data exists. The use of measured concentrations to calibrate SubWet integrates, in a limited
manner, some of the unknown processes influencing treatment performance; lessening the
need to know specific details concerning individual influencing processes. Therefore the
burden to know precise details regarding factors such as soil depth and the influence of melt
waters becomes less demanding since the model is comparing a simulated integrated

treatment response to a measured integrated treatment response. It should be noted that the
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cold climate default rate coefficients embedded within the cold climate operations mode of
SubWet do provide simulated output values that are generally with approximately 25 % of
the measured values for most wetlands we have investigated. The calibration procedure as
outlined by Chouinard er a/, (in press) generally reduces the difference between measured
and simulated values to approximately 10 % or less. The work by Chouinard et a/. (in press)
and the SubWet user manual (Appendix E) provides a step by step overview in how the
SubWet model is operated.

7.4 Predictive tool based on different scenarios

SubWet can be used to allow managers to predict the impact to treatment efficiency based
on different scenarios involving an alteration to the HRT, aerial loading rates and the
desired level of influent treatment. Furthermore, the model can be used as a predictive tool
to help managers determine the size of a wetland needed to meet treatment objectives. This
will assist managers in determining if the current wetland size can accommodate projected
growth in population and anticipated effluent volumes. The model can be used to predict
treatment performance anticipated from alterations to the size of the treatment area that
could be increased through the construction of infiltration/dispersion ditches and structures
that divert flow to other parts of the wetland that are not currently involved in treatment of
the influent. Ultimately, SubWet can be used by resource managers to demonstrate the
treatment benefit acquired from the use of designated treatment wetlands and can also be
used as a predictive tool to forecast the potential these areas could provide from the
application of selected management operations. This will help resource managers in cost
benefit analysis when planning for future needs. Chouinard et al, (2014) present the
analysis of five different hypothetical scenarios to demonstrate how SubWet 2.0 can provide
Arctic municipal wastewater managers with a tool to adapt to changing treatment conditions
as well as the impact to treatment when wetland systems are altered. The simulated
scenarios show that despite reducing wetland size, or increasing discharge volumes, as well
as reducing temperature regimes the tundra wetlands provide excellent treatment potential,

both on their own, or as an integrated/hybridized system with either a lagoon or facultative

lake.
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7.5 Field trials from eleven natural tundra wetlands in Arctic
Canada

In addition to the work described by Chouinard et al, (in press), the collected data sets in
this chapter are used to illustrate how SubWet 2.0 can be calibrated to model the
performance of eleven individual northern municipal treatment tundra wetlands in the
Canadian Arctic. As stated in Chapter 6, treatment wetlands in Whale Cove, NU, Coral
Harbour, NU, Arviat, NU, Repulse Bay, NU, Paulatuk, N'T, Pond Inlet, NU, Edzo, NT,
Fort Providence, NT, Gjoa Haven, NU, Ulukhaktok, NT and Taloyoak, NU were
monitored by the Center for Alternative Wastewater Treatment (CAWT), Fleming
College, Lindsay, Ontario under contract with Environment Canada and through the IPY
study. The data that were generated during the surveys are used to refine the calibration of
SubWet.

7.5.1 Whale Cove, NU data set

The following example with the Whale Cove data set illustrates how SubWet 2.0 can be
calibrated to this tundra wetland. Table 7.1 compares the values simulated by SubWet to the
measured treatment values observed in the field, and provides the percent deviation of
concentration values before calibration. It is generally accepted that the standard deviation
around sampling and analytical procedures typically is between 10-12% and thus the standard
deviation to be expected for comparisons between measured values and model simulated values
can generally be expected to be in the range of 15 to 20 %. In the following comparisons, we will
try to target a percent deviation of concentration values below 5% by altering the input variables
in the model (a sample calculation of the percent deviation of concentration values is presented
for this data set in Appendix F).

An examination of the values in Table 7.1 reveals that there is discrepancy between the
simulated to the observed results for all parameters. The values indicate that SubWet may
be overestimating the decomposition of organic matter (e.g., removal of BOD;) while
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underestimating the phosphorus adsorption capacity and underestimating the rate of
nitrification. This suggests that the coefficients for the decomposition of organic matter and
for the inverse phosphorus adsorption capacity are too high and should be lowered, and that
the coefficient for the rate of nitrification is too low and should be increased.

Table 7.1: Comparison of simulated and observed values before calibration for the Whale
Cove, NU data set

Unit Simulation Observed % deviation of
Results Values concentration
values
BOD; mg O,/L 8.60 21 64
Ammonium-N mg N/L 0.90 0 10
Phosphorus mg P/L 1.46 0.1 34

The magnitude by which these coefficients are altered was approached in a trial and error
manner where one coefficient at a time is altered and the simulation re-run and the
graphical expression of the simulated to observed values re-examined, such as described by
Chouinard et al, (in press). It has been determined that for this data set a change in
decomposition rate of organic matter (OC) from 0.25 to 0.05, a change in the inverse
phosphorus adsorption capacity (AF) from 0.36 to 0.2 and a change in the nitrification rate
(NC) from 0.9 to 2.5 produces simulation values for BOD; ammonium-N and total
phosphorus that are much closer to the observed values (see the Glossary of symbols applied
in SubWet 2.0 for a description of these coefficients in Appendix E). Table 7.2 shows the
simulation results and the percent deviation of concentration values after calibration. The
simulated parameters values are now closer to the observed values, and the percent

deviations of concentration value all are below 5%.
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Table 7.2: Simulation results after calibration for the Whale Cove, NU data set

Unit Simulation Observed %o deviation of
Results Values concentration
values
BODs mg O,/L 20.9 21 0.52
Ammonium-N mg N/L 0.14 0 1.56
Phosphorus mg P/L 0.23 0.10 3.25

7.5.2 Coral Harbour, NU data set

Table 7.3 compares the values simulated by SubWet to the measured values observed in
the field, and provides the percent deviation of concentration values before calibration. An
examination of the values in Table 7.3 reveals that for all parameters monitored there is
discrepancy between the simulated and the observed results. The values indicate that
SubWet may be overestimating the decomposition of organic matter (e.g., removal of
BOD:;) and the rate of nitrification (e.g., conversion of ammonium to nitrate), and
underestimating the rate of ammonification and the inverse phosphorus adsorption capacity.
This suggests that the coefficients for the decomposition of organic matter and nitrification
rate are too high and should be lowered, and the coefficients for the ammonification rate
and the inverse phosphorus adsorption capacity should be increased.

With a percent deviation of concentration value of 4.52 %, calibration of BOD; was not
necessary, but was performed to demonstrate how close it is possible to get the simulated
value to the observed value with the model. It has been determined that for this data set a
change in OC from 0.25 to 0.17 and a change in NC from 0.9 to 0.1, a change in AC from
0.9 to 1.5, and a change in AF from 0.36 to 0.38 produces simulation values for BODj,
ammonium-N and TP that are much closer to the observed values. Table 7.4 shows the

simulation results and the percent deviation of concentration values after calibration.
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Table 7.3: Comparison of simulated and observed values before calibration for the Coral
Harbour, NU data set

Unit Simulation Observed % deviation of
Results Values concentration
values
BODs mg O,/L 6.45 14 4.52
Ammonium-N mg N/L 0.09 2.8 14.3
Phosphorus mg P/L 0.43 0.8 7.90

Table 7.4: Simulation results after calibration for the Coral Harbour, NU data set

Unit Simulation Observed % deviation of
Results Values concentration
values
BOD; mg O,/L 14.6 14 0.35
Ammonium-N mg N/L 3.12 2.8 1.68
Phosphorus mg P/L 1.04 0.8 0.20

The simulated parameters values are now closer to the observed values, and the percent
deviations of concentration value all are very low. The default values gave acceptable results
that could be used for wetland design and predictive management needs; however, as shown,
calibration can improve the model’s ability to produce simulated values that are very close
to the observed values, and by extension, very close to the real values and therefore

producing a model that is more realistic in its predictive capabilities.
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7.5.3 Arviat, NU data set

The data set from Arviat, NU is interesting in that the ammonium concentration of the
effluent entering the wetland are much higher (11 mg/L) than normally encountered in
municipal wastewater effluents (similar to the Baker Lake case study presented in
Chouinard et al., in press). As shown in Table 7.5, the simulated total phosphorus values
are relatively close to the observed values for this parameter. However, the values for
BODS5 and ammonium-N are not acceptable, but can be improved when SubWet is
calibrated for this specific site. Table 8-5 summarizes the differences between the values
from the effluent after the wetland treatment observed in the field and the simulated
results and provides the percent deviation of concentration values before calibration. The
values in Table 7.5 indicate that SubWet may be overestimating the decomposition of
organic matter (e.g., removal of BODY), the rate of nitrification (e.g., conversion of
ammonium to nitrate) and the rate of denitrification (for an explanation of the
modification of the rates, see the Baker Lake data set under section 19.3.1.2 in Chouinard
et al.,, in press). This suggests that the coefficients for the decomposition of organic
matter, nitrification and denitrification rate are too high and should be lowered. In the
Canadian Arctic, denitrification is in all likelihood a combination of bacterial conversion

and plant uptake.

Table 7.5: Comparison of simulated and observed values before calibration for the Arviat,
NU data set

Unit Simulation Observed %o deviation of
Results Values concentration
values
BOD; mg O,/L 0 16 18.4
Ammonium-N mg N/L 6.42 11 7.40
Phosphorus mg P/L 2.5 2.3 2.22
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It has been determined that for this data set a change in OC from 0.25 to 0.05, a change in
NC from 0.9 to 0.6 and a change in the denitrification rate coefficient (DC) from 3.5 to 0.2
produces simulation values for BOD; and ammonium-N that are much closer to the
observed values. The unusually high ammonium present in the wastewater resulted in the
need for the calibration of the denitrification rate constant. This type of wastewater
typically forms high nitrate content in the anaerobic zone, which can induce higher
denitrification under the proper conditions (mainly temperature and presence of sufficient
organic carbon as substrate). In the case of the Arviat's system, the lagoon is massive and
very anaerobic; treatment is minimal, and the wetland is undersized. Table 7.6 shows the

simulation results and the percent deviation of concentration values after calibration.

The Arviat, NU data set provides an example of one of the more challenging calibration
exercises. Despite the unusually high strength of the waste stream, the calibration of
SubWet demonstrated that this model can provide a reasonable approximation of treatment
efficiencies. The calibration efforts significantly improved the BOD; and ammonium-N
values, and the percent deviations of concentration value are now well within the acceptable
limit for the model. Furthermore, since this wetland has variable flow paths, the model is
capable of accommodating these differences in tundra wetland operation, despite the
variability in the wetland type and operation.

Table 7.6: Simulation results after calibration for the Arviat, NU data set

Unit Simulation Observed %o deviation of
Results Values concentration
values
BODs mg O,/L 12.2 16 432
Ammonium-N mg N/L 11.8 11 1.30
Phosphorus mg P/L 2.5 2.3 2.22
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7.5.4 Repulse Bay, NU data set

Table 7.7 compares the values simulated by SubWet to the values from the effluent after
the wetland treatment observed in the field for Repulse Bay, NU, and provides the percent
deviation of concentration values before calibration. An examination of the values in Table
7.7 reveals that for all parameters there is discrepancy between the simulated and the
observed results. However, the percent deviations of concentration values are relatively low
(all below 5%). Nevertheless, we can utilize this example to see how closely the observed
and simulated values can be matched. The values indicate that SubWet may be
overestimating the decomposition of organic matter (e.g., removal of BOD;) and the rate of
nitrification (e.g., conversion of ammonium to nitrate), and underestimating the inverse
phosphorus adsorption capacity. This suggests that the coefficients for the decomposition of
organic matter and nitrification rates are too high and should be lowered, and the
coefficients for the inverse phosphorus adsorption capacity should be increased.

It has been determined that for this data set a change in OC from 0.25 to 0.15, a change in
NC from 0.9 to 0.23 and a change in AF from 0.36 to 0.45 produces simulation values for
BOD;, ammonium-N and TP that are much closer to the observed values. Table 7.8 shows
the simulation results and the percent deviation of concentration values after calibration.

The simulated parameters values are now closer to the observed values, and the percent

deviations of concentration value all are extremely low, and show that by improving the

precision of the calibration, simulation is in turn improved.
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Table 7.7: Comparison of simulated and observed values before calibration for the Repulse
Bay, NU data set

Unit Simulation Observed % deviation of
Results Values concentration
values
BODs mg O,/L 7.34 25 5
Ammonium-N mg N/L 0.17 2.8 3.9
Phosphorus mg P/L 1.07 1.4 4.23

Table 7.8: Simulation results after calibration for the Repulse Bay, NU data set

Unit Simulation Observed % deviation of
Results Values concentration
values
BODs mg O,/L 253 25 0.10
Ammonium-N mg N/L 2.8 2.8 0.00
Phosphorus mg P/L 1.31 1.4 1.15

7.5.5 Paulatuk, NT data set

Table 7.9 compares the values simulated by SubWet to the values from the effluent after
the wetland treatment observed in the field in Paulatuk, N'T, and provides the percent
deviation of concentration values before calibration. An examination of the values in Table
7.9 reveals that there is discrepancy between the simulated and the observed results for
BOD; and ammonium-N. The values indicate that SubWet may be underestimating the
decomposition of organic matter (e.g., removal of BOD;), the rate of nitrification (e.g.,
conversion of ammonium to nitrate), and the rate of ammonification. This suggests that the
coefficient for the decomposition of organic matter, the nitrification rate and the coefficient

for the ammonification rate are too low and should be increased.
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Table 7.9: Comparison of simulated and observed values before calibration for the
Paulatuk, NT data set

Unit Simulation Observed % deviation of
Results Values concentration
values
Ammonium-N mg N/L 0.36 0.01 9.75
Phosphorus mg P/L 0.03 0.04 0.41

It has been determined that for this data set a change in OC from 0.25 to 0.88, a change in
NC from 0.9 to 2.5 and a change in AC from 0.9 to 2 produces simulation values for BOD;
and ammonium-N that are much closer to the observed values, and percent deviation
concentration values which are reasonable. Table 7.10 shows the simulation results and the

percent deviation of concentration values after calibration.

Table 7.10: Simulation results after calibration for the Paulatuk, N'T data set

Unit Simulation Observed %o deviation of
Results Values concentration
values
BODs mg O,/L 1.9 2 0.26
Ammonium-N mg N/L 0.08 0.01 2.20
Phosphorus mg P/L 0.03 0.04 0.41
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7.5.6 Pond Inlet, NU data set

Table 7.11 compares the values simulated by SubWet to the values from the effluent after
the wetland treatment observed in the field at Pond Inlet, NU and provides the percent
deviation of concentration values before calibration. An examination of the values in Table
7.11 reveals that there is discrepancy between the simulated and the observed results for
BOD; ammonium-N and total phosphorus. As with Repulse Bay, NU, the percent
deviations of concentration values for these parameters are relatively low (below 5%).
Nevertheless, we will also utilize this example to see how closely the observed and simulated
values can be matched through calibration. The values indicate that SubWet may be
overestimating the decomposition of organic matter (e.g., removal of BODj), and the rate of
nitrification (e.g., conversion of ammonium to nitrate), and underestimating the inverse
phosphorus adsorption capacity. This suggests that the coefficients for the decomposition of
organic matter and nitrification rate are too high and should be lowered, and that the
coefficient for the inverse phosphorus adsorption capacity should be increased.

Table 7.11: Comparison of simulated and observed values before calibration for the Pond
Inlet, NU data set

Unit Simulation Observed % deviation of
Results Values concentration
values
BODs mg O,/L 7.34 25 4.90
Ammonium-N mg N/L 0.17 2.8 3.90
Phosphorus mg P/L 1.07 1.4 4.23
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It has been determined that for this data set a change in OC from 0.25 to 0.15, a change in
NC from 0.9 to 0.23 and a change in AF from 0.36 to 0.45 produces simulation values for
BOD;, ammonium-N and total phosphorus that are much closer to the observed values.
Table 7.12 shows the simulation results and the percent deviation of concentration values

after calibrations; which are now extremely low and therefore quite acceptable.

Table 7.12: Simulation results after calibration for the Pond Inlet, NU data set

Unit Simulation Observed %o deviation of
Results Values concentration
values
BODs mg O,/L 25.35 25 0.10
Ammonium-N mg N/L 2.79 2.8 0.01
Phosphorus mg P/L 1.31 1.4 1.15

7.5.7 Edzo, NT data set

Table 7.13 compares the values simulated by SubWet to the measured values observed in
Edzo, N'T, and provides the percent deviation of concentration values before calibration. An
examination of the values in Table 7.13 reveals that for all parameters there is discrepancy
between the simulated and the observed results. The values indicate that SubWet may be
underestimating the rate of nitrification (e.g., conversion of ammonium to nitrate) and the
inverse phosphorus adsorption capacity and either overestimating or underestimating the
rate of denitrification. This suggests that the coefficients for the nitrification and the inverse
phosphorus adsorption capacity are too low and should be increased, and that the
denitrification rate is too high or too low and should be modified. The value for the
decomposition of organic matter (e.g., removal of BOD;) suggests that the model
overestimated the coefficient for the decomposition of organic matter. Through calibration

of the other parameters, it has been determined that no calibration of this specific
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coefficient was necessary; calibration of the other parameters was sufficient to improve the

discrepancy between the simulated and observed values for BOD;.

Table 7.13: Comparison of simulated and observed values before calibration for the Edzo,
NT data set

Unit Simulation Observed % deviation of
Results Values concentration
values
BOD; mg O,/L 0 2 8.30
Ammonium-N mg N/L 2.67 0.31 15
Phosphorus mg P/L 0.08 0.16 9.20

It has been determined that for this data set a change in NC from 0.9 to 2.5, a change in
DC from 3.5 to 0.1, and a change in AF from 0.36 to 0.55 produces simulation values for
BOD;, ammonium-N and TP that are much closer to the observed values. Table 7.14
shows the simulation results and the percent deviation of concentration values after

calibration.

The calibration efforts significantly improved the parameters values, and the percent
deviations of concentration values are now within the acceptable limit for the modeling for

these parameters.

Table 7.14: Simulation results after calibration for the Edzo, NT data set

Unit Simulation Observed %o deviation of
Results Values concentration
values
BODs mg O,/L 2.41 2 1.71
Ammonium-N mg N/L 0.41 0.31 0.63
Phosphorus mg P/L 0.16 0.16 0
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7.5.8 Fort Providence, NT data set

Table 7.15 compares the values simulated by SubWet to the values from the effluent after
the wetland treatment observed in the field for Fort Providence, N'T, and provides the
percent deviation of concentration values before calibration. An examination of the values in
Table 7.15 reveals that for all parameters there is discrepancy between the simulated and
the observed results.

Table 7.15: Comparison of simulated and observed values before calibration for the Fort
Providence, NT data set

Unit Simulation  Observed % deviation of
Results Values concentration
values
BOD; mg O,/L 9.77 32 79.39
Ammonium-N mg N/L 5.28 18.5 56.73
Phosphorus mg P/L 5.10 8.94 56.25

The values indicate that SubWet may be overestimating the decomposition of organic
matter (e.g., removal of BODy), and the rate of nitrification (e.g., conversion of ammonium
to nitrate), and underestimating the inverse phosphorus adsorption capacity. This suggests
that the coefficients for the decomposition of organic matter and nitrification rate are too
high and should be lowered, and the coefficient for the inverse phosphorus adsorption
capacity should be increased. It has been determined that for this data set a change in OC
from 0.25 to 0.2, a change in NC from 0.9 to 0.1, and a change in AF from 0.36 to 2.5
produces simulation values for BOD;, ammonium-N and total phosphorus that are much
closer to the observed values. Table 7.16 shows the simulation results and the percent

deviation of concentration values after calibration.
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Table 7.16: Simulation results after calibration for the Fort Providence, N'T data set

Unit Simulation Observed %o deviation of
Results Values concentration
values
BODs mg O,/L 33.8 32 6.40
Ammonium-N mg N/L 19.2 18.5 9.73
Phosphorus mg P/L 8.88 8.94 2.80

The simulated parameters values are now closer to the observed values; however, in this
case BOD and ammonium-N are not within the 5% range targeted, especially ammonium-
N. Considering the unusually high ammonium-N content in the wastewater, this is the best
percent deviation concentration value that could be obtained with the model for both cases.
Furthermore, these values are still within the acceptable 15% of the modeling standards.

7.5.9 Gjoa Haven, NU data set

Table 7.17 compares the values simulated by SubWet to the values from the effluent after
the wetland treatment observed in the field for Gjoa Haven, NU, and provides the percent
deviation of concentration values before calibration. An examination of the values in Table
7.17 reveals that there is a discrepancy between the simulated and the observed results for
total phosphorus. The values indicate that SubWet may be overestimating the inverse
phosphorus adsorption capacity. This suggests that the coefficient for the inverse
phosphorus adsorption capacity is too high and should be lowered.

With a percent deviation of concentration value of 3.31% for ammonium-N, calibration
was not necessary, but was performed to demonstrate how close it is possible to get the
simulated value to the observed value with the model. It has been determined that for this
data set a change in AF from 0.36 to 0.3 and a change in NC from 0.9 to 2.5 produces
simulation values for total phosphorus and ammonium-N that are closer to the observed
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values. Table 7.18 shows the simulation results and the percent deviation of concentration

values after calibration.

Table 7.17: Comparison of simulated and observed values before calibration for the Gjoa
Haven, NU data set

Unit Simulation Observed % deviation of
Results Values concentration
values
BOD; mg O,/L 9.60 7 1.82
Ammonium-N mg N/L 1.79 0.12 3.31
Phosphorus mg P/L 1.31 0.78 12

Table 7.18: Simulation results after calibration for the Gjoa Haven, NU data set

Unit Simulation Observed %o deviation of
Results Values concentration
values
BODs mg O,/L 9.60 7 1.82
Ammonium-N mg N/L 0.16 0.12 0.08
Phosphorus mg P/L 0.55 0.78 5.20

The simulated parameters values are now closer to the observed values, and the percent
deviations of concentration value are well within acceptable limits for the model.
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7.5.10 Ulukhaktok, NT data set

Table 7.19 compares the values simulated by SubWet to the values from the effluent after
the wetland treatment observed in the field for Ulukhaktok, N'T, and provides the percent
deviation of concentration values before calibration. An examination of the values in Table
7.19 reveals that for all parameters there is discrepancy between the simulated and the
observed results. The wvalues indicate that SubWet may be underestimating the
decomposition rate of organic matter, the rate of nitrification (e.g., conversion of
ammonium to nitrate), and the rate of ammonification and overestimating the inverse
phosphorus adsorption capacity. This suggests that the coefficients for the decomposition
rate of organic matter, nitrification rate and ammonification are too low and should be
increased, and the coefficients for the inverse phosphorus adsorption capacity should be

decreased.

Table 7.19: Comparison of simulated and observed values before calibration for the
Ulukhaktok, NT data set

Unit Simulation Observed %o deviation of
Results Values concentration
values
BOD; mg O,/L 8.03 5 4.50
Ammonium-N mg N/L 1.09 0.09 16
Phosphorus mg P/L 1.47 0.2 10.5

It has been determined that for this data set that a change in OC from 0.25 to 0.31, NC
from 0.9 to 2.5, a change in AC from 0.9 to 1.5, and a change in AF from 0.36 to 0.24
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produces simulation values for BOD;, ammonium-N and total phosphorus that are much
closer to the observed values. Table 7.20 shows the simulation results and the percent

deviation of concentration values after calibration.

With a percent deviation of concentration value of 4.50 %, calibration of BOD; was not
necessary, but was performed to demonstrate how close it is possible to get the simulated
value to the observed value with the model. The simulated parameters values are now closer
to the observed values, and the percent deviations of concentration value all are within

acceptable limits for the model.

Table 7.20: Simulation results after calibration for the Ulukhaktok, NT data set

Unit Simulation Observed % deviation of
Results Values concentration
values
BOD; mg O,/L 5.03 5 1.14
Ammonium-N mg N/L 0.12 0.09 0.31
Phosphorus mg P/L 0.19 0.2 0.12

7.5.11 Taloyoak, NU data set

Table 7.21 compares the values simulated by SubWet to the values from the effluent after
the wetland treatment observed in the field for Taloyoak, NU, and provides the percent
deviation of concentration values before calibration. An examination of the values in Table
7.21 reveals there is discrepancy between the simulated and the observed results for BOD;
and phosphorus. The values indicate that SubWet may be overestimating the
decomposition of organic matter (e.g., removal of BOD;) and underestimating the inverse
phosphorus adsorption capacity. This suggests that the coefficients for the decomposition of
organic matter is too high and should be lowered, and that the coefficient for the inverse
phosphorus adsorption capacity is too low and should be increased. With a percent
deviation of concentration value of 1.80 %, calibration of ammonium-N was not necessary,

but was again performed to demonstrate how close it is possible to get the simulated value
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to the observed value with the model. It has been determined that for this data set a change
in OC from 0.25 to 0.17, a change in AF from 0.36 to 0.83 and a change in NC from 0.9 to
1.2 produces simulation values that are much closer to the observed values. Table 7.22

shows the simulation results and the percent deviation of concentration values after

calibration.

Table 7.21: Comparison of simulated and observed values before calibration for the

Taloyoak, NU data set

Unit Simulation
Results
BODs mg O,/L 16.7
Ammonium-N mg N/L 0.21
Phosphorus mg P/L 0.00
Nitrate mg N/L 0.03

Observed
Values

25

0.13
0.32
0.02

%o deviation of

concentration
values

15.1
1.80
8.94
0.89

Table 7.22: Simulation results after calibration for the Taloyoak, NU data set

Unit Simulation
Results
ODs mg O,/L 25.4
Ammonium-N mg N/L 0.13
Phosphorus mg P/L 0.32
Nitrate mg N/L 0.03

Observed
Values

25

0.13
0.32
0.02

% deviation of
concentration
values

0.75
0
0
0.89

The simulated parameters values are now closer to the observed values, and the percent

deviations of concentration value all are within acceptable limits for the model.
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7.5.12 Summary of the coefficient changes

Table 7.23 summarizes the changes that were made to the cold climate default parameters
of the SubWet 2.0 model. The coefficient changes column reflects which coefficient has
been modified, and provides the new value after calibration. The coefficient range and
default coefficient values refer to the coefficients required by the differential equations that
SubWet uses to model wetland processes. The range for each coefficient has been identified
from published literature. The default parameters fall within the normal range and are
embedded within the SubWet model before calibration. The range of coefficient changes
column reflects the proposed new range found after calibration of the 11 sites: some of the
ranges have stayed the same, others have changed (i.e. the initial coefficient range for DC is:
0.00-5 and after calibration of all 11 sites, the proposed new range for DC is: 0.1-0.2).

Even though a 15% difference between simulated and measured values is generally
considered acceptable, it was shown in the previous calibration models that most simulated
values could be calibrated to approximately 5% deviation. A review of the SubWet 2.0
simulations revealed that the cold water default parameters were poorly suited for the Fort
Providence wetland. This may be in part related to the fact that the wastewater is decanted
from the lagoon to the wetland in a concentrated period of time, unlike the slow continuous
release that occurs from the exfiltration of leaky lagoon berms or the release from facultative
lakes. The impact to treatment process caused by a sudden discharge related to a decant
event or spring freshet is unknown. It is anticipated that higher flow volumes can decrease
HRTs and increase organic loading to the point that the treatment system is overwhelmed
and treatment efficiency decreases. Decanting of lagoons is also typically done at the end of
the frost free period; therefore wetlands have less time to assimilate the nutrients and other
pollutants. This could have an effect on the model simulations and may be why there is
discrepancy between observed and simulated values. The simulated values (before
calibration) from Whale Cove, NU and Paulatuk, NT are also moderately poor. These two
sites are the only locations where pre-treatment of the wastewater is through a facultative

lake, and thus it appears that the default cold climate default parameters of SubWet 2.0 may
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always need calibration to measured values for wetlands receiving wastewaters pre-treated in

these lake systems.
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Table 7.23: Summary of the coefficient changes for the 11 tundra treatment wetlands from
the Canadian Arctic presented

11 Tundra Treatment Coefficient changes Coefficient range and Range of coefficient
Wetlands from the default coefficient values changes
Canadian Arctic used in calibration
Whale Cove, NU 0OC: 0.05
AF: 0.2
Coral Harbour, NU 0C: 0.17
AF: 0.38
NC: 0.1
AC: 1.5
Arviat, NU 0C:0.05 AC: 0.05-2.0 AC:0.5-2.0
NC: 0.6 h
DC: 0.2 0.9 (1/24h)
Repulse Bay, NU 0C: 0.15 NC:0.1-2.5 NC:0.1-2.5
AF: 0.45 0.9 (1/24h)
NC: 0.23
0C:0.05-2.0 0C: 0.05- 1.7
Paulatuk, NT OC: 0.88 0.25 (1/24h)
NC: 2.5
AC:2 DC: 0.00-5 DC: 0.1-0.2
3.5 (1/24h)
Pond Inlet, NU 0OC: 0.15
NC:0.23 AF: 0-100 AF:0.2-2.5
0.36
Edzo, NT AF: 0.55
NC: 2.5
DC: 0.1
Fort Providence, NT 0C: 0.2
AF:2.5
NC: 0.1
Gjoa Haven, NU AF: 0.3
Ulukhaktok, NT 0C: 0.31
AF: 0.34
NC: 2.5
AC: 1.5
Taloyoak, NU 0C: 0.17
NC: 1.2
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The main challenges in modeling tundra treatment wetlands in the far north is that they
are extremely heterogeneous (patchy systems, with both preferential flow and dead zones),
have fast and slow retention times and good and poor conductivity. Furthermore, there is
the problem of measuring these variables and parameters. In some cases hidden dilution
from groundwater might be a problem. Because permafrost exists at nearly all wetland sites
it is assumed that melt water may be the primary source of any subsurface flow that could
cause wastewater dilution with the treatment zone. Each wetland system is unique and
therefore it is always best to calibrate SubWet to measured values when possible. The
measured water quality parameter values along with the calibration values reflect the
conditions for only one short time period. These values do not reflect the seasonal variation
that can occur throughout the frost free period, nor do they capture the year to year
variability that likely occurs. The values do however; provide a relative indication of the
type of treatment that may be expected. It is anticipated that with the inclusion of
subsequent years of measured data the uncertainties regarding season and year to year
influences will be better understood, thus providing greater confidence in modelled results.

It should be remembered that some of the modelled water quality parameters such as
ammonium are actually influenced by more than one process. For example the treatment of
ammonium reflects the ammonification of organic nitrogen and the nitrification of
ammonium and can also be influenced by the oxygen demand related to BOD. Thus, the
calibration of SubWet may require changing more than one rate coefficient.

7.6 Summary and possible future modifications

A variety of approaches can currently be applied to predict the performance of constructed
wetlands, however, only and a few numerical models are available as a predictive tool for
horizontal subsurface flow treatment wetlands. All numeric models can be problematic
when applying to natural wetlands; which nature are often open and diffuse systems, with
poorly defined boundaries, flow patterns and permeable borders (Kadlec and Wallace,
2009). These conditions present challenges for wastewater regulators who require well
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defined points of control. The best approach is to incorporate site specific performance data
(when available) into the model in an attempt to calibrate the model to the unique
characteristics of the particular wetland. This was the approach taken with the application of
the SubWet model to the natural tundra wetlands.

The calibration of SubWet with the eleven northern wetlands in the Canadian Arctic
clearly demonstrates its ability to model treatment performance within natural tundra
wetlands and thus provide an additional predictive tool to aid northern stakeholders in the
treatment of municipal effluents. It was demonstrated that even during periods of
wastewater decanting, SubWet was robust enough to provide moderately good treatment
predictions. Likewise it has also been demonstrated that SubWet is able to provide good
predictions for those municipalities that produce a high strength wastewater (e.g., Baker

Lake and Arviat).

It is recognized however, that our present knowledge regarding year to year variability in
wetland performance and seasonal influences is lacking and future monitoring will be

needed to improve temporal predictions.

8.0 Summary

The study results outlined in the preceding chapters demonstrates the wastewater
treatment services that are provided by the eleven natural tundra wetlands investigated. For
the most part, the concentration of cBODS5, ammonia, phosphorus and microbial pathogens
were significantly reduced with final treated effluent values well below the CCME NPS for
southern Canada. Treatment performance was poorer at some wetland sites such as Whale
Cove, Pond Inlet and Fort Providence where the wetlands were either undersized or the
slope and hydraulic retention times were too steep or short. Total suspended solids did not

appear to be a good indicator of wastewater treatment since some wetlands generate T'SS

RBC Blue Water Project -Tundra Wetlands: performance & operational tools 2014 139



that does not originate in the wastewater influent. It is suggested that a monitoring of fixed
suspended solids (FSS) and volatile suspended solids (VSS) and a comparison of their
contribution to TSS may provide more insight into treatment performance. In some
wetlands that generated TSS it was found that the VSS component of the wastewater
decreased as it traversed the wetland, suggesting that the organic fraction of T'SS was being
removed by sedimentation, filtration and or microbial oxidation while the FSS (inorganic

portion) increased, suggestive that erosional forces were mobilizing inorganic particles into
the effluent.

The IPY study investigated treatment performance over the course of an entire arctic
summer. Although these results indicate that treatment performance remained high during
the summer, more investigation is needed during the spring freshet where flows are
anticipated to be higher because of the influx of melt waters and influent strength is
expected to be stronger with the release of the frozen wastewaters that accumulated over the
winter time. Treatment performance during the spring freshet is not well documented but
is expected to be variable depending on the inherent characteristics of individual wetlands
which vary in their capacity to accommodate increased volumes and influent strengths. The
Environment Canada funded study looked at treatment performance at multiple locations
within the wetland in an attempt to better understand the progression of treatment as
effluents traversed the site. It was found that in most cases the wetlands had the capacity to
accommodate either higher flows or loading rates. Both studies IPY & EC) did indicated
that a slow steady release of effluent into the wetland resulted in better treatment
performance than if effluents were released quickly over a short period of time during a
scheduled lagoon decant. This information suggests that wetland treatment is enhanced if
the lagoon exfiltrates rather than being decanted quickly. A better management practice
may be to decant smaller volumes more frequently rather than release a large volume all at

once.

It was found that the SubWet 2.0 modelling program provided simulated results that were
much closer to measured results than any of the other readily accessible predictive tools that
currently exist. SubWet was successfully calibrated to all eleven wetlands and after
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calibration the simulated (predicted) values were generally within 10% of the measured
values. SubWet can provide wastewater managers the ability to predict the outcome of a
variety of simulated operational scenarios and in doing so determine which management
options are anticipated to provide the best treatment. This should be of great utility for
those operators wanting to know how much of the lagoon’s effluent can be released to the
wetland and how frequently this can be done while still maintaining a desired level of
treatment. SubWet can also be used to predict the capacity of existing wetlands to
accommodate future population growth and associated increases in wastewater volume.

It is hoped that this document will be useful to wastewater managers, regulatory agencies
and consulting engineers and planners. The work contained in this document has attempted
to provide greater insight into the performance of natural wetlands for the treatment of
domestic effluent and in doing so to remove some of the barriers that may have prevented a
greater formal utilization of natural wetlands as part of an overall wastewater strategy for

northern Canada.

RBC Blue Water Project -Tundra Wetlands: performance & operational tools 2014 141



9.0 References

Chapter 1

Akratos, C. S. and Tsihrintzis, V. A., 2007. Effect of temperature, HRT, vegetation and
porous media on removal efficiency of pilot-scale horizontal subsurface flow constructed
wetlands. Ecological Engineering, 242), 173-191

Babatunde, A. O., Zhao, Y. Q. and Zhao, X. H., 2010. Alum sludge-based constructed
wetland system for enhanced removal of P and OM from wastewater: Concept, design and
performance analysis. Broresource Technology, 101(16), 6576-6579

Buchberger, S. G. and Shaw, G. B., 1995. An approach toward rational design of
constructed wetlands for wastewater treatment. Ecological Engineering, 4), 249-275

Campbell, C. and Ogden, M., 1999. Constructed Wetlands in the Sustainable Landscape.
New York: John Wiley and Sons, Inc.

Cooper, P.F., Job, G.B., Green, M.B. and Shutes, R.B., 1996. “Reed beds and Constructed
Wetlands for Wastewater Treatment”. Wiltshire, UK, WRc¢ Swindon

Cooper, P.F., Thorton, A., Pearce, G., Abbott, C. and Hasnip, N., 1998. “Constructed
Wetlands to Remove Drainage Water: the Potential for Application of Constructed
Wetlands in the Water Cycle in Developing Countries”. WRC Report UC 3114,
Department of International Development, Swindon, Wiltshire, United Kingdom

Cooper, P., 2001. “Constructed Wetlands and Reed Beds: Mature Technology for the
Treatment of Wastewater from Small Populations”. Journal of the Chartered Institution of
Water and Environment Management, 15(2), 79-85

Cooper, P., 2009. What can we learn from old wetlands? Lessons that have been learned

and some that may have been forgotten over the past 20 years. Desalination, 246(1-3), 11-
26.

RBC Blue Water Project -Tundra Wetlands: performance & operational tools 2014 142



Doku, I.A. and Heinke, G.W., 1995 Potential for greater use of wetlands for waste
treatment in Northern Canada. Journal of Cold Regions Engineering9: 75-88

Fonder, N. and Headley, T, 2011. "Systematic classification, nomenclature and reporting
for constructed treatment wetlands." In Vymazal J. (Ed.): Water and nutrient management
in natural and constructed wetlands, (pp. 191-219). Springer, New York

Hammer, D. A, 1989. Constructed wetlands for wastewater treatment — municipal,
industrial and agricultural. Chelsea, MI: Lewis Publishers

Hayward, J., Jamieson, R., Boutilier, L., Lam, B., Gagnon, G., and Krkosek, W., 2012.
Hydrological Characterization and Treatment Performance Assessment of a Natural
Tundra Wetland Receiving Effluent from a Single-Cell Wastewater Treatment Exfiltration
Lagoon. Cold Regions Engineering, pp. 623-633

Jamieson, R. and Krkosek, W., 2013. “Breaking the Ice”. Water Canada. Retrieved from:
http://watercanada.net/2013/breaking-the-ice/

Kadlec, R.H., Knight, R.L., Vyamazal, J., Brix, H., Cooper, P. and Haberl, R., 2000.
“Constructed Wetlands for Water Pollution Control: Processes, Performance, Design and
Operation”. IWA Specialist Group on Use of Macrophytes in Water Pollution Control,
Technical Report No. 8, IWA Publishing

Kadlec, R. H., 2009. Comparison of free water and horizontal subsurface treatment
wetlands. Ecological Engineering, 35(2), 159-174

Kadlec, R. H. and Wallace, S. D., 2009. Treatment wetlands 2™ Edition). Boca Raton, FL:
CRC Press

Liu, D., Ge, Y., Chang, J., Peng, C., Gu, B., Chan, G.Y.S. and Wy, X., 2008. Constructed
Wetlands in China: Recent Developments and Future Challenges Frontiers in Ecology and

the Environment, 7(5), 261-268

Mander, U. and Jenssen P., 2003. Constructed wetlands for wastewater treatinent on cold
climates. Southampton, England: WIT Press

RBC Blue Water Project -Tundra Wetlands: performance & operational tools 2014 143


https://www-jstor-org.proxy.queensu.ca/stable/25595146
https://www-jstor-org.proxy.queensu.ca/stable/25595146
http://www.jstor.org.proxy.queensu.ca/action/showPublication?journalCode=fronecolenvi
http://www.jstor.org.proxy.queensu.ca/action/showPublication?journalCode=fronecolenvi

Scholz, M., and Byoung-Hwa Lee, 2005. Constructed wetlands: A review. International
Journal of Environmental Studies, 62(4), 421-447

Suthersan, S.S., 1999. Remediation Engineering: Design Concepts. Boca Raton: Lewis
Publishers

Vymazal, J., 1998. Wetland treatment in czech republic. In Vymazal J., Brix H., Cooper P.
F., Green M. B. and Haberl R. (Eds.), Constructed wetlands for wastewater treatinent in
europe (pp. 67-76). Leiden, The Netherlands: Backhuys Publishers

Vymazal, J., 2005. Horizontal sub-surface flow and hybrid constructed wetlands systems for
wastewater treatment. Fcological Engineering, 25(5), 478-490

Vymazal, J., 2011. Enhancing ecosystem services on the landscape with created, constructed
and restored wetlands. Ecological Engineering, 371), 1-5

Yates, C., Balch, G.B., Wootton, B.C., Jorgensen, S.E., in press. Practical Aspects,
Logistical Challenges, and Regulatory Considerations for Modeling and Managing
Treatment Wetlands in the Canadian Arctic. In: Advances in the Ecological Modeling and
Ecological Engineering applied on Lakes and Wetlands. Eds., Jorgensen, S.E., Chang, N.
B. and Fuliu, X. Elsevier, Amsterdam, The Netherlands, 560 pages

Yates, C. N., Wootton, B. C., and Murphy, S. D., 2012. Performance assessment of Arctic
tundra municipal wastewater treatment wetlands through an Arctic summer. Ecological
Engineering, 44(0), 160-173

Yates, C.N., Wootton, B.C,, Jorgensen, S.E., Murphy, S.D., 2013. Wastewater Treatment:
Wetlands Use in Arctic Regions. /n Encyclopedia of Environmental Management. Taylor
and Francis: New York

Chapter 2

Challen-Urbanic, J., 2009. Pond Inlet and Community Lab Report - Environment Canada.
Available at:

http://www.mvlwb.ca/Boards/NRWG/Shared % 20Documents/REPORTS %20AND %20S

RBC Blue Water Project -Tundra Wetlands: performance & operational tools 2014 144



TUDIES/AWWG%20Sampling %2 0Reports/Detailed % 20Community % 20Report-
%20Pond %20Inlet%20(2009).pdf

Chouinard, A., Balch, G.B., Wootton, B.C., Jorgensen, S.E., Anderson, B.C., in press.
Modelling the performance of treatment wetlands in a cold climate. In Advances in the

Ecological Modelling and Ecological Engineering applied on Lakes and Wetlands.
Jorgensen, S.E., Chang, N.B., Fuliu, X., Eds. Elsevier: Amsterdam, Netherlands

Chouinard, A., Yates, C.N., Balch, G.C., Jorgensen, S.E., Wootton, B.C., Anderson, B.C,,
2014. Management of Tundra Wastewater Treatment Wetlands within a Lagoon/Wetland
Hybridized Treatment System Using the SubWet 2.0 Wetland Model. Water, 6(3):439-454

Dawson, R. N. and Grainge, J. W., 1969. Proposed design criteria for waste-water lagoons
in arctic and sub-arctic regions. Journal Water Pollution Control Federation, 41, 237-246

Doku, I.LA. and Heinke, G.W., 1995. Potential for greater use of wetlands for waste
treatment in northern canada. /. Cold Regions Engineering, 9(2), 75-88.

Gough, L., Wookey, P.A., Shaver, G.R., 2002. Dry heath arctic tundra responses to long-
term nutrient and light manipulation. Arctic Antarctic and Alpine Research, 34(2), 211-8

Government of Nunavut, 2002. Nunavut Waters and Nunavut Surface Rights Tribunal Act.
S.C. c. 10. Retrieved from: www.canlii.org/ca/sta/n-28.8/whole.html

Gunnarsdottir, R., Jenssen, P.D., Jensen, P.E., Villumsen, A. and Kallenborn, R., 2013. A
review of wastewater handling in the arctic with special reference to pharmaceuticals and
personal care products (PPCPs) and microbial pollution. Ecological Engineering, 50, 76-85

Johnson, K., 2010. The social context of wastewater management in remote communities.
Environmental Science and Engineering Magazine, 28-30

Kadlec, R.H. and Johnson, K., 2008. Cambridge bay, Nunavut, wetland planning study.
Journal of the Northern Territories Water and Waste Association

RBC Blue Water Project -Tundra Wetlands: performance & operational tools 2014 145


http://www.canlii.org/ca/sta/n-28.8/whole.html

Mack, M.C., Schuur, E.A.G., Bret-Harte, M.S.,; Shaver, G.R. and Chapin, F.S.; 2004.
Ecosystem carbon storage in arctic tundra reduced by long-term nutrient fertilization.
Nature SEP 23;431(7007):440-3

Mitsch, W. J. and Gosselink, J. G., 1986. Wetlands. New York: Van Nostrand Reinhold Co
Ritter, T.L., 2007. Sharing environmental health practice in the north american arctic: A
focus on water and wastewater service. Journal Environmental Health, 69(8), 50-5

Shaver, G.R. and Chapin, F.S., 1980. Response to fertilization by various plant-growth
forms in an Alaskan tundra - nutrient accumulation and growth. Ecology, 61(3), 662-75
Shaver, G.R. and Chapin, F.S., 1995. Long-term responses to factorial, npk fertilizer
treatment by Alaskan wet and moist tundra sedge species. Ecography, 18(3), 259-75

Yates, C. N., Wootton, B. C. and Murphy, S. D., 2012. Performance assessment of Arctic

tundra municipal wastewater treatment wetlands through an Arctic summer. Ecological
Engineering, 44, 160-173

Yates, C.N., Wootton, B.C,, Jargensen, S.E., Murphy, S.D., 2013. Wastewater I'reatment:
Wetlands Use in Arctic Regions. /n Encyclopedia of Environmental Management. Taylor
and Francis: New York

Yates, C.N., in press. A Review of Wastewater Treatment in the Canadian Arctic:
Comments and Recommendations for New Municipal Effluent Performance Standards.
Arctic

Yates, C., Balch, G.B., Wootton, B.C., Jorgensen, S.E., in press. Practical Aspects,
Logistical Challenges, and Regulatory Considerations for Modeling and Managing
Treatment Wetlands in the Canadian Arctic. In: Advances in the Ecological Modeling and
Ecological Engineering applied on Lakes and Wetlands. Eds., Jorgensen, S.E., Chang, N.
B. and Fuliu, X. Elsevier, Amsterdam, The Netherlands, 560 pages

Yates, C.N., Balch, G.C., Wootton, B.C., Jergensen, S.E., in press. Exploratory
Performance Testing of a Pilot Scale HSSF wetland in the Canadian Arctic. In Advances in

RBC Blue Water Project -Tundra Wetlands: performance & operational tools 2014 146



the Ecological Modelling and Ecological Engineering applied on Lakes and Wetlands.
Jorgensen, S.E.; Chang, N.B.; Fuliu, X., Eds. Elsevier: Amsterdam, Netherlands

Yates, C.N., Balch, G.C., Wootton, B.C., Jargensen, S.E., in press. Framing the Need for
Application of Ecological Engineering in Arctic Environments. In Advances in the
Ecological Modelling and Ecological Engineering applied on Lakes and Wetlands.
Jorgensen, S.E.; Chang, N.B.; Fuliu, X., Eds. Elsevier: Amsterdam, Netherlands

Chapter 3

Canadian Council of Ministers of the Environment (CCME), 2009. Canada-wide Strategy
for the Management of Municipal Wastewater Effluent. Retrieved from:
http://www.ccme.ca/assets/pdf/cda_wide_strategy_mwwe_final e.pdf

Dawson, R. N. and Grainge, J. W., 1969. Proposed design criteria for waste-water lagoons
in arctic and sub-arctic regions. Journal Water Pollution Control Federation 41, 237-246
Heinke, G. W., Smith, D. W. and Finch, G. R., 1991. Guidelines for the planning and
design of waste-water lagoon systems in cold climates. Canadian Journal of Civil
Engineering, 18, 556-567

Johnson, K. and Wilson, A., 1999. Sewage treatment systems in communities and camps of
the Northwest Territories and Nunavut Territory. Cold Regions Specialty Conference of
the Canadian Society for Civil Engineering

Johnson, K., 2008. Inuit position paper regarding the CCME canada-wide strategy for the
management of municipal wastewater effluent and environment Canada’s proposed
regulatory framework for wastewater. Ottawa, ON: Inuit Tapiriit Kanatami

Kadlec, R. H. and Wallace, S. D., 2009. Treatment wetlands (2" Edition.). Boca Raton, FL:
CRC Press

Kadlec, R. H., and Johnson, K., 2008. Cambridge bay, Nunavut, wetland planning study.
Journal of the Northern Territories Water and Waste Association, 9, 30-33

Mander, U. and Jenssen, P., 2002. Natural wetlands for wastewater treatment in cold
climates. WI'T Press. Ashurst, Southampton, United Kingdom

RBC Blue Water Project -Tundra Wetlands: performance & operational tools 2014 147


http://www.ccme.ca/assets/pdf/cda_wide_strategy_mwwe_final_e.pdf

Wootton, B., Durkalec, A. and Ashley, S., 2008a. Canadian council of ministers of the
environment draft Canada-wide strategy for the management of municipal wastewater
effluent: Nunavut regional impact analysis. Inuit Tapiriit Kanatami

Wootton, B., Durkalec, A., and Ashley, S., 2008c. Canadian council of ministers of the
environment draft canada-wide strategy for the managment of municipal wastewater
effluent: Inuvialuit settlement region impact analysis. Inuit Tapiriit Kanatami

Wootton, B., and Yates, C. N., 2010. Wetlands: Simple and effective wastewater treatment
for the north. Meridian, Canadian Polar Commision Newsletter. Fall/Winter

Yates, C. N., Wootton, B. C., and Murphy, S. D., 2012. Performance assessment of Arctic
tundra municipal wastewater treatment wetlands through an Arctic summer. Ecological
Engineering, 44(0), 160-173

Chapter 4
Arens, S.J.T.; Sullivan, P.F. and Welker, J.M., 2008. Nonlinear responses to nitrogen and
strong interactions with nitrogen and phosphorus additions drastically alter the structure

and function of a high arctic ecosystem. Journal of Geophysical Resources,
[Biogeosciences], 113 (G3), G03S09

Breaux, A., Farber, S. and Day, J., 1995. Using natural coastal wetlands systems for
wastewater treatment: an economic benefit analysis. Journal of Environmental Management

44: 285-291

Brix, H., 1994. Use of constructed wetlands in water pollution control: historical
development, present status, and future perspectives. Water Science and Technology, 30(8):
209-223

Cooke, J.G., 1994. Nutrient transformations in a natural wetland receiving sewage effluent
and the implications for waste treatment. Water Science and Technology 4: 209-217

Chouinard, A., Balch, G.B., Wootton, B.C., Jorgensen, S.E. and Anderson, B.C., in press.
Modelling the performance of treatment wetlands in a cold climate. In Advances in the

RBC Blue Water Project -Tundra Wetlands: performance & operational tools 2014 148



Ecological Modelling and Ecological Engineering applied on Lakes and Wetlands.
Jorgensen, S.E.; Chang, N.B.; Fuliu, X., Eds. Elsevier: Amsterdam, Netherlands

Chouinard, A., Yates, C.N., Balch, G.C,, Jorgensen, S.E., Wootton, B.C., Anderson, B.C,,
2014. Management of Tundra Wastewater Treatment Wetlands within a Lagoon/Wetland
Hybridized Treatment System Using the SubWet 2.0 Wetland Model. Water, 6(3):439-454

Dillon Consulting Ltd., 2004. Hamlet of Paulatuk: Operation and Maintenance Manual,
Sewage and  Solid  Waste  Disposal. Report 04-3332. Retrieved from:
http://www.docstoc.com/docs/45286151/Appendix-H---Operations-and-Maintenance-
Manual-Sewage-and-Solid-Waste

Doku, I.A. and Heinke, G.W. 1993. The potential for use of wetlands for wastewater
treatment in the Northwest Territories. Department of Municipal and Community Affairs.
Government of Northwest Territories

Doku, I.A., Heinke, G.W., 1995. Potential for greater use of wetlands for waste treatment
in Northern Canada. Journal of Cold Regions Engineering 9: 75-88

Dubugc, Y., Janneteau, P., Labonté, R., Roy, C. and Briere, F., 1986. Domestic wastewater

treatment by peatlands in a Northern climate: a water quality study. Water Resources
Bulletin. American Water Resources Association, 22(2): 297-303

Edwards, K.A. and Jeffries, R.L., 2010. Nitrogen uptake by Carex aquatilis during the
winter-spring transition in a low arctic wet meadow. Journal of Ecology, 98:737- 744

Environment Canada, 1985. Sewage lagoons in cold climates. Report EPS 3/NR/1.
Government of Canada

Hayward, J., Jamieson, R., Boutilier, L., Lam, B., Gagnon, G., and Krkosek, W., 2012.
Hydrological Characterization and Treatment Performance Assessment of a Natural
Tundra Wetland Receiving Effluent from a Single-Cell Wastewater Treatment Exfiltration
Lagoon. Journal of Cold Regions Engineering, 623-633

RBC Blue Water Project -Tundra Wetlands: performance & operational tools 2014 149



Heinke, G.W.; Smith, D.W. and Finch, G.R., 1991. Guidelines for the planning and design
of wastewater lagoon systems in cold climates. Canadian Journal of Civil Engineering, 18

(4), 556-567

Jenssen, P.D., Maehlum, T. and Krogstad, T., 1993. Potential use of constructed wetlands

for wastewater treatment in northern environments. Water Science and Technology,
28(10):149-157

Johnson, K and Wilson, A., 1999. Sewage treatment systems in communities and camps of
the Northwest Territories and Nunavut Territory. 1* Cold Regions Specialty Conference
of the Canadian Society for Civil Engineering, Regina, Canada, June 2-5

Kadlec, R. H., Tilton, D. L. and Ewel, K. C., 1979. The use of freshwater wetlands as a
tertiary wastewater treatment alternative. Critical Reviews in Environmental Science and

Technology, 9(2): 185-212

Kadlec, R. H., and Johnson, K., 2008. Cambridge Bay, Nunavut, wetland planning study.
Journal of the Northern Territories Water and Waste Association, 9, 30-33

Kadlec, R. H. and Wallace, S. D., 2009. Treatment wetlands (2" Edition.). Boca Raton, FL:
CRC Press

Kennedy, G. and Mayer, T., 2002. Natural and constructed wetlands in Canada: an
overview. Water Quality Resources Journal, 37(2): 295-325

Mander, U. and Jenssen, P., 2002. Natural wetlands for wastewater treatment in cold
climates. WI'T Press. Ashurst, Southampton, United Kingdom

Miyamoto, H.K. and Heinke, G.W., 1979. Performance evaluation of an arctic sewage
lagoon. Canadian Journal of Civil Engineering, 6, 324-328

Prince, D.S.; Smith, D.W. and Stanley, S.J., 1995. Intermittent- discharge lagoons for use
in cold regions. Journal of Cold Regions Engineering, 9 (4), 183-194

Shaver, G.R. and Chapin, F.S., 1995. Long-term responses to factorial, NPK fertilizer
treatment by Alaskan wet and moist tundra sedge species. Ecography, 18 (3), 259-275

RBC Blue Water Project -Tundra Wetlands: performance & operational tools 2014 150



Wittgren, H.B. and Mzhlum, T., 1997. Wastewater treatment wetlands in cold climates.
Water Science and Technology, 35(5): 45-53

Wright, P.B., 1974. A study of the ecological effects of municipal sewage effluent on a
swampland stream at Hay River, Northwest Territories. Master of Science in Biology thesis
dissertation. University of Calgary. Calgary, Alberta, Canada

Yates, C. N., Wootton, B. C. and Murphy, S. D., 2012. Performance assessment of Arctic

tundra municipal wastewater treatment wetlands through an Arctic summer. Ecological
Engineering, 44, 160-173

Yates, C.N., Wootton, B.C,, Jargensen, S.E., Murphy, S.D., 2013. Wastewater T'reatment:
Wetlands Use in Arctic Regions. In Encyclopedia of Environmental Management. Taylor
and Francis: New York

Yates, C.N., in press. A Review of Wastewater Treatment in the Canadian Arctic:

Comments and Recommendations for New Municipal Effluent Performance Standards.
Arctic

Yates, C., Balch, G.B., Wootton, B.C., Jorgensen, S.E., in press. Practical Aspects,
Logistical Challenges, and Regulatory Considerations for Modeling and Managing
Treatment Wetlands in the Canadian Arctic. In: Advances in the Ecological Modeling and
Ecological Engineering applied on Lakes and Wetlands. Eds., Jorgensen, S.E., Chang, N.
B. and Fuliu, X. Elsevier, Amsterdam, The Netherlands, 560 pages

Yates, C.N., Balch, G.C., Wootton, B.C., Jergensen, S.E., in press. Exploratory
Performance Testing of a Pilot Scale HSSF wetland in the Canadian Arctic. In Advances in
the Ecological Modelling and Ecological Engineering applied on Lakes and Wetlands.
Jorgensen, S.E.; Chang, N.B.; Fuliu, X., Eds. Elsevier: Amsterdam, Netherlands

Yates, C.N., Balch, G.C., Wootton, B.C,, Jorgensen, S.E., in press. Framing the Need for
Application of Ecological Engineering in Arctic Environments. In Advances in the

Ecological Modelling and Ecological Engineering applied on Lakes and Wetlands.
Jorgensen, S.E.; Chang, N.B.; Fuliu, X., Eds. Elsevier: Amsterdam, Netherlands

RBC Blue Water Project -Tundra Wetlands: performance & operational tools 2014 151



Chapter 5

Canadian Council of Ministers of the Environment (CCME), 2009. Canada-wide Strategy
for the Management of Municipal Wastewater Effluent. Retrieved from:
http://www.ccme.ca/assets/pdf/cda wide strategy mwwe final e.pdf

Chouinard, A., Balch, G.B., Wootton, B.C., Jorgensen, S.E. and Anderson, B.C., in press.
Modelling the performance of treatment wetlands in a cold climate. In Advances in the
Ecological Modelling and Ecological Engineering applied on Lakes and Wetlands.
Jorgensen, S.E.; Chang, N.B.; Fuliu, X., Eds. Elsevier: Amsterdam, Netherlands

Chouinard, A., Yates, C.N., Balch, G.C., Jorgensen, S.E., Wootton, B.C., Anderson, B.C,,
2014. Management of Tundra Wastewater Treatment Wetlands within a Lagoon/Wetland
Hybridized Treatment System Using the SubWet 2.0 Wetland Model. Water, 6(3):439-454

Government of Canada, 2010. Wastewater systems effluent regulations: regulatory impact
assessment statement. Canadian Gazette, 144 (12)

Kadlec, R. H. and Wallace, S. D., 2009. Treatment wetlands (2" Edition.). Boca Raton, FL:
CRC Press

Mack, M.C., Schuur, E.A.G., Bret-Harte, M.S.,; Shaver, G.R. and Chapin, F.S.; 2004.
Ecosystem carbon storage in arctic tundra reduced by long-term nutrient fertilization.
Nature, 431 (7007), 440-443

Vymazal, J., 2011. Enhancing ecosystem services on the landscape with created, constructed
and restored wetlands. Ecological Engineering, 37(1), 1-5

Yates, C. N., Wootton, B. C. and Murphy, S. D., 2012. Performance assessment of Arctic
tundra municipal wastewater treatment wetlands through an Arctic summer. Ecological
Engineering, 44, 160-173

Yates, C.N., Wootton, B.C,, Jorgensen, S.E., Murphy, S.D., 2013. Wastewater Treatment:
Wetlands Use in Arctic Regions. /n Encyclopedia of Environmental Management. Taylor
and Francis: New York

RBC Blue Water Project -Tundra Wetlands: performance & operational tools 2014 152


http://www.ccme.ca/assets/pdf/cda_wide_strategy_mwwe_final_e.pdf

Yates, C.N., in press. A Review of Wastewater Treatment in the Canadian Arctic:

Comments and Recommendations for New Municipal Effluent Performance Standards.
Arctic

Yates, C., Balch, G.B., Wootton, B.C., Jorgensen, S.E., in press. Practical Aspects,
Logistical Challenges, and Regulatory Considerations for Modeling and Managing
Treatment Wetlands in the Canadian Arctic. In: Advances in the Ecological Modeling and
Ecological Engineering applied on Lakes and Wetlands. Eds., Jorgensen, S.E., Chang, N.
B. and Fuliu, X. Elsevier, Amsterdam, The Netherlands, 560 pages

Yates, C.N., Balch, G.C., Wootton, B.C., Jorgensen, S.E., in press. Exploratory
Performance Testing of a Pilot Scale HSSF wetland in the Canadian Arctic. In Advances in
the Ecological Modelling and Ecological Engineering applied on Lakes and Wetlands.
Jorgensen, S.E.; Chang, N.B.; Fuliu, X., Eds. Elsevier: Amsterdam, Netherlands

Yates, C.N., Balch, G.C., Wootton, B.C,, Jorgensen, S.E., in press. Framing the Need for
Application of Ecological Engineering in Arctic Environments. In Advances in the
Ecological Modelling and Ecological Engineering applied on Lakes and Wetlands.
Jorgensen, S.E.; Chang, N.B.; Fuliu, X., Eds. Elsevier: Amsterdam, Netherlands

Chapter 6

Alberta Environment, 2000 Guidelines for the approval and design of natural and
constructed treatment wetlands for water quality. Municipal Program Development Branch.
Environmental Sciences Division. Edmonton, Alberta, Canada

Campbell, C.S. and Ogden, M.H., 1999. Constructed wetlands in the sustainable landscape.
New York, NY, 288 pp

Chouinard, A., Balch, G.B., Wootton, B.C., Jorgensen, S.E. and Anderson, B.C., in press.
Modelling the performance of treatment wetlands in a cold climate. In Advances in the

Ecological Modelling and Ecological Engineering applied on Lakes and Wetlands.
Jorgensen, S.E.; Chang, N.B.; Fuliu, X., Eds. Elsevier: Amsterdam, Netherlands

RBC Blue Water Project -Tundra Wetlands: performance & operational tools 2014 153



Dillon Consulting Limited, 2009. Kugaaruk, NU - Wetland Treatment Area Assessment
Report. Government of Nunavut, Department of Community and Government Services

Doku, I.A. and Heinke, G.W. 1993. The potential for use of wetlands for wastewater
treatment in the Northwest Territories. Department of Municipal and Community Affairs.
Government of Northwest Territories

Kadlec, R.H. and Knight, R.L., 1996. Treatment Wetlands. CRC Press, Boca Raton,
Florida, United States

Kadlec, R. H. and Wallace, S. D., 2009. Treatment wetlands (2™ edition.). Boca Raton, FL:
CRC Press

Langergraber, G., Giraldi, D., Mena, J., Meyer, D., Pefia, M., Toscano, A., Brovelli, A. and
Asuman, E.A., 2009. Recent developments in numerical modeling of subsurface flow
constructed wetlands. Science of the Total Environment, 407(13): 3931-3943

Pastor R, Benglilou C, Paz D, Cardenas G, Espufia A and Puigjaner L., 2003. Design
optimisation of constructed wetlands for wastewater treatment. Resource Conservion
Recycling, 37(3):193-204

Reed, S. C., Crites, R. W. and Middlebrooks, E. J., 1995. Natural Systems for Waste
Management and Treatment. lllinois: McGraw-Hill

Rousseau, D. P. L., Vanrolleghem, P. A. and De Pauw, N., 2004. Model-based design of
horizontal subsurface flow constructed treatment wetlands: A review. Water Research,
38(6): 1484-1493

Stein, O.R., Biederman J.A., Hook P.B. and Allen W.C., 2006. Plant species and
temperature effects on the k-C* first-order model for COD removal in batch-loaded SSF

wetlands. Ecological Engineering, 26(2):100-12

Tomenko, V., Ahmed S. and Popov V., 2007. Modeling constructed wetland treatment
system performance. Ecological Modeling, 205(3-4):355-64

RBC Blue Water Project -Tundra Wetlands: performance & operational tools 2014 154



Jorgensen, S.E., Fath, B.D., (Eds.). 2011. Fundamentals of Ecological Modelling, Volume 23,
4th Edition: Applications in FEnvironmental Management and Research.  Elsevier:
Amsterdam, the Netherlands, 2011; pp. 1-414.

Jorgensen, S.E.; Gromiec, M.J. Mathematical models in biological waste water treatment—
Chapter 7.6. In Fundamentals of Ecological Modelling, Volume 23, 4th Fdition:
Applications in Environmental Management and Research; Jorgensen, S.E., Fath, B.D., Eds.;
Elsevier: Amsterdam, the Netherlands, 2011; pp. 1-414.

Wood, A., 1995. Constructed wetlands in water pollution control: fundamentals to their
understanding. Water Science and Technology, 32(3):21-9

Chapter 7
Chouinard, A., Balch, G.B., Wootton, B.C,, Jergensen, S.E. and Anderson, B.C., in press.
Modelling the performance of treatment wetlands in a cold climate. In Advances in the

Ecological Modelling and Ecological Engineering applied on Lakes and Wetlands.
Jorgensen, S.E.; Chang, N.B.; Fuliu, X., Eds. Elsevier: Amsterdam, Netherlands

Chouinard, A., Yates, C.N., Balch, G.C,, Jorgensen, S.E., Wootton, B.C., Anderson, B.C,,
2014. Management of Tundra Wastewater Treatment Wetlands within a Lagoon/Wetland
Hybridized Treatment System Using the SubWet 2.0 Wetland Model. Water, 6(3):439-454

Jorgensen, S.E. and Gromiec, M.J., 2011. Mathematical models in biological waste water
treatment-Chapter 7.6. In Fundamentals of Ecological Modelling, Volume 23, 4th Edition:
Applications in Environmental Management and Research; Jorgensen, S.E., Fath, B.D,,
Eds.; Elsevier: Amsterdam, the Netherlands, pp. 1-414

Appendix A
Carter, V., and Novitzki, R. P., 1986. “Some comments on the relation between ground
water and wetlands, ” The ecology and management of wetlands; Volume 1: Ecology of

wetlands. D. D. Hook, et al., eds., Timber Press, Portland, OR, 592 pp

RBC Blue Water Project -Tundra Wetlands: performance & operational tools 2014 155



Caselles-Osorio, A., Puigagut, J., Segt, E., Vaello, N., Granés, F., Garcia, D., et al., 2007.
Solids accumulation in six full-scale subsurface flow constructed wetlands. Water Research,
41(6), 1388-1398

Cooper, A. B., 1994. Coupling wetland treatment to land treatment: An innovative method
for nitrogen stripping? Water Science Technologies, 29: 141-149

Docstoc, 2013. Biogeochemistry — Nitrogen. Retrieved from:
http://www.docstoc.com/docs/126846700/Biogeochemistry-Nitrogen

Edwards, K.A. and Jeffries, R.L., 2010. Nitrogen uptake by Carex aquatilis during the
winter-spring transition in a low arctic wet meadow. Journal of Ecology, 98:737- 744

Gerakis, P.A., 1992. Conservation and Management of Greek Wetlands: Proceedings of a
Greek Wetlands Workshop, held in Thessaloniki, Greece, 17-21 April, 1989. IUCN,
Gland, Switzerland, 493 pp

Kadlec, R. H., 1990. Chemical, physical and biological cycles in treatment wetlands, Water
Science Technology, 40 (3), 37-44

Kadlec, R. H., 1995. Overview: Surface flow constructed wetlands. Water Science and
Technology, 32(3), 1-12

Kadlec, R. H. and Wallace, S. D., 2009. Treatment wetlands (2™ Edition.). Boca Raton, FL:
CRC Press

Lee, C. G., Fletcher, T. D. and Sun, G., 2009. Nitrogen removal in constructed wetland
systems. Engineering in Life Sciences, 9(1), 11-22

Lightbody, A. F., Avener, M. E., and Nepf, H. M., 2008. Observations of short-circuiting

flow paths within a free-surface wetland in Augusta, Georgia, USA. Limnology and
Oceanography, 53(3), 1040

RBC Blue Water Project -Tundra Wetlands: performance & operational tools 2014 156



Lloyd, C. R., Rebelo, L.-M. and Finlayson, C. M., 2013. Providing low-budget estimations
of carbon sequestration and greenhouse gas emissions in agricultural wetlands. Retrieved
from: http://iopscience.iop.org/1748-9326/8/1/015010/article

Metcalf and Eddy, 2004. Wastewater Engineering Treatment and Reuse, 4" Edition,
McGraw-Hill, New York, USA

Reddy, K.R., 2008. Biogeochemistry of Wetlands, Science and Applications. Phosphorus
Cycling Processes. Retrieved from: http://soils.ifas.ufl.edu/wetlands/teaching/Biogeo-PDF-
tiles/Lecture-9-

phosphorus%20cycling%20processes % 20% 5BCompatibility % 20Mode % 5D.pdf

Shutes, R. B. E., 2001. Artificial wetlands and water quality improvement. Environment
International, 26(5-6), 441-447

Taylor, G. D., Fletcher, T. D., Wong, T. H. F., Breen, P. F., 2005. Nitrogen composition
in urban runoff - implications for stormwater management, Water Resources, 39, 1982-
1989

United States Department of Agriculture (USDA), 2004. Mid-Atantic Hydric Soils
Committee. A guide to hydric soils in the Mid-Atlantic Region. Vasilas, L.M. and Vasilas,
B.L. (eds.), Morgantown, WV. Available at www.epa.gov/reg3esd1/hydric soils/

Vymazal, J., 1995. Constructed wetlands for wastewater treatment in the Czech Republic -
state of the art. Water Science and Technology, 32(3), 357-364

Vymazal, J., 2006. Removal of Nutrients in Various Types of Constructed Wetlands.
Science of the

Total Environment, 380, 48-65

Vymazal, J., 2007. Removal of nutrients in various types of constructed wetlands, Science of
the Total Environment, 380, 48-65

Yates, C. N., Wootton, B. C. and Murphy, S. D., 2012. Performance assessment of Arctic

tundra municipal wastewater treatment wetlands through an Arctic summer. Ecological
Engineering, 44, 160-173

RBC Blue Water Project -Tundra Wetlands: performance & operational tools 2014 157


http://www.epa.gov/reg3esd1/hydric%20soils/

Yates, C.N., Balch, G.C., Wootton, B.C. and Jergensen, S.E., in press. Practical aspects,
logistical challenges, and regulatory considerations for modelling and managing treatment
wetlands in the Canadian Arctic. In Advances in the Ecological Modelling and Ecological

Engineering applied on Lakes and Wetlands. Jorgensen, S.E.; Chang, N.B.; Fuliu, X., Eds.
Elsevier: Amsterdam, Netherlands

RBC Blue Water Project -Tundra Wetlands: performance & operational tools 2014 158



&\% Centre for Alternative
—— Wastewater Treatment

Vision

The Centre for Alternative Wastewater Treatment (CAWT) at the
School of Environmental and Natural Resource Sciences, Frost
Campus, Fleming College is an internationally recognized research
institute committed to excellence in research and education.

The CAWT conducts research in the areas of water and wastewater
treatment science and communicates results in high quality
publications. The Centre continues to expand research capacity and
productivity over time.

The Centre fosters collaborative research partnerships with
universities, government agencies, non-governmental
organizations, and the private sector; and engages in opportunities
to enhance student learning through the integration of applied
research activities in student curricula.

The CAWT provides leadership to Fleming College in the expansion
of research and innovation activities in other areas of the College.

cawt.ca









	RBC manual - for Website.pdf
	Forward
	Contents
	List of Figure
	List of Tables
	1.0 Treatment Wetlands
	1.1 Introduction
	1.2 CW or EW systems vs natural tundra wetlands
	1.3 Natural tundra wetlands for wastewater treatment in the Canadian Arctic

	2.0 Tundra wetland as part of the treatment chain
	2.1 Natural tundra wetland for wastewater treatment
	2.2 Logistical challenges
	2.3 Natural tundra wetland sampling
	2.3.1 Point of control
	2.3.2 Inlet / Outlet sampling points
	2.3.4 Seasonal and yearly variability
	2.3.5 Logistical analysis in sample analysis


	3.0 Current wastewater treatment strategies in Northern Canada
	3.1 Current treatment practices employed in the Canadian Arctic
	3.2 Wastewater handling
	3.3 Long and short-term holding lagoons
	3.4 Mechanical and connected central serviced systems
	3.5 Land treatment and wetlands
	3.6 Current and future wastewater regulations in the Canadian Arctic

	4.0 Cold Climate Treatment Wetland Studies: Overview from the 1970s to present day
	5.0 Natural tundra wetlands for wastewater treatment
	5.1 International Polar Year Wetland Study
	5.1.1 Methodology
	5.1.2 Results
	5.1.3 Discussion

	5.2 Environment Canada Wetland Study (2009-2011)
	5.2.1 Methodology

	Quality Assurance / Quality Control
	5.2.2 Results

	Review of overall treatment performance amongst wetlands
	Wetland Characteristics
	Carbonaceous Biochemical Oxygen Demand (5 day)
	Trace elements
	5.2.3 Discussion

	5.3 Summary and future research directions

	6.0 Predictive tools
	6.1 Treatment wetland design models
	6.2 Sizing calculations for existing and new sites
	6.2.1 Rules of Thumb
	6.2.2 Hydraulic Retention Time (HRT)
	6.2.3 Hydraulic Loading Rate (HLR)
	6.2.4 Organic Loading Rate
	6.2.5 Regression Equations
	6.2.6 First -Order Kinetic Models
	6.2.7 Sophisticated 2D and 3D models


	7.0 SubWet 2.0
	7.1 General considerations
	7.2 Model structure
	7.3 Model calibration
	7.4 Predictive tool based on different scenarios
	7.5 Field trials from eleven natural tundra wetlands in Arctic Canada
	7.5.1 Whale Cove, NU data set
	7.5.2 Coral Harbour, NU data set
	7.5.3 Arviat, NU data set
	7.5.4 Repulse Bay, NU data set
	7.5.5 Paulatuk, NT data set
	7.5.6 Pond Inlet, NU data set
	7.5.7 Edzo, NT data set
	7.5.8 Fort Providence, NT data set
	7.5.9 Gjoa Haven, NU data set
	7.5.10 Ulukhaktok, NT data set
	7.5.11 Taloyoak, NU data set
	7.5.12 Summary of the coefficient changes

	7.6 Summary and possible future modifications

	8.0 Summary
	9.0 References

	RBC manual - for Websitev2.pdf
	Forward
	Contents
	List of Figure
	List of Tables
	1.0 Treatment Wetlands
	1.1 Introduction
	1.2 CW or EW systems vs natural tundra wetlands
	1.3 Natural tundra wetlands for wastewater treatment in the Canadian Arctic

	2.0 Tundra wetland as part of the treatment chain
	2.1 Natural tundra wetland for wastewater treatment
	2.2 Logistical challenges
	2.3 Natural tundra wetland sampling
	2.3.1 Point of control
	2.3.2 Inlet / Outlet sampling points
	2.3.4 Seasonal and yearly variability
	2.3.5 Logistical analysis in sample analysis


	3.0 Current wastewater treatment strategies in Northern Canada
	3.1 Current treatment practices employed in the Canadian Arctic
	3.2 Wastewater handling
	3.3 Long and short-term holding lagoons
	3.4 Mechanical and connected central serviced systems
	3.5 Land treatment and wetlands
	3.6 Current and future wastewater regulations in the Canadian Arctic

	4.0 Cold Climate Treatment Wetland Studies: Overview from the 1970s to present day
	5.0 Natural tundra wetlands for wastewater treatment
	5.1 International Polar Year Wetland Study
	5.1.1 Methodology
	5.1.2 Results
	5.1.3 Discussion

	5.2 Environment Canada Wetland Study (2009-2011)
	5.2.1 Methodology

	Quality Assurance / Quality Control
	5.2.2 Results

	Review of overall treatment performance amongst wetlands
	Wetland Characteristics
	Carbonaceous Biochemical Oxygen Demand (5 day)
	Trace elements
	5.2.3 Discussion

	5.3 Summary and future research directions

	6.0 Predictive tools
	6.1 Treatment wetland design models
	6.2 Sizing calculations for existing and new sites
	6.2.1 Rules of Thumb
	6.2.2 Hydraulic Retention Time (HRT)
	6.2.3 Hydraulic Loading Rate (HLR)
	6.2.4 Organic Loading Rate
	6.2.5 Regression Equations
	6.2.6 First -Order Kinetic Models
	6.2.7 Sophisticated 2D and 3D models


	7.0 SubWet 2.0
	7.1 General considerations
	7.2 Model structure
	7.3 Model calibration
	7.4 Predictive tool based on different scenarios
	7.5 Field trials from eleven natural tundra wetlands in Arctic Canada
	7.5.1 Whale Cove, NU data set
	7.5.2 Coral Harbour, NU data set
	7.5.3 Arviat, NU data set
	7.5.4 Repulse Bay, NU data set
	7.5.5 Paulatuk, NT data set
	7.5.6 Pond Inlet, NU data set
	7.5.7 Edzo, NT data set
	7.5.8 Fort Providence, NT data set
	7.5.9 Gjoa Haven, NU data set
	7.5.10 Ulukhaktok, NT data set
	7.5.11 Taloyoak, NU data set
	7.5.12 Summary of the coefficient changes

	7.6 Summary and possible future modifications

	8.0 Summary
	9.0 References




