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Glossary

Adsorption: The adhesion of phosphate to mineral surfaces through ion exchange, or the binding
of phosphate to iron and aluminum oxides/hydroxides through ligand exchange

Al: Aluminum, a metal commonly involved in phosphorus retention processes

Attenuation: Removal of a contaminant from solution by processes that retain it in the soil (in
the case of nitrate, may be the atmosphere). Also referred to as removal, retention, or
immobilization in the context of septic systems

Biomat: An area of high biological activity near where the drain field pipes meet the soil. The
biomat slows the downward percolation of water in the drain field.

Ca: Calcium, an element commonly involved in phosphorus retention processes

Calcareous: Refers to soils that are rich in calcium, and are often basic or neutral in pH

Drain Field: An area of soil that is used to treat wastewater from a septic system. Wastewater
flows from the septic tank to be dispersed across the drainfield

Effective Porosity: The fraction of pore space in a soil that is active in transmitting water— some
pores are dead ends or inaccessible to water and therefore not included in the effective porosity
Export Coefficient: A quantification method that assumes that each person generates a certain
amount of a contaminant per unit of time. For example, a phosphorus export coefficient may be
0.7 kg of phosphorus per person per year.

Fe: Iron, a metal commonly involved in phosphorus retention processes

Hydraulic Conductivity: The transmissivity rate of soil (how much water can move through in
a given time). High hydraulic conductivity means that water can move quickly through the soil
Impervious Surface: A type of land cover that is impenetrable, such as driveways, sidewalks, or
roads, where water is unable to percolate downward

N: Nitrogen, a common nutrient in human wastewater that is linked to lake eutrophication

NO:s': Nitrate, the most common and mobile form of nitrogen in wastewater plumes
Non-calcareous: Refers to soils that are not rich in calcium that often have high levels of Fe and
Al These soils are often acidic

P: Phosphorus, a common nutrient in human wastewater that is linked to lake eutrophication
PO4": Phosphate, the most common form of phosphorus in wastewater, which is biologically
available and mobile in groundwater

Retardation Factor: The degree by which the movement of a contaminant is slower than the
movement of groundwater. For example, if phosphorus moves 20 times slower than groundwater,

then the retardation factor is 20. Abbreviated as R ;

Saturated Zone: The zone in the soil that exists below the water table, where pore spaces are
completely filled with water.

Seasonal High Water Table: The highest point the saturated zone reaches in a given year. This
is often located by the presence of “mottling,” which is evidence of certain soil processes
Vadose Zone: The zone in the soil that exists above the water table. Here, the pore spaces
between soil minerals are filled with both air and water, rather than being completely filled with
water. Also referred to as the “unsaturated zone”
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Abstract

Rural areas often use septic systems to treat household wastewater, which may pose a
phosphorus (P) loading risk to nearby water bodies if systems fail or if the soil types are
unsuitable for P retention. In the Lake Auburn watershed, septic systems may be a source of
phosphorus loading to Lake Auburn, an unfiltered drinking water supply. Site evaluations from
municipal permits reveal patterns of septic system locations and soil types in septic drain fields.
Many septic drain fields have shallow depths to groundwater or a restrictive layer, which may
lead to inadequate P retention in the soil. Areas with a high density of septic systems near the
two largest inlets to the lake may be P loading hotspots. Near the Basin inlet, shallow soil depths
and proximity to the lake suggest that failing systems may be a source of P loading, and that
there may not be robust P removal in these drain fields. A high density cluster of systems near
Townsend Brook is located on a sand and gravel aquifer, with coarse sands that have less
capacity to retain P than finer-textured soils. The creation of a model that simulates 200 years
(1900 to 2100) of septic system operation demonstrates that septic systems may create a legacy P
issue, because P loading was estimated to increase even after new development ceased. The
model shows that policy changes may be able to decrease the septic system P load, but that the
impact of such changes on P loading estimates may not be substantial for decades. In Auburn,
such policy changes also have land use implications that would increase watershed sources of P
loading through additional deforestation, impervious surface, and septic systems from new
development. Other studies on Lake Auburn demonstrate that land-based P loading from new
development may be higher than the P load reductions from improved wastewater treatment
estimated in this study, suggesting that any change to septic system policy that does not also
restrict development where it has previously been restricted is likely to lead to a net increase in
the cumulative P load.



Executive Summary
Septic systems are used to treat household wastewater in areas without sewer service and

use native soil to remove pathogens and other contaminants from wastewater. Because
phosphorus is present in wastewater, which can stimulate algal blooms (Schindler, 2006),
improperly functioning septic systems are a potential threat to water quality that have recently
become of interest for many rural watersheds (Withers et al., 2014). The transport of P from
septic systems to lakes can either occur through the subsurface if the system is functioning
properly, or through a more direct pathway when the system fails, which causes water to pond at
the surface (Siegrist, 1987). However, systems that are “properly functioning” can contribute
large amounts of P to groundwater if the soil types used in the septic drain field lead to poor P
retention in sediments (Reide Corbett et al., 2002). Generally, septic systems are considered to
contribute between 4 and 25% of the total phosphorus load in lake watersheds (Lusk et al.,
2017).

In the Lake Auburn watershed, management of the lake is particularly crucial because it
is an unfiltered drinking water supply that provides water to two Maine cities. One management
action being considered by the City of Auburn is changing the septic system eligibility standards
within the watershed to allow for the installation of mounded septic systems at the time of
replacement (City of Auburn, 2022a). Changing the ordinance is intended to improve phosphorus
retention in a subset of systems, but has the consequence of making new areas eligible for a
septic system, which would cause land-use changes associated with development that load more
phosphorus to the lake. Therefore, the objective of this study is to examine how the distribution
of septic systems and soil characteristics across the Auburn portion of the Lake Auburn
watershed may affect phosphorus loading from septic systems to the lake, and to use quantitative
methods to understand the potential long-term impacts of septic systems. In order to do this, I
collated municipal permits from the City of Auburn, which contain soil and design information
about each septic system.

Areas of high septic system density near the Basin and Townsend Brook suggest that
these areas may be loading hotspots (Map 0.1). The Basin has many systems located in close
proximity to the lake shoreline and on soils with shallow depths to a restrictive layer, which may
suggest that P retention is inadequate in these septic drain fields (Reide Corbett et al., 2002;
Mechtensimer & Toor, 2017), and that both failing and well-functioning systems may contribute
P to Lake Auburn in this area (Efroymson et al., 2007; Rakhimbekova et al., 2021). Septic
systems in the Townsend Brook watershed are mostly located on sand and gravel deposits, where
the coarse-textured soils in the septic drain fields are worse at retaining phosphorus than finely-
textured soils (Carroll et al., 2005). This area has the highest density of septic systems in the
Auburn portion of the watershed.
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Failing systems may be a large potential source of P loading from Auburn’s septic

systems (Withers et al., 2011). Shallow depths to groundwater or a restrictive layer and
coarse-textured soils are common soil characteristics throughout the watershed, and likely to lead

to inadequate phosphorus retention in drain fields (Karathanasis et al., 2006).
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Map 0.1: Density of septic systems in the Auburn portion of the Lake Auburn watershed. The highest
density occurs near Townsend Brook, on a sand and gravel aquifer. Other high-density areas are near the
Basin and North Auburn Road. Systems outside of the watershed within Auburn or within the watershed

in other towns are not shown.
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Because phosphorus moves slower than other wastewater constituents such as nitrate,
chloride, and artificial sweeteners (Wilhelm et al., 1994; Robertson, 2021), and groundwater may
move slowly (Todd, 1980), septic systems may create a legacy phosphorus issue where
phosphorus from properly functioning systems may not reach the lake for decades (Roy et al.,
2017). In order to investigate this potential effect, a model was created that spans 200 years
(1900 to 2100) of septic system use in the Auburn portion of the Lake Auburn watershed. The
model estimates that phosphorus loading may increase even in the absence of new development
between 2023 and 2100 (Figure 0.1). Incorporating the proposed septic ordinance change, the
model estimates little immediate effect of the change even in the absence of continued
development. For example, there is estimated to be less than a 10% phosphorus loading
reduction two decades after the proposed change is simulated to occur. Decreases in phosphorus
loading occur in the model as older systems on shallow soils are replaced with mounded systems
with greater phosphorus retention.

Range of Yearly Phosphorus Loading from Auburn’s Septic Systems to Lake Auburn
No Proposed Change & No New Development
® Upper Bound - No Proposed Change - No New Development

140 /_/‘.’ * |ower Bound - Mo Proposed Change - No New Development

120 . \""‘H

-
-

100 I
-

80 __J/“"""

Annual Phosphorus Loading from Septic Systems (kg-P)

o

1900 1950 2000 2050 2100
Year of Simulaticn

Figure 0.1: Upper and lower bounds of temporal model results, assuming no new development
and no proposed ordinance change. The lower curve reflects transport to the lake assuming slow
transport of phosphorus in groundwater, while higher phosphorus loading occurs if the soils
under the septic systems transport phosphorus more quickly. Phosphorus loading is estimated to
increase from 2024-2100 even though there is no new development, demonstrating that septic
systems may pose a legacy issue, where phosphorus may take a long time to reach the lake.
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Depending on how quickly phosphorus transport is assumed to occur, the model yields
different results, with quick phosphorus transport leading to larger phosphorus load reductions
(28.4 kg-P/year) and slow phosphorus transport leading to smaller reductions (5.8 kg-P/year) by
the year 2100, assuming no new development occurs (Figure 0.2). However the proposed
ordinance change would allow for more areas within the watershed to be developed by relaxing
septic standards. As a result, phosphorus loading associated with continued development from
loss of forested area, increased impervious surface, and more septic systems (Withers & Jarvie,
2008) may nullify any phosphorus loading reduction associated with improved wastewater
treatment. For example, CEI (2010) considered a relaxation of the septic standards in one of their
analyses and estimated that phosphorus loading would increase by 56.7 kg-P/year from land use
changes alone as a result of changing the septic standard; when additional phosphorus loading
from new septic systems was considered, this number increased to 158.3 kg-P/year (Figure 0.2).

This evidence from CEI (2010) demonstrates that the land use consequences of any
proposed change in the septic ordinance that does not also continue to restrict development
where it has been previously restricted would nullify the phosphorus loading reductions that
were estimated in this study. Such land use changes would instead lead to a net increase in
cumulative phosphorus loading in spite of improved wastewater treatment in certain septic
systems (Figure 0.2).

Estimated Change in Phosphorus Loading to Lake Auburn Resulting from
Proposed Ordinance Change

B Upper Bound from Ternporal Model (Ri=20) [l Lower Bound from Temporal Model (Rf=100)

200

-50

Estimated Change in Septic System Estimated Met Change in Estimated Met Change in
Phosphorus Load by 2100 (Mo Mew  Cumulative Phosphous Load by Phosphorus Load by 2100
Development Allowed) 2100 Considering Land Use Considering Land Use Changes
Consequences of Proposed and Additional Septic Systems from
Change (CEI, 2010) Proposed Ordinance Change (CEl,
2010)

Figure 0.2: Estimated net change in cumulative P loading to Lake Auburn by 2100 considering the
proposed ordinance change. Results from CEI (2010) are added to the lower and upper bounds from the
temporal model, which demonstrate how land use changes allowed by proposed policies may cause a net
P loading increase. The proposed change may reduce P loading only in the absence of new development.
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Chapter I: Introduction

Septic systems utilize native soils to treat household wastewater in rural areas where
municipal sewer lines do not exist. This form of on-site wastewater treatment is common in the
United States, and is generally considered to be effective at removing pathogens from
wastewater if the system is sited and installed properly (Mallin, 2013). However, septic systems
can be a potential threat to water quality and have recently become the subject of attention for
many rural watersheds because they may contribute nutrients such as nitrogen (N) and
phosphorus (P) to lakes (Withers & Jarvie, 2008; Withers et al., 2014). This can be a major
concern because increased nutrients often cause cyanobacterial blooms, which can lead to low
dissolved oxygen, fish kills, and cyanotoxins (Pacheco et al., 2021; Carmichael & Boyer, 2016).
In communities that have public uses for lakes, such as for drinking water or recreation,
eutrophication from watershed sources such as septic systems, agriculture, or various land use
changes is particularly alarming (Watson et al., 2016; Kong et al., 2022). Because phosphorus in
particular is often considered to be the most limiting nutrient to lake ecosystems in northern
latitudes (Kalff, 2002), preventing phosphorus loading from watershed sources is often regarded
as necessary to prevent lake eutrophication (Schindler, 2006); septic systems may be responsible
for 4 to 25% of the total phosphorus loading for surface water bodies (Lusk et al., 2017).

Various characteristics of a watershed dictate how septic systems may impact water
quality. For example, soil characteristics of the drain field such as texture and depth to
groundwater can impact how well the system retains nutrients (Karathanasis et al., 2006).

Furthermore, their distribution across the landscape influences how much phosphorus may be

14



loaded to nearby water bodies, with areas of high septic system density often contributing more P
(Mallin, 2013; Iverson et al., 2018). Because phosphorus is involved in a variety of soil
processes that delay its movement in groundwater (McBride 1984; Bedient et al., 1994), and
groundwater may be slow to begin with (Todd, 1980), septic systems pose a legacy issue, where
phosphorus does not reach a water body until years after the operation begins (Roy et al., 2017).
However, with the oldest studied septic systems being less than fifty years old (Robertson et al.,
2019), the long-term fate of phosphorus from septic systems is greatly unknown, though it is
believed and assumed that P continues moving toward water bodies until reaching a shoreline
(Robertson & Harman, 1999; Roy et al., 2017). Generally, larger setback distances are
considered to allow more P to be retained in the soil (Lusk et al., 2017).

Considering the legacy impact of septic systems and the role of soils in nutrient
attenuation, there are various ways to quantify nutrient loading from septic systems to lakes.
These approaches include hydrologic models that also model nutrient loading from an entire
watershed (Jeong et al., 2011; Geza et al., 2010; Appendix B), and export coefficient methods,
which assume that each person exports a certain amount of N or P per year. Given the
importance of time in assessing the impact of septic systems, studies that examine P loading
from septic systems on long time scales are becoming increasingly common, and often
demonstrate legacy phosphorus loading from septic systems (Oldfield et al., 2020a; Schellenger
& Hellweger, 2019). Although these types of models have uncertainties like any other model,
they can be an effective tool to quantitatively and visually demonstrate the geochemical and

hydrologic ideas behind phosphorus transport from septic systems to water bodies.
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Variation in soil types that lead to differences in wastewater treatment across a watershed
may be especially critical to lake management in sensitive watersheds. For example, Lake
Auburn, located in Auburn, Maine, is important to thousands of people because of its use as a
public drinking water supply for the cities of Lewiston and Auburn, as well as certain areas of
Poland, Maine. Beyond this, the Auburn Water District/Lewiston Water Division has an EPA
filtration waiver due to the lake’s great historic water quality, allowing them to provide unfiltered
drinking water to over 59,000 people (CDM Smith, 2013). Management of the lake and its
watershed have become topics of public debate because of water quality decline observed over
the years. For example, cyanobacterial blooms followed by fish kills in 2012 and 2018 caused
public concern over the health of the lake, leading to an alum treatment in 2019 that led to water
quality improvement (CDM Smith, 2013). Beyond the importance of supplying clean water to
the citizens of Lewiston, Auburn, and Poland, declining water quality is also a major concern
because it places the Auburn Water District’s EPA filtration waiver at risk, which would require
the construction of a filtration plant that would cost 35-45 million dollars and additional yearly
maintenance costs (FB Environmental, 2021). A 2021 report on the lake by FB Environmental
Associates found that the construction of a filtration plant may be less economically feasible than
management actions to maintain stellar water quality, and would have the consequence of
increasing water bills for citizens of both cities, which would impose a social cost on the people
of Lewiston and Auburn (FB Environmental, 2021).

A potential management action being discussed by the City of Auburn entails changing

eligibility standards for a septic system within the watershed (City of Auburn, 2022b). The
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proposed change would allow for mounded septic systems, which may improve wastewater
treatment in a subset of systems located on shallow soils (Bouma et al., 1975; City of Auburn,
2022c). However, it would also allow for more residential development in the watershed by
relaxing certain requirements, which could lead to more deforestation, impervious surface,
cleared land, and additional septic systems that would increase phosphorus loading to Lake
Auburn (Easton et al., 2007; CEI, 2010). In the context of these discussions, the objective of this
study is to examine the distribution of septic systems and soil characteristics throughout the Lake
Auburn watershed, and use quantitative methods to understand how these characteristics may
impact phosphorus loading from septic systems to Lake Auburn. It will also investigate and
attempt to quantify the legacy effect of septic systems considering proposed management

actions.
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Chapter I1: Background

2.1 Phosphorus and Septic Systems
2.1.1 Pathways of Nutrient Transport
Nutrients enter lakes through different routes of water flow which are often controlled by
precipitation. For example, overland flow is direct surface runoff that enters tributaries of a lake
or the lake itself. Though this water contains dissolved nutrients, it also transports nutrients
bound in sediment through erosion, which makes it one of the most salient contributors to
eutrophication (Lin et al., 2015). The amount of erosion that occurs depends on the soil type,
land cover, and land uses (Sharma et al., 2011); agricultural and urban land uses load the largest
amounts of phosphorus because of their high erosion potential and the limited ability for water to
infiltrate through the soil (Daloglu et al., 2012; Valtanen et al., 2014). Impervious surfaces, such
as roads and driveways, load large amounts of phosphorus into lakes because no infiltration is
able to occur (Withers & Jarvie, 2008). Conversely, forested areas load considerably less
phosphorus than cleared areas (Dillon & Kirchner, 1975) because tree roots prevent soil erosion
and vegetative cover limits the speed of water movement, thus improving soil infiltration (Kalff,
2002; Sun et al., 2018). Land use changes that deforest in favor of impervious or cleared areas
are noted to lead to eutrophication due to the large amounts of phosphorus they contribute
through overland flow (Sorrano et al., 1996).
Water also carries nutrients into lakes through subsurface flow, which consists of
groundwater discharge into water bodies (Meinikmann et al., 2015) and near-surface runoff

(Kalff, 2002). Precipitation or other sources of water may percolate through soil instead of
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traveling through surface or near-surface pathways, which can allow for significant treatment of
the water through adsorption processes and plant uptake before it enters a water body. Both
overland flow and subsurface flow contribute water and nutrients to stream flow. Within streams,
there may be additional attenuation, or removal, of nutrients in sediments or by plants, which
affects the mass of nutrients that reaches a lake (Darracq & Destouni, 2007). However, sources
of pollution, such as septic systems that contribute wastewater directly into the soil, can cause
groundwater pollution that can be a source of nutrient loading to water bodies through the
subsurface (Withers et al., 2014; Fetter, 1993).
2.1.2 Septic System Design and Functioning

Septic systems function by utilizing soils to purify wastewater, which is also called
effluent. While there are many different types of septic systems, those used in the City of Auburn
are traditional septic systems which involve a septic tank and a drain field, as is allowed by city
ordinance (City of Maine Ordinance Chapter 60, 2009). A reliance on the soil to treat septic
effluent means that a location must have appropriate soils in order to have adequate treatment. In
particular, in order to treat pathogens, the soil must not drain too fast, so as to allow water to
percolate through without being treated (Brady & Weil, 2002); if it is too slow, water cannot
percolate through the soil, leading to water pooling at the surface (Mallin, 2013). This is known
as hydraulic failure of the system. When a septic system fails, the system must be replaced;
septic systems typically have a lifespan around between 20-30 years before they fail due to
buildups of organic matter at the drain field surface or rising water tables (Siegrist, 1987), though

failure age varies depending on soil characteristics (Hill & Frink, 1980). Failing systems are
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often regarded as direct inputs to surface water bodies as ponding water may travel through a
surface or near-surface pathway (Beal et al., 2005). This mechanism leads to the identification of
the two major flow pathways for wastewater movement toward water bodies: a direct pathway
from failing systems and a subsurface pathway.

Municipalities and states typically govern which types of soils are suitable for septic
systems (State of Maine, 2014). For example, the City of Auburn requires 36 inches of vertical
separation between the soil surface and the most “limiting factor,” which is where a site
evaluator finds the seasonal high water table, bedrock, or other restrictive layer (City of Auburn
Ordinance Chapter 60, 2009). This is to ensure that there is an adequate amount of soil to
eliminate pathogens beneath the system. Many soils are unable to meet the requirements put in
place by municipalities, which prevents the construction of new homes in certain areas (Brady &
Weil, 2002). One way to make these areas “suitable” for a septic system includes the use of
alternative septic systems that import additional soil in order to reach the depth to limiting factor
requirement (Bouma et al., 1975). These are known as mounded septic systems, and consist of
mounding imported soil on top of native soil in order to reach a certain cumulative soil depth
(Mallin, 2013). The drain field exists within the mound, and the imported soil is often well suited
for wastewater treatment (Bouma et al., 1975), which is intended to also improve nutrient
attenuation. Using mounded systems to achieve greater soil depth may promote more complete P

retention if the system is located on shallow soils (Reide Corbett et al., 2002).
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2.1.3 The Biomat and Septic System Failure

One of the mechanisms that allows for proper septic system functioning involves the
formation of a biomat near the infiltrative surface of the system that is rich in organic matter. The
biomat tends to form and reach steady-state within a year of effluent application (Beal et al.,
2005). Because septic effluent is nutrient rich, the microbial communities that form here differ
from other soil microbial communities (Tomaras et al., 2009), and create a biomat with lower
hydraulic conductivity than the surrounding soil, leading to lower infiltration rates (Siegrist,
1987). Because of this, the biomat allows for even spreading of the effluent across the drain field
area. It also is responsible for maintaining unsaturated conditions beneath the drain field (Beach
et al., 2005), which allows for better wastewater treatment. However, this same mechanism can
be responsible for hydraulic failure of the system if the loading rate of effluent is greater than the
infiltration rate of the biomat (Winstanley & Fowler, 2013), causing water to pond at the surface.

The robustness of the reduction of hydraulic conductivity in the biomat is primarily
related to the loading rate of effluent, with higher loading leading to lower hydraulic conductivity
(Siegrist, 1987; Beach et al., 2005; Bumgarner & McCray, 2007). Though it is intuitive that some
nutrients are removed as the biomat forms, the role of the biomat in spreading effluent across the
drain field and maintaining unsaturated conditions is considered its most important feature (Beal
et al., 2005). In coarse-grained soils, formation of the biomat may be incomplete due to a lack of
organic matter in coarse or sandy soils, as noted by field studies (Mechtensimer & Toor, 2016),
which indicates that effluent may be less evenly distributed across drain fields with

coarse-textured soils.
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The buildup of bacterial plaque in the biomat may lead to hydraulic failure of the system
when wastewater cannot percolate through the biomat as fast as it is applied (Siegrist, 1987).
Failure may also occur due to low permeability soils, high water table, or lack of maintenance
(Gunady et al., 2015). Therefore, finer-textured soils such as clay soils typically are more
susceptible to failure, leading to surface ponding of effluent which is often contributed to water
bodies through a surface or near-surface pathway (Beal et al., 2005; Withers et al., 2011). Septic
systems are particularly susceptible to failure during large precipitation events, which raise the
water table.

Failing septic systems may be a significant source of phosphorus loading to lakes because
wastewater that is allowed to percolate through soils may take years to actually discharge into
water bodies (Robertson & Harman, 1999), and P from a surface pathway does not receive
treatment from the soil before entering water bodies. Studies using an artificial sweetener
(acesulfame) as a tracer of wastewater in streams find that the percentage of wastewater from
septic systems that enters a stream is low (Spoelstra et al., 2020) and varies greatly depending on
weather and discharge conditions (Oldfield et al., 2020a). Therefore, failing septic systems may
play an unexpected role in nutrient loading, as weather strongly influences how much effluent
travels through this pathway. However, recent evidence finding that acesulfame may biodegrade
during wastewater treatment (Castronovo et al., 2017; Van Stempvoort et al., 2020) indicates that

more wastewater may reach water bodies through the subsurface than tracer studies suggest.
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2.1.6 Phosphorus Attenuation in Drain Fields

In septic system drain fields, phosphorus (P) can be retained through various physical and
chemical processes (Figure 2.1), and is most commonly present in the form of orthophosphates
(Lusk et al., 2017), which are dissolved and biologically available. The adsorption of phosphorus
refers to the adhesion of P to mineral surfaces through ion/ligand exchange processes that often
involve clay particles and Fe/Al oxides/hydroxides (McBride, 1994; Singer & Munns, 2006;
Sposito, 2008). Phosphorus can also be retained through mineral precipitation, where phosphorus
binds with Fe, Al, or Ca to form a variety of solid secondary minerals such as variscite, strengite,
or hydroxyapatite (Lusk et al., 2017; Robertson, 2021). While adsorption is reversible through
desorption (Barrow, 1983), precipitation is considered to be a more permanent form of
immobilization in the context of septic system drain fields (Robertson, 2008). Additional
background on phosphorus immobilization and transport can be found in Appendix A.

A number of field studies aim to determine the ability of septic systems to attenuate P by
using in-situ data to evaluate how soil type and soil depth affect adsorption and precipitation.
Because the immobilization of P is directly related to contact between P in wastewater and soil
mineral surfaces (Tan, 2011), it is intuitive that more soil correlates to more treatment. For
example, Karathanasis et al. (2006) investigated the efficiency of septic systems with soil depths
up to 60 cm, and found that P removal increased with increasing depth for all soil types. They
also found that clay soils removed more P than sandy soils; this relationship was only significant
when septic effluent was able to percolate through 60 cm of soil. Drain fields retain P especially

well if effluent is able to percolate through 1 m of unsaturated soil (Reide Corbett et al., 2002;
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Mechtensimer & Toor, 2017), with retention observed to lessen by a factor of ten below 1 m
(Baer et al., 2019). Furthermore, there appears to be no correlation between water table depth
and total P removal in drain fields with vadose zone depths between 1 m and 5 m (Robertson et
al., 2019), which suggests that the first meter of unsaturated soil is particularly critical to

wastewater treatment.
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Figure 2.1: A conceptual diagram showing the most prominent movements and transformations
of phosphorus in septic system drain fields. Green arrows represent the movement of phosphorus,
while yellow arrows represent transformations of phosphorus. Deepening shades of blue signify

more tightly immobilized P. The size of arrows or other shapes do not correlate to sizes of P
stores.
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Gill et al. (2009) investigated the unsaturated zone of septic drain fields with a soil depth
up to 1 m and concluded that, although a greater soil depth always contributes to greater P
removal, the mineralogy of the soil tends to take on a larger importance. Subsoil layers
containing high percentages of clay or the presence of calcium or Al/Fe oxides were noted to
immobilize P especially well, regardless of depth. Their findings imply that coarse-grained soil
types immobilize less P than clay soils (Gill et al., 2009). Other studies that assess the ability of
soils to retain P after effluent application support the idea that sandy soil types adsorb less P than
finer-textured soils due to their lesser surface area and limited ion exchange capacity (Carroll et
al., 2005; Zanini et al., 1998; Mechtensimer & Toor, 2016). For example, Wilhelm et al. (1994)
studied a septic drain field that was 95% sand and found that only 50% of P had been attenuated
in the vadose zone before discharging into the groundwater.

Retention of P in septic system drain fields also differs depending on whether the soils
are calcareous (rich in calcium) or non-calcareous. These types of soils differ greatly in pH and
mineralogy, with calcareous soils generally being basic and having low amounts of Al and
Fe-oxides, while non-calcareous soils are acidic and contain large amounts of Al and Fe.
Because calcareous soils may lack metal cations and metal oxides that precipitate with P, they are
more susceptible to P leaching in septic drain fields (Zanini et al., 1998; Robertson, 2003). A
review of twenty-four septic systems by Robertson et al. (2019) included an investigation of P
attenuation in the vadose zone and found that drain fields in non-calcareous soils retained 90% of
P, while those in calcareous soils retained 66%. Although non-calcareous soils often outperform

calcareous soils because of the availability of Fe and Al, the stability of AI-P mineral
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compounds, and low pH (Robertson, 2003; Robertson, 2012; Eveborn et al., 2012), calcareous
soils still exhibit a large capability to retain P due to the formation of Ca-P precipitates
(Robertson et al., 1998; Ige et al., 2005).

This is critical because studies on the vadose zone beneath septic drain fields find that
mineral precipitation is the main mechanism responsible for P removal (Wilhelm et al., 1994;
Robertson, 2008). Though adsorption is also a critical process, evidence suggests that increases
in solid P are larger than increases in desorbable P after septic system operation (Robertson,
2012; Baer et al., 2019), demonstrating that more precipitation occurs than adsorption. This is
confirmed by studies that found thick solid coatings of Fe-P, Al-P, and Ca-P compounds on
individual grains of soil between 5 - 30 cm of the disposal pipes (Zanini et al., 1998; Robertson
et al., 2002; Baer et al., 2019; Robertson et al., 2019). The largest amount of mineral
precipitation occurs in the area within 50 cm of the pipes because the rapid oxidation of
wastewater in this area facilitates precipitation (Robertson, 2012). Evidence that septic drain
fields effectively remove phosphorus regardless of age and without significant decline also
supports the idea that precipitation controls P retention in the vadose zone (Robertson et al.,
1998). This is because, in drain fields used up to 44 years, no maximum P sorption capacity is
reached (Robertson et al., 2019). It is important to note that many studies on the vadose zone
beneath septic systems use systems that were confirmed to be installed properly (Karathanasis et
al., 2006; Gill et al., 2009; Mechtensimer & Toor, 2016). Therefore, systems that were not

properly installed may attenuate P less efficiently.
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2.1.7 Phosphorus Transport to Water Bodies

Once wastewater leaves the vadose zone, it enters the saturated zone where it begins
moving toward nearby water bodies. While there may be robust immobilization of P in the
vadose zone (Mechtensimer & Toor, 2016), there is far less permanent P immobilization in the
saturated zone because of a lack of mineral precipitation (Robertson, 1995; Robertson, 2008).
This is because of the mobilization of iron-phosphorus compounds under anoxic or reducing
conditions (Ptacek, 1998) such as those found in the saturated zone (Wilhelm, 1994). Therefore,
reversible adsorption reactions mainly delay the transport of P through groundwater rather than
immobilize it (Robertson & Harman, 1999).

Though wastewater constituents such as nitrate, sodium, or artificial sweeteners can
move quickly in groundwater and discharge to water bodies (Spoelstra et al., 2017; Spoelstra et
al., 2020), the movement of P in groundwater is delayed and it may take far longer for P from
septic systems to discharge into lakes (Wilhelm et al., 1994). Beneath septic systems, the
presence of P plumes traveling at rates slower than groundwater are well studied and
documented (Harman et al., 1996; Robertson, 2008; Robertson et al., 2019; Rakhimbekova et al.,
2021). The way P transport is delayed in the saturated zone is often quantified by comparing the

groundwater velocity with the velocity of the plume. This is known as the retardation factor (R f)’

which is the ratio of the groundwater velocity and the velocity of the contaminant in the
subsurface (Bedient et al., 1994). Studies of septic system P plumes in Ontario, Canada, which

are noted to have sandy and calcareous soil types, find values of R ; between 20-100 (Robertson

et al., 1998), meaning phosphorus moves 20-100 times slower than groundwater in these soils.
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R p is specific to each individual P plume, and tends to be affected by the type of contaminant and

soil qualities that influence adsorption (Ma et al., 2021). The retardation of phosphorus plumes
occurs over long time periods such that phosphorus discharge into surface water bodies may not
occur for many years after the septic system operation begins (Roy et al., 2017). Many studies on
P plumes beneath septic drain fields use systems that were installed within fifty years of the
research (Robertson et al., 2019; Rakhimbekova et al., 2021), meaning most plumes had not yet
discharged into nearby lakes, though some studies project that P from septic systems over 100
meters away from the shoreline may begin discharging in the near future (Rakhimbekova et al.,
2021). In calcareous, sandy soils, the velocity of P transport in groundwater is estimated between
1-2 meters per year with the largest plumes extending between 90 to 100 meters downgradient
(Robertson et al., 2019). Non-calcareous soils are less susceptible to this degree of P leaching

(Zanini et al., 1998; Robertson, 2003).
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Figure 2.2: Simplified diagram of a phosphorus plume beneath a well-functioning septic system.
P plumes form in groundwater after percolating through the unsaturated zone, which then move
slowly toward water bodies. P is retained in the drain field, while less immobilization occurs in
the plume. System failure is not portrayed. Adapted from Robertson et al. (2019).
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The most well-studied P plume exists in Cape Cod, Massachusetts, where sewage
disposal pits from the Massachusetts Military Reservation generated a massive P plume that
traveled 520 m downgradient to discharge into Ashumet Pond (LeBlanc, 1984). However,
because the pond only intercepted a portion of the plume, the furthest extent of the phosphorus
plume was found to travel up to 760 m downgradient toward the Atlantic Ocean (McCobb et al.,
2003). The sewage disposal site was in use from 1936 to 1995, with the plume discharging at
concentrations of 3 mg/L at the lakeshore (McCobb et al., 2003); the plume was traced using
electrical conductivity (EC) and boron (LeBlanc, 1984), which are common wastewater tracers
(Robertson, 2021). A 3-dimensional reactive transport model was developed by Parkhurst et al.
(2003) for this plume in order to investigate the extent of P loading to Ashumet Pond. Model
results suggest that P did not begin discharging into the pond until 1965, about thirty years after
the sewage disposal operation began, and P loading was simulated to persist for decades after
decommissioning. At its peak, the simulation suggests that the maximum P load was 1,000
kg-P/yr in 1993, though the authors concede this may be an overestimate when compared to
detailed in-situ groundwater data collected during this time (Parkhurst et al. 2003).

Though this example of a large P plume discharging to a local water body is far different
from a typical septic system, because far more sewage was disposed than that of a single
household, it provides evidence that distant sewage disposal systems can discharge P into lakes
at high concentrations. Furthermore, it exemplifies the delay of P transport in the subsurface and
demonstrates that there may be a legacy effect of sewage disposal systems, even years after they

have been decommissioned. Few studies have investigated the legacy effect of septic systems
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after decommissioning, when septic systems stop loading wastewater to soils. Robertson &
Harman (1999) studied two wastewater plumes after decommissioning and found that
conservative constituents of wastewater, such as Na" and NOs’, continue migrating toward water
bodies at the same velocity of groundwater. Concentrations of these ions returned to
concentrations typically observed in groundwater. Phosphate, however, maintained high
concentrations in the plume and continued moving downgradient toward surface water. Though
the authors found that 85% of P from effluent had been retained in the vadose zone, the
persistence of the plume demonstrates that the retardation of P in the saturated zone poses a
legacy P issue (Robertson & Harman, 1999), which may affect water quality if these plumes
reach the shoreline.

Another study on decommissioned septic systems illustrates that plumes from
decommissioned systems consist of P that had previously reached the saturated zone while it was
operational, rather than P retained in the vadose zone that became mobile again (Roy et al.,
2017). This demonstrates the robust and near-permanent retention of P in the vadose zone and
supports the idea that P in the saturated zone remains ultimately mobile. In Wasaga Beach,
Canada, P plumes were approximated to travel 150 m for 115 years of operation (Roy et al.,
2017). In the context of areas developed less than a century ago, this reveals that legacy P has
likely not yet discharged into lakes, but may continue moving downgradient until reaching the
shoreline. This is especially problematic considering that policy changes aiming to prevent P
loading were implemented in the late 20th century. In Maine, for example, cesspools were often

used instead of traditional septic systems, and wastewater often had elevated levels of P due to
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the use of phosphates in laundry detergents until they were banned in 1973 (Litke, 1999). It is
possible for P loading from septic systems to increase even in the absence of continued
development due to the delay of P (Schellenger & Hellweger, 2019), because new plumes
continue to reach the shoreline. This implies that policy changes aimed to reduce P loading from
septic systems may not actually decrease P loading until decades after they are implemented.
2.2 Relevant Modeling Approaches
2.2.1 Modeling approaches used for Lake Auburn

Previous studies on Lake Auburn have attempted to quantify phosphorus loading from
septic systems. CEI (2010) uses an export coefficient approach that only considers septic systems
within 300 feet (91.44 m) of the lake or tributary, with those within 50 feet (15.24 m) considered
a direct input, receiving no P attenuation. An export coefficient assumes that each person
produces a certain amount of phosphorus through a septic system per year. In this approach, CEI
(2010) assumes that each individual exports 0.7 kg-P person'year™, that there are 2.6 individuals
per household, and uses a soil retention factor of 0.8, which means that 80% of phosphorus is
attenuated by the soil. After finding 287 systems within 300 ft of a shoreline and 41 systems
within 50ft, they estimated P loading from septic systems to be 120.7 kg-P year™ (133 kg-P
year ! after calibration by comparing results with in-lake phosphorus concentrations). However,
FB Environmental (2021), a consultant group who performed a similar analysis, found that CEI
accidentally used a soil retention factor of 0.2 instead of 0.8, which may have caused an

overestimation in their analysis.
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FB Environmental (2021) used a similar approach, using the same export coefficient and
(corrected) attenuation factor, but instead using 2.325 people per household. This number was
obtained through 2020 U.S. Census data. They considered systems within 300 ft (91.44 m) of the
lake or a tributary, with those near tributaries undergoing additional P attenuation from the
stream (FB Environmental, 2021). Only considering systems within a specified distance from the
lake is a manner of accounting for the delay of P transport in groundwater. Since distant systems
may have P plumes that do not reach a shoreline, they are not currently loading P to Lake
Auburn even though they are operational. The use of a soil retention factor generalizes the ability
of soil to retain P across the watershed. This is useful in the context of Lake Auburn because
there are no existing field studies that evaluate septic system efficiency in this watershed, and
there is limited accessible soil data aside from soil survey data. In the context of proposed
changes to the City of Auburn’s ordinance regarding septic systems within the Lake Auburn
watershed (City of Auburn, 2022b) and a zoning change to reduce the allowed residential density
(City of Auburn, 2022a), FB Environmental performed another analysis in 2022 that incorporates
the proposed changes; they did this by increasing the soil retention factor from 0.8 to 0.9 to
reflect better wastewater treatment (FB Environmental, 2022). This led them to predict that the
proposed changes would marginally lower the total phosphorus load into Lake Auburn after
considering the additional land use changes that may occur as a result of the ordinance change,
though these results may be hard to contextualize due to changes in modeling assumptions

between model runs (CEI, 2022).
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2.2.2 Using Field Studies (Oldfield et al., 2020a)

Some studies use export coefficients to estimate P loading from septic systems in large
catchments where fine-scale data may not be available that spans the entire region. For example,
Oldfield et al. (2020a) attempts to quantify P loading from the Canadian portion of the Lake Erie
watershed, choosing an export coefficient approach because hydrologically complex models
require input data that is unavailable for such a large area. Therefore, using an export coefficient
generalizes most of the P removal and transport processes that dictate P loading from septic
systems to water bodies in order to make the study possible at this scale. Export coefficients also
assume steady state— this means that each septic system contributes P to groundwater at a
constant concentration regardless of age; septic systems are noted to reach steady state once
sorption sites are taken up and the system has generally reached various equilibria (Robertson,
1995). The authors determined the location of each septic system through manual placement
methods and through development of a geospatial model that places a septic system on each
parcel of land, finding discrepancies between setback distances for each approach (Oldfield et
al., 2020a).

Oldfield et al. (2020a) calculate their export coefficient using literature values of water
use and wastewater composition, assuming that each person uses 221.8 L/day of water, and that
there is a total P concentration of 10 mg/L in septic tank effluent. This gives an export coefficient
of 0.81 kg-P person'year'. Because the soils in the Canadian Lake Erie Basin area are
calcareous, the authors use a 66% attenuation factor based on evidence from Robertson et al.

(2019), who find a mean value of 66% P attenuation by septic drain fields in calcareous soils in
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Canada. The authors consider the delay of P transport by drawing on studies that used
acesulfame as a tracer of wastewater, which suggest that only a portion of wastewater from
septic systems is currently reaching tributaries (Spoelstra et al., 2020). Based on a study
conducted in the same watershed (Oldfield et al., 2020b), they assume that only 24% of
wastewater is currently reaching the streams (Oldfield et al., 2020a). They use these factors to
determine that septic systems contribute between 1.7 - 5% of the total P load to Lake Erie if no
systems are failing.

This export coefficient approach does not account for variability in soil characteristics
across the landscape that are integral to P treatment. Instead, the authors use an attenuation factor
determined from well-functioning septic systems on calcareous soils with over 1 m of
unsaturated soil (Robertson et al., 2019), and use it as a lower bound of P loading. They
determine the upper bound by removing the attenuation factor, assuming no P retention. Since
soil characteristics are unknown, presenting an upper and lower bound demonstrates the extent of
P loading in the case that each system removes P efficiently or not at all. The authors also
consider the retardation of wastewater transport by assuming that 24% of effluent reaches
tributaries. This accounts for the fact that many P plumes have not yet reached shorelines, and
that some P is lost to a deeper aquifer system (Oldfield et al., 2020a). Applying this factor to the
export coefficient method is useful because it assumes 24% of effluent from each system is
discharging into a water body. Even though this does not reflect how P plumes discharge, since

some plumes are discharging effluent while others are not, it works well to factor in each system
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under the assumption that it is unknown whether or not a specific septic system is discharging
into a water body.
2.2.3 SANICOSE (Gill & Mockler, 2016)

A modified export coefficient model was developed by Gill & Mockler (2016) for
application throughout Ireland, using 0.68 kg-P person 'year ! and 2.8 people per home. They
consider three pathways by which P may enter a surface water body: a surface pathway from
ponding of effluent, a near-surface pathway, and a groundwater pathway. The amount of effluent
attributed to each pathway was determined by assigning each septic system a category based on a
groundwater susceptibility map, soil permeability, depth to bedrock, and the distance to surface
water. For example, low permeability soils were considered to load differing amounts of P
through the surface pathway based on their distance to the water body. Similarly, septic systems
with soils more susceptible to groundwater contamination had a higher amount of P contributed
through groundwater. The attenuation of P was simulated by assigning a different attenuation
factor for each type of soil (Table 2.1). Each factor was determined based on field studies, and
specifically refers to the amount of P attenuated through 1 m of unsaturated soil (Gill & Mockler,
2016). Septic systems with shallow groundwater or bedrock had a separate attenuation factor
(Table 2.1). The transport of P in the subsurface was simulated using rainfall data and
groundwater recharge data from national databases as well as transport coefficients based on the
soil permeability. These transport coefficients are similar to the approach by Oldfield et al.

(2020b), who used evidence suggesting that only 24% of septic effluent reaches streams.
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Application of the SANICOSE model in various watersheds in Ireland reveals that the
relative contribution of P from septic systems is highest in small watersheds, and decreases as
watershed size increases (Gill & Mockler, 2016). This model excels because it accounts for
variations in soil type, groundwater depth, and distance from surface water bodies, as well as P
loading from surface and subsurface pathways. While it uses coefficients based on field studies
rather than equations that exactly resemble the hydrologic and geochemical phenomena that
occur beneath septic systems, the authors posit that the semi-qualitative/quantitative approach is
easy to understand and useful for predicting P loading without getting lost in the various
parameters required for process-based hydrologic models that may be hard to define (Gill &

Mockler, 2016).

SANICOSE Model Attenuation Factors
Soil Characteristic Attenuation Factor
Shallow Subsoil 0.71
High Permeability Soil 0.90
Medium Permeability Soil 0.93
Low Permeability Soil 0.94

Table 2.1: Attenuation factors used by Gill & Mockler (2016) in the SANICOSE model.

2.2.4 Transient Model (Oldfield et al., 2020a)
Beyond the export coefficient method used by Oldfield et al. (2020a), which generalizes
the retardation of P in groundwater by assuming that 24% of effluent reaches tributaries, the
same authors also develop a transient model which considers the setback distance of each septic

system. They use the same export coefficient of 0.81 kg-P person 'year!, and use evidence from
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Robertson et al. (2019) to assume P plumes move at a rate between 1-2 m/yr. The transient
model assumes that all septic system operations began in 1940, meaning it does not account for
development patterns across the watershed. The model finds that P loading from septic systems
to Lake Erie does not begin until 7 years after the simulation began, as the shortest setback
distance was 15 m. As the simulation ended in 2020, only systems located within 80 m or 160 m
(for 1 m/yr and 2 m/yr plume velocities, respectively) were actively discharging to water bodies.
There were also large discrepancies in P loading estimates between two methods of placing
septic system locations (Oldfield et al., 2020a), revealing that accurate placement of septic
systems has a large effect on P loading in a temporal model due to varying setback distances.
The transient model created by Oldfield et al. (2020a) demonstrates the legacy effect of septic
systems and shows that the collective impact of septic systems from new development is not
likely felt until decades after they are constructed.

2.2.5 Incorporating Policy Changes (Schellenger & Hellweger, 2019)

Temporal models can also use hydrologic equations and export coefficients to account for
the retardation of P in groundwater. Schellenger & Hellweger (2019) evaluated P loading from
septic systems to Oldham Pond in Massachusetts, United States, over a 300 year period,
integrating policy changes that occurred during that time into the model. For example, septic
systems at the beginning of the simulation are assumed to load far more P than contemporary
systems because of the widespread use of cesspools and the use of phosphate (PO+*") in laundry
detergents. When conventional septic systems began to be used instead of cesspools and PO+*

was removed from detergents, septic systems in the model are assumed to load less P. The
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authors consider complex hydrology by using a 1-dimensional advection-dispersion-sorption
equation to directly simulate groundwater flow. They also use a soil retention coefficient in order
to consider vadose zone processes before P leaches to groundwater.

The model demonstrates that policy changes may decline the amount of P loaded to soils,
and that P loading from septic systems may continue to increase in the absence of new
development because new plumes continue to reach the pond. In the Oldham Pond Watershed,
all septic system P plumes are projected to reach the pond after 2070. This type of model is
applicable to areas where exact septic system locations are available as well as the year each
location was first used for wastewater treatment. The use of the advection-dispersion-sorption
equation signals that the model considers the transport of P in groundwater, though there may be
a high degree of uncertainty in the model as a result of the various input parameters that may be
difficult to define (Schellenger & Hellweger, 2019). Furthermore, the model does not consider
differences in soil type that affect P retention in the vadose zone, such as shallow groundwater or
texture. In spite of this, it is one of the only models that examines P transport from septic systems

at such large time scales (300 years).

38



Chapter III: Methods

3.1.1 Data Collection

Data for septic systems within the Auburn portion of the Lake Auburn watershed were
collected by employees of the City of Auburn and myself with data collection finishing in
August 2022. Many septic systems were confirmed to exist either through municipal permits
(HHE-200) or through the Auburn Water District (AWD). Each permit contains information
about the design of the system, including the number of bedrooms in the home it serves and the
year the previous system was installed, if available. It also includes soil information including
the depth to limiting factor, which is the soil depth where the site evaluator located the seasonal
high water table, hydrologically restrictive layer, or bedrock. Information from the AWD consists
of the installation year, depth to limiting factor, and whether the limiting factor was groundwater
or bedrock.

Furthermore, each permit features the exact location of the system either through GPS
coordinates and/or a detailed drawing of the location of the system in relation to the property
lines and building. These locations allowed each system to be mapped manually using ArcGIS
Online. GPS coordinates were verified by comparing them to the detailed drawing. If the GPS
location varied greatly from the drawing, the location from the drawing was used to map the
system manually. If the drawing did not provide a clear location, the system was mapped within
the property lines in a plausible location (void of trees, large vegetation, and close to building),
by using aerial imagery. Systems from AWD datasets were mapped using this same method.

Only systems within the watershed were mapped; therefore, if the parcel of land is partially
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within the watershed, but the system was installed outside of the watershed, the system was not
included in the dataset. One septic system was permitted in 2019, though no structure had yet
been built on the parcel. This system was included in analyses about soil characteristics under the
assumption that it will be built in the future. However, it was included differently in analyses that
quantify phosphorus loading.

Some buildings within the watershed do not have an associated permit even though their
construction was allowed. Therefore, I used data layers from the City of Auburn including the
city parcel lines, watershed boundary, and sewer service to obtain parcels within the watershed
without a permit on-file for their septic system. Because some homeowners were granted
easements to place their septic systems on a neighbor’s land, it was necessary to manually
account for these parcels and examine the data for other errors. The exact location of each septic
system on these parcels was unknown; the location was determined by using the centroid of the
parcel. Certain data such as the number of bedrooms for each home were imported from the City
of Auburn’s parcel map. The setback distance from each septic system to the nearest lake or
major tributary was determined using ArcGIS Pro. Major tributaries were determined from the
U.S Fish and Wildlife Service Wetland Inventory. All septic systems within the Auburn portion
of the Lake Auburn watershed were merged into a single point layer. The density of septic
systems for this area was calculated per square kilometer using ArcGIS Pro.

Most permits for septic systems contain visual descriptions of test soil pits that were
recorded by site evaluators. Each test pit description indicates changes in soil texture,

consistency, and color. They also mark where mottling (seasonal high water table), restrictive
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layer, or bedrock is observed, as well as the slope of the site. Each change in texture, consistency,
color, or the presence of groundwater marked a new horizon for the purposes of data collection.
The vadose zone of each test pit was characterized using the textures of the uppermost and
lowest horizons, as well as the soil texture that makes up the largest percentage of the vadose
zone by depth. This is henceforth referred to as the “dominant vadose zone texture.” The soil pits
themselves were described by 31 site evaluators, with the site evaluator’s name being illegible
for 11 test pits. These data were reconfigured using JMP Prol6 in order to join them with other
data from septic system permits.

County-level soil survey data exists for the Lake Auburn watershed through the
SSURGO database. Because soil survey data exists at a coarser scale than the test pits from site
evaluation (exact location), these data may be less applicable at the site scale, but may reveal
trends at the watershed level. Soil survey data from Androscoggin and Sagadahoc Counties,
Maine were configured and overlaid with septic system permit data using ArcGIS Pro. Important
fields include the hydrologic soil group and the depth to limiting factor, which was determined
by the lowest value of the seasonal high water table, bedrock depth, or depth to restrictive layer
for all soil types. Though SSURGO also divides the soil profile into horizons, a dataset of
weighted means of select soil metrics is available through the USGS. These data were appended
to the septic system permit data, and include saturated hydraulic conductivity and percent sand,
silt, and clay. A 1/3 arc-second digital elevation model (DEM) from the USGS was used to

obtain overland flow paths (streams) leading to large tributaries or Lake Auburn using ArcGIS
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Pro. Other data include a map of significant sand and gravel aquifers from the Maine Department
of Agriculture, Conservation & Forestry.
3.1.2 Soil Characteristics

Data for the depth to soil limiting factor from site evaluation was interpolated using
Bayesian Empirical Kriging in ArcGIS Pro, and interpolated points for each test pit as well as
points every 100 m around each waterbody or wetland, which were assigned a value of 0 (for
surface water). Wetland data was obtained from the U.S. Fish and Wildlife Service Wetland
Inventory. Because the lowest observed depth to limiting factor for all test pits was 4 inches
(10.16 cm), all land areas assigned a value below 10 cm were assumed to have insufficient data,
considering that the only data available for those areas were wetland data.

3.1.3 Export Coefficient Approaches

A variety of export coefficient methods were applied to these data in order to understand
how model assumptions impact loading estimates. Methods similar to those previously used for
Lake Auburn (CEI, 2010; FB Environmental, 2021) were replicated with few differences. A 300
ft (91.44 m) buffer was created around Lake Auburn and its major tributaries using ArcGIS Pro.
All septic systems within the buffer were assumed to load P to water bodies, while septic
systems outside the buffer were not considered. Phosphorus loading from each septic system to
Lake Auburn is given by:

P =NeBe(l-a (1),

where P is the mass (kg-P/year) of phosphorus loaded to Lake Auburn for a given year, N is the

number of people her home, which was approximated by using the number of bedrooms each
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septic system serves (assuming one person per bedroom), 3 is the export coefficient (kg-P
person 'year!), and a is the attenuation factor (Table 3.1). Like other studies on Lake Auburn, a
0.7 kg-P person 'year ' export coefficient (3 = 0.7) and a 0.8 attenuation factor (a = 0. 8) were
applied to each system (CEI, 2010; FB Environmental, 2021). An attenuation factor of 0.8
assumes that 20% of phosphorus is not retained in soils. Additional attenuation in streams was
not considered, which differs from (FB Environmental, 2021). The sum of loading from all
systems was considered to be the 2023 P load; this is hereby referred to as the buffer method.

Because it is possible for septic systems beyond the buffer zone to contribute P to Lake
Auburn (LeBlanc, 1984; Roy et al., 2017), another export coefficient method was developed
based on Oldfield et al. (2020a), who used acesulfame as a tracer of wastewater and developed a
model using a transport factor of 0.24 based on a tracer study conducted in the same watershed
(Oldfield et al., 2020b). This will be referred to as the “whole watershed method.” This approach
allows distant systems to be included in the calculation by assuming that 24% of effluent from all
systems are contributed to the lake and is given by the equation:

P=NefBe(d—-0oey (2,

where P is the mass (kg-P/year) of phosphorus loaded to Lake Auburn for a given year, N is the
number of people her home, [ is the export coefficient (kg-P person'year'), a is the attenuation
factor, and y is the transport coefficient (Table 3.1). Though some septic systems may be actively
discharging P while others are not, the transport coefficient accounts for the fact that it is
unknown which systems have begun discharging by assuming 24% of P from each system

reaches Lake Auburn. The whole watershed method uses the same inputs as the buffer method,
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while considering all systems within the watershed and using y = 0. 24 (Oldfield et al., 2020a),
within range of transport coefficients used by Gill & Mockler (2016).

A modified export coefficient method based on Gill & Mockler (2016) and Oldfield et al.
(2020a) was developed to account for soil heterogeneity across the watershed by varying the
attenuation factor (a) based on the soil type (Equation 3). The same export coefficient as CEI
(2010) and FB Environmental (2021) was used in order to be consistent across all approaches;
this value is within range of export coefficients used in other studies (Gill & Mockler, 2016;
Schellenger & Hellweger, 2019; Oldfield et al., 2020a). This method assigns a permeability score

to each septic system based on the vadose zone soil texture from site evaluation (Appendix C,

Table C.1).
Buffer Method Inputs (Equation 1)

Input Name Symbol Value Unit Source

Export Coefficient B 0.7 kg-P person'year™ CEI (2010); FB
Environmental (2021)

Attenuation Factor a 0.8 fraction CEI (2010); FB
Environmental (2021)

Number of People per N Mean: 3.257 bedrooms Municipal permits

Home

Whole Watershed Approach with Soil Variability and System Failure Inputs (Equation 3; Figure 3.1)

Input Name Symbol Value Unit Source
Equation 3
Export Coefficient B 0.7 kg-P person'year™! CEI (2010); FB
Environmental (2021)
High Permeability Soil o 0.75 fraction Schellenger &
Attenuation Factor Hellweger (2019)
Medium Permeability Soil o 0.93 fraction Gill & Mockler (2016)
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Attenuation Factor
Low Permeability Soil o 0.94 fraction Gill & Mockler (2016)
Attenuation Factor
Shallow Soil Depth o 0.71 fraction Gill & Mockler (2016)
Attenuation Factor °
Transport Coefficient Y 0.24 fraction Oldfield et al. (2020a)
Fraction of P load 0 0,0.15,0.3, 1 fraction Gill & Mockler (2016);
attributed to failure Figure 3.1
Number of People per N Mean: 3.257 bedrooms Municipal permits
Home
Figure 3.1

Soil Permeability low (3), medium Municipal permits,

(2), high (1) SSURGO database
Setback Distance D meters Municipal permits,

ArcGIS Pro

Age of System AC years Municipal permits

Table 3.1: Input parameters for all export coefficient methods. Literature sources for each value
are included. The fraction of P load through a surface pathway depends on the setback distance,
as used by Gill & Mockler (2016).

For systems without a site evaluation on-file, the hydrologic soil group was used, and
assigned categories based on USDA definitions, as cited in Bean et al. (2021). Soil textures with
>90% sand or hydrologic soil group A were assigned a permeability score of 1, soil textures
described as silty clay or finer or hydrologic soil group D were assigned a permeability score of
3, and all other soil textures or hydrologic soil groups B and C were assigned a permeability
score of 2 (Appendix C, Table C.1). These scores allow for each septic system to be assigned an
attenuation factor. Any system with a depth to limiting factor less than 91.44 cm (36 in) received

an attenuation factor of a = 0. 71, regardless of permeability score, based on Gill & Mockler
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(2016). Using one attenuation factor for shallow subsoils regardless of soil texture is applicable
considering evidence from Karathanasis et al. (2006), who find that differences in soil texture do
not lead to statistically significant differences in P treatment until at least 60 cm of soil depth.
For all septic systems with a depth to limiting factor greater than 91.44 cm, attenuation factors
were assigned based on permeability score (Table 3.1). For a high permeability soil (permeability

score of 1), an attenuation factor of a = 0. 75 was used, based on Schellenger & Hellweger

(2019), who created a similar model in a watershed with similarly non-calcareous sands.
Although Gill & Mockler (2016) use an attenuation factor of 0.9 for high permeability soil, many
studies note variable P attenuation in sandy soils that is often not as robust as 90% (Robertson,
1995; Wilhelm et al., 1994; Roy et al., 2017). Therefore, a value of 0.75 was used. For a

permeability score of 2, an attenuation factor of a = 0. 93 was used (Gill & Mockler, 2016).
For a permeability score of 3, an attenuation factor of o = 0.94 was used (Table 3.1).

Another version of the modified export coefficient method accounts for P loading
through a surface pathway from failing systems. The amount contributed from failure differs
based on soil permeability and setback distance as used by Gill & Mockler (2016). However,
contrary to the approach by Gill & Mockler (2016), no attenuation of this P was considered, as
many models assume that surfacing effluent from failing septic systems is a direct input to the
lake or stream, receiving no additional treatment (Jeong et al., 2011; Sinclair et al., 2014). In
addition to assuming that septic systems on low permeability soils (permeability score of 3) were

contributing P through a surface pathway, I also assumed that systems installed over 29 years ago
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(median time until system replacement in Auburn) were failing and also contributed varying
amounts of P through a surface pathway based on setback distance (Figure 3.1). This age is close

to reported values of septic system lifespan in other New England states (Hill & Frink, 1980).
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Figure 3.1: Flow diagram describing the percentage of septic effluent that is attributed through a
surface pathway for each septic system on the basis of soil permeability, system age, and setback
distances and percentage of load from Gill & Mockler (2016).

Considering the watershed as a whole, soil permeability, system age, and setback

distance, the total P load to Lake Auburn for each system was calculated using the equation:

P=MWe<p®+0-06)1-a)) (3)
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where P is the mass (kg-P/year) of phosphorus loaded to Lake Auburn for a given year, N is the
number of people her home, [ is the export coefficient (kg-P person'year!), 0 is the percent of

phosphorus attributed to the failing system determined from Figure 3.1, o is the attenuation

factor for the given soil type, and y is the transport coefficient. The sum of P loading from all
systems was considered to be the 2023 P load. This method is referred to as the whole watershed
with soil variation and system failure method.
3.1.4 Temporal Model

Using the modified export coefficient method from above, I created a temporal model
based on Schellenger & Hellweger (2019) using JMP Prol16 that spans 200 years of wastewater
disposal in the Auburn portion of the Lake Auburn watershed. The temporal model assumes that
no new development occurs in the watershed, meaning no new septic systems are added beyond
what already exists. Each septic system operation was simulated to begin based on the year the
dwelling was built, based on the City of Auburn’s parcel map. If no data existed, the median year
of the above data set, 1949, was used. Only four data points used this median. Similar inputs as
the whole watershed with soil variation and system failure method were used (Table 3.2).
Notable differences are that the 0.24 transport coefficient was removed because P transport was
being simulated directly, and that an average of 2.325 people per home (U.S. Census data from
FB Environmental, 2021) was used instead of the number of bedrooms. This was because the
number of people or bedrooms in a home is not constant over time, meaning the number of

bedrooms would inaccurately reflect past loading. This altered the equation to become:

P=Ne+B)O+(1-0NI-0a) (&),
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where P is the mass (kg-P/year) of phosphorus loaded to Lake Auburn for a given year, N is the

number of people her home, Bi is the export coefficient for the respective time period (kg-P

person 'year'), 0 is the percent of phosphorus attributed to the failing system determined from

Figure 3.2, and o is the attenuation factor for the given soil type.

In addition, the amount of P attributed from failing systems was modified. Instead of
determining the percentage of P from failure from systems installed over 29 years ago, I assumed
that each system failed every 29 years (median replacement age in Auburn). Because of
computational limitations, I distributed the P loading from failure across the entire 29 year period
of septic system operation. This also allows me to account for the fact that it is impossible to
know which systems are failing and which are not at a given time. Depending on the setback
distance of the system, this approach led to varying percentages of P attributed to failure for each
system (Figure 3.2). Low permeability soils were also assumed to contribute P through a surface
pathway, as used in previous methods (Gill & Mockler, 2016).

The speed of the P plume beneath each septic system was estimated with the Darcy

equation given by Holting & Coldewey (2018) and the retardation factor:

K
r -0+ Rf (5)
where V b is the plume velocity (meters/day), K cat is the saturated hydraulic conductivity

dh

(meters/day), ¢ is the effective porosity (fraction), — - is the change in hydraulic head, and R ¢ is

the retardation factor (fraction). For each septic system, K cat values from the SSURGO database,
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an assumed % of 0.03 (from a median surface slope of 3% at all site evaluations), and effective

porosity values assigned from Holting & Coldewey (2018) based on the bottom-most soil texture

of each system (Appendix C, Table C.2) were used. For R f» upper and lower bounds were
developed using R ;= 20 and R ;= 100, the full range of values from Robertson et al. (1998).

Using upper and lower estimates is useful here given the uncertainty of how phosphorus moves
in the Lake Auburn watershed, because no field studies on phosphorus transport in groundwater

exist for this watershed. The fastest potential movement is simulated by setting R ;= 20, the

lower end of literature values, likely simulating quicker phosphorus movement than in reality

(Roy et al., 2017). However, R = 20 is close to the value used by Schellenger & Hellweger

f

(2019), who used R ;= 21. 56 to model septic P loading in a similarly non-calcareous, sandy

watershed.
The P plume velocity allows calculation of the time it takes for P to begin discharging

into Lake Auburn or a tributary based on the equation:

(6),

i

i i S
Year of First Discharge = v +Y
where D is the setback distance in meters of a given septic system to the lake or major tributary,
VP is the plume velocity (m/year), and Yl, is the installation year of the system.

3.1.5 Role of Ban of Phosphate in Detergent
An important change that has occurred since septic systems were first installed in the

watershed was the ban of phosphate (PO.*") from laundry detergents in 1973 (Litke, 1999). This
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was incorporated by increasing the export coefficient for years prior to 1973 to § = 1.214

(Table 3.2), which was determined from 221.8 L/day of water use per person from Oldfield et al.
(2020a) and 15 mg-P/L in household wastewater before 1973, which Schellenger & Hellweger
(2019) derived from McCray et al. (2005). Then, the year when the P that originated following
the ban on phosphate in detergent began discharging into the nearest water body was determined

using the equation:

Year of Discharge of P Originating After 1973 = Vi + 1973 (if Yl, < 1973) (7),
P

where D is the setback distance in meters of a given septic system to the lake or major tributary,

VP is the plume velocity (m/year), and Equation 6 is used when Yl_ > 1973.
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Figure 3.2: Flow diagram describing the percentage of septic effluent that is attributed through a
surface pathway for each septic system, based on soil permeability, setback distance, and
percentages of P load from different pathways as described by Gill & Mockler (2016). Failing
systems are simulated by assuming a system fails once every 29 years (median age of
replacement in Auburn), meaning the percentage is multiplied by a failure of probability of 1/29.
3.1.6 Investigation of Impact Septic Ordinance Change

To investigate the potential impact of Auburn’s proposed septic ordinance change, an
additional model was created which assumes the new ordinance is passed in 2023. This
ordinance change may require that older systems that do not have the currently required 36

inches (91.44 cm) of drainage depth use a mounded septic system at the time of system

replacement. Such systems would presumably have greater retention capacity because of the
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thicker vadose zone (Reide Corbett et al., 2002). If such systems were installed each time an
older system on shallow soil failed, the year when P originating after the installation of such new

systems would first discharge into a water body was calculated as:

Year of First Discharge After Mounded = VL tY, (8),
P

where D is the setback distance in meters of a given septic system to the lake or major tributary,

VP is the plume velocity (m/year), and YR is the year that a given septic system is replaced after

the proposed ordinance change, which was determined by:

IfAis >29,Y = 2023 + 1 9)
R

IfAis <29,Y,=2023+ 1+ (29-4) (10)

IfAC is missing, Y, = 2023 + ¢ (11),
where AC is the age of the current system and € is a random integer between 1 and 29. This set of

equations assumes that systems would take at least a year to be replaced after any failure (if older
than 29 years) (Equation 7), and that systems younger than 29 years will not be replaced until a
year after they begin failing (Equation 8). Inherently, this assumes that the City of Auburn takes
swift action to follow up with homeowners on septic system inspections and maintenance that
would lead to replacements. If the age of the current system was unknown, the system was
assumed to fail in a random year between 2024 and 2053 (a range of 1 to 29 years after the

ordinance change). For this version of the model, different values of the attenuation factor (ai)

are applied based on how the proposed change would affect P retention beneath each septic
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system. Aspects of the proposed change that affect P retention are that 24 in (60.96 cm) of
imported media may be added to increase soil depth, and that this imported media must be loamy
sand in texture (City of Auburn, 2022c¢). I incorporated this into the modeling approach by
assuming that all systems with a depth to limiting factor less than 12 in (30.48 cm) would still

have shallow subsoils even with imported media, thereby using o For systems with a depth to
limiting factor greater than 12 in (30.48 cm) and less than 36 in (91.44 cm), o was applied and

the permeability score was changed to 2, to simulate the installation of a mounded system
(Equation 4; Table 3.2). For systems with a depth to limiting factor greater than 36 in (91.44 cm),
the attenuation factor and permeability score were kept the same.

The temporal model uses each of the inputs described above on a time series to
approximate P loading and transport to Lake Auburn. Combinations of P loading from failing
systems and subsurface contributions of P are added to the lake based on the year in the
simulation and the year in which the septic system begins operating (Figures 3.3, 3.4). For the
temporal model, the one system that had been permitted but not yet constructed was simulated to

begin operation in 2024.

Temporal Model Inputs (Equations 4 - 10; Figure 3.2)
Input Name Symbol Value Unit Source
Equation 4
Pre-1973 Export [31 ~1.214 kg-P person'year™ Schellenger & Hellweger
Coefficient (2019); Oldfield et al.
(2020b)
Post-1973 Export Bz 0.7 kg-P person'year™ CEI (2010); FB
Coefficient Environmental (2021)
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Number of People per 2.325 people U.S. Census, as determined
Home by FB Environmental (2021)
High Permeability Soil 0.75 fraction Schellenger & Hellweger
Attenuation Factor (2019)
Medium Permeability Soil 0.93 fraction Gill & Mockler (2016)
Attenuation Factor
Low Permeability Soil 0.94 fraction Gill & Mockler (2016)
Attenuation Factor
Shallow Soil Depth 0.71 fraction Gill & Mockler (2016)
Attenuation Factor
Fraction of P load 0,0.15,0.3, 1 fraction Gill & Mockler (2016);
attributed to failure Figure 3.2
Figure 3.
Soil Permeability low (3), medium Municipal permits, SSURGO
(2), high (1) database
Setback Distance meters Municipal permits, ArcGIS
Pro
Probability of System 1/29 Municipal permits
Failure
Equation 5
Hydraulic Conductivity meters per day SSURGO Database
Effective Porosity 0.035-0.175 Holting & Coldewey (2018)
Change in Hydraulic Head 0.03 fraction Municipal permits
Retardation Factor 20,100 ratio Robertson et al. (1998)
Equations 6 -11
Setback Distance meters Municipal permits, ArcGIS
Pro
Year Built Median: 1949 year Municipal permits
Age of Current System years Municipal permits

Table 3.2: Inputs for the temporal model organized by which equation or figure of application.
Inputs that influence more than one equation or figure are repeated.

55



Year of Simulation

Year < 1973 Year = 1973

Has OWS ngratmn Has OWS Operation
Begun: 2
Begun?
l—l—l '—|—|
Yes No Yes Mo
I L | L
0 kg-P 0 kg-P
Is P-plume Has Post-1573
discharging? Effluent Begun
discharging?
|
I 1 1
I 1
Yes No Yes No
|
Mass from Failure M?;;J:gm Mass from Is P-plume
Pre-1973 + Mass Pre-1973 Failure Post- discharging?
Subsurface Pe- 1973 + Mass
1973 Subsurface I
Post-1973 : !
Yas Mo
) Mass from
Mass from Failure Failure Post-
Post-1973 + Mass 1973
Subsurface Pre-
1973

Figure 3.3: Flow diagram of the logic in the temporal model without implementation of the
proposed ordinance change. Contributions from each septic system are identified through “if”
statements that lead to some combination of P from failure and subsurface discharge, depending
on the year of the simulation and the characteristics of the septic system. The mass of P
determined at the end of the flow diagram is added to the cumulative load for the given year.
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Year of Simulation
|

Year = 2023

Has OWS Operation
Bagun?

——
‘fes Na

1
0 kgF

Ha= OWS Been
Replaced After
Ordinance Change?

1
I 1

Yo Mo
| |
Has Post-2023
Effluent Bgegu? n Has Post-1973
Discharging? Effluznt Begun
, ; i Discharging?
Yes Nao
| ' : '
Has Post 1973 Yes No
. effluent Begun
Mass from Failure Dizcharging? l
Post-2023 + Mass
Subsurface Post- I L 1 hazs from Failure ts P-plume
3073 . . Post-1973 + Mazs discharging?
= o Subsurface Post-
— 1 1573 1
ez Mo
i Mass from

Mlass frr Failure Is F-plume Fzilure Post-

Post-2023 + Mass discharging? 2023 Mlasz from

Subsurface Post- Failure

1873 Iass from Failure Fost-1973
Piost-1573 + Mass
Subsurface Pre-

Mzss from Failure 1973
Post-2023 + Mass
Subsurface Pre-
1573

Figure 3.4: Flow diagram of the login in the temporal model, assuming the proposed ordinance
change is passed in 2023. For years prior to 2023, Figure 3.3 is used. Contributions from each
system are identified through “if” statements that lead to some combination of P from failure and
subsurface discharge, depending on the year of the simulation and the characteristics of the
septic system. The mass of P determined at the end of the flow diagram is added to the
cumulative load for the given year.
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Chapter IV: Results and Interpretation

4.1 Qualitative Analysis
4.1.1 Distribution of Septic Systems

Result: Based on municipal permits and the City of Auburn parcel map, there are 326
septic systems in the Auburn portion of the Lake Auburn watershed including one system that
was permitted for 2019 but has not yet been built. Two areas of high septic system density exist
in Auburn; one is at the northern inflow of the lake (the Basin) and the other is on the
northeastern side of the lake near Townsend Brook (Map 4.3).

Most septic systems are in areas zoned rural residential and low density country
residential, with few systems in the Agriculture and Resource Protection Zone (Map 4.1). On the
west side of the lake, septic systems line both sides of North Auburn Rd, where an area of steep
slope separates the road from Lake Auburn (Map 4.1, 4.2). Site evaluators noted seven septic
systems on slopes of 15% or greater, all of which are located near overland flow paths (Map 4.2).
A fifth of the systems (71 of 326, 21.8%) do not have at least a 300 ft (91.44 m) setback from a
major tributary or the lake itself, while the remainder are not adjacent to the shoreline. Systems
within close proximity to tributaries or the lake mostly cluster around the Basin inlet (Map 4.11).

Interpretation: Zoning regulations and other policies strongly impact the historical
placement of septic systems. Systems placed on slopes of 15% or greater are more likely to
contribute P through overland flow, as laterally moving effluent can emerge at the edge of the

slope (Brady & Weil, 2002). All seven of the septic systems on steep slopes are located in close
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proximity to intermittent streams (Map 4.2), greatly increasing the likelihood of a surface
connection between these systems and Lake Auburn when they fail.

Systems near the shoreline or tributaries begin discharging subsurface eftfluent to
waterways more rapidly than systems farther from waterways, and they pose a much larger risk
of contributing P into the lake when systems fail (Efroymson et al., 2007). Older systems are
more likely to be failing due to biomat development preventing downward wastewater
percolation (Siegrist, 1987). The Basin inlet is the area of greatest concern with regard to this
considering the large cluster of systems within 300 ft (91.44 m) that also have shallow water
table depths (Map 4.6). Other systems throughout the watershed on high runoff potential soils
(hydrologic soil groups D, A/D, B/D, C/D) and near streams are also more likely to load P
directly during failure (Maps 4.6, 4.9; Withers et al., 2014).

High density clusters of septic systems around the Basin inlet and Townsend Brook may
be hotspots of P loading because high masses of P originate from these areas of high water flow.
Both of these inlets are known to load high masses of P to Lake Auburn (Gundersen, 2020). The
cluster of septic systems around the Basin are in an area that was developed early in the history
of European colonization in the watershed (as discussed in Doolittle et al., 2018), and those near
Townsend Brook result both from development along Route 4 and a high density residential area
(Map 4.3).

4.1.2 Permits and Soils
Result: The Auburn portion of the Lake Auburn watershed is characterized by shallow

subsoils. While there are 326 septic systems in the Auburn portion of the watershed, only 234 of
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them have permits on file, and the majority of permitted systems (62.4%) have a depth to
limiting factor less than the required 36 inches (Table 4.1). Of the systems with permits on file,
48 of the 88 septic systems that meet or exceed the 36 inch (91.44 cm) requirement are installed
on coarse-textured soils such as sand and gravel. Many of these systems are part of the cluster
near Townsend Brook, which overlie a sand and gravel aquifer (Map 4.3). Soil survey data
suggest that the entire watershed is composed of non-calcareous, low pH soils that have a high
percentage of sand and a low percentage of clay (Map 4.10).

Interpretation: The fact that 62.4% of permitted systems have a vadose zone depth of
less than 36 inches (91.44 cm) (Table 4.1) indicates that a large percentage of septic systems in
the Auburn portion of the Lake Auburn watershed may not appropriately attenuate P because
they do not have sufficient soil depth (Mechtenismer & Toor, 2017), especially considering that
drain fields must be installed 12 inches (30.5 cm) below the soil surface (City of Auburn
Ordinance Chapter 60, 2009). If all systems with less than 36 inches (91.44 cm) of soil were
required to be upgraded to a mounded system at the time of failure, this would decrease the
percentage of systems with less than 36 inches (91.44 cm) of soil depth to 8.1% of permitted
systems. Thus, more septic drain fields would have at least a meter of unsaturated soil, which is
critical for proper P retention (Reide Corbett et al., 2002; Karathanasis et al., 2006; Baer et al.,
2019). However, these systems would only be improved upon replacement, which may take
decades until failure occurs and the system is replaced (Hill & Frink, 1980). Moreover, should

the proposed change in the septic requirements allow for increased development in the
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watershed, such development would more than nullify the benefit of improving these systems
(CEI, 2010; Section 4.4 below).

The location of the 88 (37.6%) that meet the 36 inch (91.44 cm) requirement on soils
with >90% sand or gravel (Map 4.4), textures with low P retention capacity (McCray et al.,
2005; Carroll et al., 2005) may be problematic for P retention even with an ordinance change.
The proposed ordinance change would only improve P retention in these systems by removing
the requirement that drain fields must be installed 12 inches (30.5 cm) below the soil surface
(City of Auburn Ordinance Chapter 60, 2009). Therefore, these disposal fields may be placed on
top of the soil surface at the time of replacement, thereby including finer-textured soils that
overlay the sand and gravel. However, as most topsoil layers found in site evaluations were 6
inches (~15 cm) or less, any improvement at the time of replacement may be small.

The proposed ordinance also has language that prevents the construction of a septic
system on sand and gravel within a 400 ft (121.9 m) buffer of a shoreline (City of Auburn,
2022b). Even with an increase of the buffer to 400ft (121.9 m) in which construction of septic
systems is prohibited, any systems installed on the aquifer are likely to be a higher P loading risk
in the long term due to the high hydraulic conductivity of underlying and adjacent soils (Map
4.8) (Harman et al., 1996). In sand aquifers, sewage disposal sites up to 520 m downgradient
have been noted to contribute P in exceptional circumstances (LeBlanc, 1984), and P plumes
from septic systems have been observed to move as far as 100 m in 44 years (Robertson et al.,

2019). Considering that the area in northeastern Auburn (where the sand and gravel aquifer is)
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has had many residences for far longer than 44 years, it is intuitive that P from beyond the buffer
area has likely reached the shoreline.

On the other hand, watershed soils are non-calcareous with low pH suggesting that some
soils may have a high P retention capacity (Brady & Weil, 2002; Robertson, 2008), as long as Fe
and Al are present (Borggaard et al., 1990; Freese et al., 1992); non-calcareous soils often have
higher levels of iron (Fe) and aluminum (Al) oxides/hydroxides, and the low pH leads to higher
availability of metal cations (Singer & Munns, 2006). Precipitation of P with Fe and Al and
specific phosphate adsorption (Zanini et al., 1998), mechanisms that retain P more strongly than
other types of adsorption (McBride, 1994; Filep, 1999; Sposito, 2008), are the most likely
mechanisms of P retention. The lack of calcium in these soils indicates that precipitation with Ca
is unlikely (Gill et al., 2009). The high percentage of sand throughout the watershed (Map 4.10)
may lead to poor P retention because the coarse-grained minerals have low surface area, creating
fewer sorption sites than on finer-grained soils (McGechan & Lewis, 2002; Carroll et al., 2005:

Tan, 2011).
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Septic System Locations and Auburn Zoning
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Map 4.1: The distribution of septic systems in Auburn is strongly related to zoning regulations.
Zoning classifications of RR, LDCR, and SR are residential, while AG is the Agriculture and

Resource Protection Zone.
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Map 4.2: Seven septic systems are noted to be on slopes of 15% or greater. These systems exist
close to overland flow paths (streams). Darker colors signify steeper slopes.
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Density of Septic Systems in the Auburn
Portion of the Lake Auburn Watershed
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Map 4.3: Density of septic systems in the Auburn portion of the Lake Auburn watershed. The
highest density (~90 septic systems/square km) occurs near Townsend Brook, on a sand and
gravel aquifer. Other high-density areas are near the Basin and North Auburn Road. Systems
outside of the watershed within Auburn or within the watershed in other towns are not shown.
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4.1.3 The Basin Inlet Soil Characteristics

Result: A cluster of septic systems exists near the Basin inlet, the largest inflow to Lake
Auburn that also contributes the largest amount of P to the lake (Gundersen, 2020). The soil
textures in the vadose zone here are predominantly fine sandy loam or loam with shallow vadose
zone depths (Map 4.5). Most systems are located on soils with less than 36 inches (91.44 cm) of
unsaturated soil (Map 4.5). Of systems within this area that have at least a meter of unsaturated
soil drain fields are medium sand, while there are only a few that have loamy soil textures (Map
4.5). Moreover, most of these systems discharge to the Lake Auburn shoreline rather than the
actual inlet of the Basin, based on subwatersheds determined by Gundersen (2020).

Interpretation: The Basin not only has clusters of septic systems close to the shoreline,
but also has soil depths far shallower than 36 inches (91.44 m), as found by site evaluators (Map
4.5) and as suggested by soil survey data (Map C.2). Though the fine-textured soil does not pose
a concern with respect to P retention (Gill et al., 2009), the lack of unsaturated soil depth may
lead to inadequate P attenuation due to shallow soils (Mechtensimer & Toor, 2017). The close
proximity of these systems to the shoreline and the long time since they were installed likely
means that P plumes from these systems actively discharge to Lake Auburn (Reide Corbett et al.,

2002; Rakhimbekova et al., 2021).
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Depth to Limiting Factor of Permitted Systems

Depth (in) Depth (cm) Number %
<12 <30.48 19 8.1
<36 <91.44 127 54.3
36+ 91.44+ 88 37.6

Total 234 100

Table 4.1: Distribution of depth to limiting factor of all septic systems with site evaluations (234
of 326 systems). Systems with a depth to limiting factor less than 12 inches (30.5 cm) still would
not have sufficient soil depth for P treatment if proposed ordinance change was passed, because
a maximum of 24 inches of imported media can be used in mounds (City of Auburn, 2022a).
Those over 12 inches (30.5 cm) but less than 36 inches (91.4 cm) would have improved P

retention.
4.1.4 Townsend Brook Soil Characteristics

Result: Although the vast majority of septic systems within the Townsend Brook
subwatershed are located on well-drained soils with well over a meter of unsaturated soil, site
evaluations find that these soils are extremely sandy, with many on fine to coarse sands, and few
on gravel (Map 4.7). Soil survey data also suggest that this entire area is over 90% sand,
indicating that the soil texture is very coarse (Map 4.10); this is unsurprising considering that
these systems overlie a sand and gravel aquifer which feeds Townsend Brook. This area contains
both businesses and a housing subdivision with a high density of septic systems (Map 4.3).
Hydraulic conductivity within the sand and gravel aquifer is on the order of 10 m/day according
to the soil survey data (Map 4.8).

Interpretation: Townsend Brook, the second largest source of both water and P to Lake

Auburn (Gundersen, 2020), is fed by a sand and gravel aquifer with a high density of septic
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systems (Map 4.3). The coarse-textured soils here are far worse at attenuating P than
finer-textured soils due to having less surface area and ion exchange capacity (Carroll et al.,
2005; Karathanasis et al., 2006; Gill et al., 2009), and therefore fewer sites for phosphate to
adsorb with clay and Fe/Al oxides and hydroxides (Freese et al., 1992). Furthermore, some
studies in sand aquifers have found minimal P retention in the unsaturated zone, even if it is well
over a meter deep (Wilhelm et al, 1994; Robertson, 1995). The amount of Fe and Al in these
soils is unknown, as there are no Fe/Al data in the soil survey dataset; this may be worth
investigating because the absence of Fe/Al hydr(oxides) can result in minimal retention of P in
the drain field (Borggaard et al., 1990; Gill et al., 2009) and retardation in groundwater (Ma et
al., 2021). The density of septic systems in this area is the highest of anywhere in the watershed,
so the Townsend Brook subwatershed may be a loading hotspot due to the high-density cluster of
septic systems loading P to soils that have a lower P retention capacity due to their coarse-texture
(McCray et al., 2005; Mechtensimer & Toor, 2016), making them more susceptible to P leaching
(Nair et al., 2004) in spite of their well-drained nature. Furthermore, the fact that these systems
discharge into a sand and gravel aquifer means that groundwater and therefore P moves quickly
toward Lake Auburn. Even though P moves slower in the subsurface compared to other
wastewater constituents (Robertson, 2021), the high speed of groundwater flow in this area
means that septic systems located on the aquifer are more likely to be responsible for more rapid
P transit to the lake. The hypothesis that these septic systems may load P to Townsend Brook and

subsequently Lake Auburn would require field studies and ground-truthing.
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Vadose Zone Texture and Depth to Limiting
Factor of Septic System Drain Fields
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Map 4.4: Depth to limiting factor interpolated from site evaluations and dominant soil texture of
the vadose zone. Darker colored squares represent finer-textured soils. Only septic systems with
permits and site evaluations are shown. Systems without a site evaluation are marked with a
white open circle.
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The Basin Hydrologic Soil Group and Septic System Location
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The Basin Inlet Vadose Zone Texture and Depth to Limiting Factor
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Map 4.5: Depth to limiting factor interpolated from site evaluations and vadose zone soil texture as identified by site evaluators
around the Basin inlet. Only systems with site evaluations are shown, and interpolation only uses those data. Systems without site
evaluations are shown as an open circle. Depth to limiting factor (cm) is displayed. Many systems are within a 300 ft (91.44 m) buffer.
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Townsend Brook Vadose Zone Texture and Depth to Limiting Factor
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Map 4.7: Depth to limiting factor interpolated from site evaluations and vadose zone soil texture. Value of soil depth (cm) is displayed.
Many septic systems are located on the sand and gravel aquifer that feeds Townsend Brook, the second-largest contributor of waster
and P to Lake Auburn. Only systems with site evaluations are displayed; systems without site evaluations are shown as an open circle.
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4.1.5 Other Soil Characteristics
Result: Only 13 of the 230 systems with permits have bedrock as the limiting factor.
Most systems have groundwater as the limiting factor, though site evaluators’ examination of
soil pits revealed that, below the seasonal high water table, a restrictive layer was usually also
found. The most common soil texture was fine sandy loam, which occurred at 62 of the 224
assessed locations (27.6%). Site evaluators observed more variation in soil texture and depth to
the limiting factor than was visible in soil survey data (Appendix E). No Munsell color was

provided for pits at site evaluation, but few (27 of 224) had colors described to be reddish or

29 ¢¢ 99 ¢¢

orange. These were mostly described as “reddish brown,” “orange brown,” “red brown,” or
“reddish.”.

Interpretation: The installation of septic systems on fractured bedrock is a major
concern because it provides a preferential flow pathway for effluent that transports wastewater,
circumventing treatment (Fetter, 1993). However, this is not likely to be a widespread issue in
Auburn since few systems within the Auburn portion of the watershed are located on bedrock. It
is unknown if this bedrock is fractured. It may be worthwhile to investigate these few systems to
understand whether they are a P loading risk, because wastewater from these systems may
receive very little treatment.

The majority of systems appear to be on shallow subsoils with a restrictive layer and
perched water table, which may pose a higher P loading risk to nearby water bodies by allowing

for effluent to move laterally once reaching the restrictive layer (Gilliom & Patmont, 1983; Day,

2004). However, most of the research on septic systems and P plumes relates to sand aquifers
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(Harman et al., 1996; Robertson, 2019), and the fate of P in systems on top of seasonally perched
water tables is less widely understood (May, 2004). For soils in the watershed generally, most are
of a texture with reasonable capacity to retain P (McCray et al., 2005), suggesting that shallow
soil depths are likely more problematic. Site evaluations usually reveal a shallower depth to
limiting factor than predicted by soil survey data, emphasizing the role of site evaluations for
septic system eligibility.

The 27 septic systems on soils that are red or orange in color likely have high P retention
capacity because these soil colors typically signal the presence of sesquioxides, which are
composed of Fe/Al oxides and hydroxides in short-range-order crystalline materials (Singer &
Munns, 2006). Because these metals are so involved in P retention processes such as or
phosphate adsorption to Fe/Al oxides/hydroxides or mineral precipitation to produce solid
compounds such as variscite, strengite, or vivianite (Robertson, 2021), soils with high levels of
Fe/Al often have high P retention capacity (Borggaard et al., 1990; Zhang et al., 2005).
Therefore, drain fields with orangish or reddish soil colors are likely able to retain more P from
wastewater than other septic drain fields in the watershed (Lusk et al., 2017). The limited
observation of these soil colors may suggest that soils within the Auburn portion of the Lake
Auburn watershed are low in Fe and Al, though field sampling and laboratory analyses are

needed to confirm this.
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Hydraulic Conductivity and Septic System
Locations in Auburn
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Map 4.8: Hydraulic conductivity (m/day) in the watershed from the SSURGO soil survey

database. A high density cluster of septic systems exists on the sand and gravel aquifer which
has high hydraulic conductivity.
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Lake Auburn Watershed Hydrologic Soil Group
and Septic System Location
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Map 4.9: Hydrologic soil group from SSURGO database and overland flow paths. Systems of
soils with high runoff potential (D, A/D, B/D, C/D) located near flow paths (streams) may
contribute P from a surface pathway when they fail.
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Percent Sand and Septic System Location in
Auburn Portion of Lake Auburn Watershed
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Figure 4.10: Percent sand from the SSURGO weighted means dataset and septic system location
in the Auburn portion of the Lake Auburn watershed. The soils in the watershed have a high
percentage of sand with the exception of a few areas. High percent sand may impact P sorption

capacity.
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4.2 Quantitative Analysis
4.2.1 Export Coefficient Approaches

Result: All export coefficient methods quantify P loading from septic systems in the
Auburn portion of the Lake Auburn watershed only. Within this area, there are 71 septic systems
within 300 ft (91.44 m) of Lake Auburn and its tributaries (Map 4.11). The buffer method,
quantifying P loading to water bodies using just these systems, suggests that septic systems
contribute 30.9 kg-P/year (Equation 1; Table 3.1). The buffer method was also modified to
account for differing soil characteristics (Table 3.1), which increased the projected P load to 41.5
kg-P/year. These systems were mostly in the area surrounding the Basin inlet.

Methods quantifying P loading from the whole watershed rather than just the 300 ft
(91.44 m) buffer include a transport coefficient (Equation 2; Table 3.1), and suggest that 35.4
kg-P/year are contributed to Lake Auburn from septic systems within the city lines. When this
approach is modified to account for soil types and groundwater depth, this number increases to
44 .4 kg-P/year. Furthermore, additional loading from system failure is accounted for, the
whole-watershed calculation that considers soil variability suggests that P loading from septic
systems may be 63.9 kg-P/year (Figure 4.1). Of this total, 20.7 kg is attributed to failing systems,
while the remaining 43.2 kg would come from properly working systems discharging through the
subsurface and groundwater pathways (Figure 4.1).

Interpretation: Findings from the buffer method can be compared with the findings of
CEI (2010) who used similar methods and yielded a calculation of 120.7 kg-P/year. Because they

calculated the P load from septic systems for the entire watershed, while this study only focuses
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on the Auburn portion of the watershed, it is impossible to compare them directly. However, the
fact that the CEI (2010) estimate is so much higher than the buffer method estimate of 30.7
kg-P/year suggests either that different streams were used to create the buffer, or more P loading
from shoreline septic systems occurs in the upper-watershed towns than in Auburn. Both
possibilities are bolstered by the fact that CEI (2010) identified 287 residences within 300 ft of
the lake or a tributary, whereas only 71 were located in this study. If methodological approaches
were similar, this suggests that shoreline septic systems are likely a lesser issue in the Auburn
portion of the watershed than they are in the upper-watershed. In the Auburn portion of the Lake
Auburn watershed, most of the systems within 300 ft (91.44 m) of a water body surround the
Basin inlet, many of which discharge into the Lake Auburn shoreline rather than the Basin, and
the proximity of these systems to the lake may pose a P loading issue in this area (CEI, 2010; FB
Environmental, 2021).

Expanding the scope of the estimation by using the “whole-watershed method”
demonstrates that the loading estimate increases if calculations include contributions from
systems outside of the 300 ft (91.44 m) buffer. This is a reasonable assumption as plumes have
been noted to migrate over 90 m in other studies (LeBlanc 1984; Robertson et al., 2019;

Rakhimbekova et al., 2021).
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Yearly Phosphorus Loading Estimates from Auburn’s Septic Systems to Lake Auburn

0 by Export Coefficient Approach
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Figure 4.1: Phosphorus loading (kg-P/year) for 2023 as estimated using a variety of methods.

Moditying both the buffer method and the whole-watershed method to account for soil
variability within the Lake Auburn watershed demonstrates that shallow vadose zone depths and
coarse-textured soils may lead to higher P loading estimates since these soils are less effective at
P treatment (Reide Corbett et al., 2002). Shallow vadose zone depths generally pose a larger
issue than coarse-textured soils across the watershed; in the loading estimate, 202 of 325 systems

use the attenuation factor for shallow subsoils, while 83 systems attenuate less P due to
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coarse-textured soil. These two soil characteristics that lead to poor P retention are widespread
throughout the watershed, and this is reflected in higher loading estimates when soil
characteristics are considered..

Accounting for P loading from failing systems demonstrates that hydraulic failure may
be a large contributor to the yearly P load from septic systems (Figure 4.1). Unlike subsurface
flow, contributions from failing systems can be considered to be more “instant,” likely reaching
Lake Auburn within the year, while subsurface flow from properly functioning systems may take
years to reach the shoreline (Roy et al., 2017). This model scenario suggests that 30% of the total
P load from septic systems to Lake Auburn may come from failing systems. Though none of
these methods account for the proposed ordinance change, they do highlight shallow
groundwater and failing systems as potentially large sources of P loading to Lake Auburn. The
proposed ordinance change would improve systems placed on sites with shallow depths to
groundwater by introducing imported media (Bouma et al., 1975). However, this would only

occur as the systems are replaced, which may take decades.
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Septic Systems within 300ft (91.4m) of Lake
Auburn Shoreline or Major Tributary in Auburn
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Map 4.11: Septic systems within 300 ft (91.44 m) of Lake Auburn or major tributaries. Most
cluster around the Basin inlet. Major tributaries were determined from stream layers used by
Gundersen (2020) and from the USFWS Wetland Inventory.
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4.3 Temporal Model
4.3.1 Model Results
Result: The temporal model (Equations 4-10, Table 3.2) was able to approximate P
loading from septic systems at long time scales and returned different results based on the

retardation factor (R f) used. Using R ;= 20 leads to higher loading estimates for all years, while
R F= 100 estimates P loading to be lower (Figure 4.2). Regardless of retardation factor, the

model suggests that P loading to waterways increased steadily after 1900 until the phosphate
detergent ban in 1973. After 1973, P loading temporarily decreased, reaching relative minima
3-17 years after the ban before continuing to rise again (Figure 4.2). Looking at the highest

estimate of loading using R ;= 20, it is clear that P loading is simulated to fluctuate within the

overall rising trend depending on when effluent from various systems reaches the lake or a
tributary (Figure 4.3).

After the last septic system begins operating in 2024, no new development is simulated to
occur in the model, meaning no new septic systems begin operating past this year. In spite of

this, for both values of R P the model simulates increasing P loading for the remaining 76 years

of the time series, reaching a maximum one year before the simulation ends (Figure 4.2). At the
end of the simulation, the estimated P load for 2100 is 85.1 to 140.3 kg-P/year, bounded by the

R ;= 100 and R ;= 20 scenarios, respectively, an increase of 17 to 20 kg-P relative to the 2023

estimate for this model.
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Range of Yearly Phosphorus Loading from Auburn’s Septic Systems to Lake Auburn
No Proposed Change & No New Development
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Figure 4.2: Temporal model (Equations 4-10; Table 3.2) results for end-member retardation
factors (Rf), assuming no new development and no proposed ordinance change. The lower curve
reflects transport to the lake assuming slow transport of P in groundwater (Rf=100), while
higher P loading occurs if the soils under the septic systems transport P more quickly P ( Rf=20)
P loading is estimated to increase from 2024-2100 in the absence of new development,
demonstrating that septic systems may pose a legacy P issue.

Interpretation: Septic systems within the Lake Auburn watershed create a legacy P
issue. The simulation demonstrates that, even in the absence of new development, P loading may
still increase by 17 to 20 kg-P/year from 2023 to 2100 because plumes from distant systems
continue to reach the shoreline with each year (Figure 4.2). Septic systems in the Lake Auburn
watershed may not begin contributing P to Lake Auburn for many years after they are installed,
which may cause P loading from septic systems to rise in the future even if development halts,
consistent with other studies (Sinclair et al., 2014; Roy et al., 2017; Oldfield et al., 2020a). The

legacy effect is evident between 2000-2020 in the simulation, as there were more new residences
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in the 2000s (26 new homes from 2000-2009) than in the 2010s (4 new residences from
2010-2019), but loading rates do not immediately reflect these changes (Figure 4.3, 4.4). The
mismatches between P loading increase over time and development patterns is explained by the
proper retention of P within a septic drain field and the retardation of phosphorus in groundwater
(Robertson et al., 1998; Oldfield et al., 2020a), delaying the arrival of P plumes from older
systems at the shoreline. These phenomena are also responsible for the continued increase in P
loading through the end of the simulation even in the absence of new development (Figure 4.2).

1l.._(_!gper Bound of Yearly Phosphorus Loading Estimated by Temporal Model (2000-2020)

# Upper Bound - No Proposed Change
— Upper Bound - Mo Propesed Change
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Figure 4.3: Upper bound (retardation factor, Rf=20) of annual P loading between 2000-2020 as
projected by the temporal model. The temporal model estimates that annual loading fluctuates
due to the long-term effect of the 1973 phosphate detergent ban, which has its effects delayed due
to the retardation of phosphorus in groundwater. Despite the fact that there was minimal
development between 2010 and 2020, a P loading spike is simulated at the end of the decade due
to the legacy effect.
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The 1973 phosphate detergent ban causes a noticeable decline shortly after the policy
change is implemented (3-17 years) (Figure 4.2), similar to model simulations by Schellenger &
Hellweger (2019). The immediacy of the decline is mostly due to a reduction of P from failing
systems and systems closest to water bodies have begun discharging lower P concentration
groundwater. Many more years are required for the effect of the 1973 phosphate ban to
substantially decrease inputs from systems farther from the lake, as is visible in the slower
growth of the yearly P load from 1973 to 2100 in spite of the increased development in the latter
half of the 1900s (Figure 4.2). Effects of the change are most delayed in model simulations with
a high retardation factor (Figure 4.2). This demonstrates the long time scales it may take for

policy changes to affect septic system P loading.

A = Year Built
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* ‘| L o 100.0% maximum 2024
040,53 202146
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Figure 4.4: Distribution of the year each residence was built within the Auburn portion of the
Lake Auburn watershed. Development spiked between 1920-1980 and slowed to a rate of 4 new
residences per decade between 2010-2019.
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4.3.2 Estimation for 2023
Result: The temporal model returns values of 67.8 and 120.8 kg-P/year for 2023 for

R £ = 100 and R £ = 20, respectively. These estimates are between 106 and 189% of the whole

watershed with soil variation and system failure method, on which the temporal model was
based. The temporal model also provides estimates far higher than other export coefficient
approaches (Figure 4.5).

Interpretation: Removing the transport coefficient from the export coefficient methods
and simulating P transport directly through the temporal model results in markedly higher P
loading estimates in 2023. One of the factors most responsible for this discrepancy is the delay of
P transport in groundwater (Bedient et al., 1994; Robertson et al., 1998), which means that high
P groundwater from before 1973 is simulated to reach the Auburn shoreline in modern times.
Another factor is that the transport coefficient used in the “whole-watershed method” was
developed for a watershed in Canada (Oldfield et al., 2020b), which is unlikely to reflect field
conditions in Auburn.

When the retardation factor is lower, more P plumes from systems with large setbacks are
predicted to reach the shoreline. For example, in 2023, there are 219 (67%) P plumes

contributing phosphorus to Lake Auburn through the subsurface in 2023 for R ;= 20. For

R ;= 100, there are 99 P plumes that have reached the shore, or 30% of all operating systems.
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Yearly Phosphorus Loading from Auburn’s Septic Systems to Lake Auburn by Modeling Approach
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Figure 4.5: Loading estimates for 2023 using export coefficient methods and the 2023 values
from the temporal model. Differing values of Rf produce results that are higher than other
estimates for all values of Rf.

Comparing these numbers to the buffer method, which assumes that only the 71 systems within
the 300 ft (91.44 m) buffer contribute P, or other methods using a transport coefficient, which
assumes that only 24% of effluent reaches the shoreline, it is clear that the number of P plumes
from septic systems that are predicted to discharge to a water body has a big influence on the

estimated P load. The temporal model with the lower retardation factor predicts that a large

number of residences built pre-1900 (Figure 4.4) outside of the 91.44 m buffer are likely
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contributing P to the lake in spite of large setback distances, assuming plumes move between 1-2
m/year (Robertson et al., 2019). Additionally, because the model includes the hydraulic
conductivity of the surficial aquifer, the high hydraulic conductivity of the sand and gravel
aquifer located near Townsend Brook allows for P transport from septic systems outside of the
300 ft (91.44 m) buffer zone.
4.3.3 Integration of Proposed Ordinance Change

Result: Integration of the proposed ordinance, assumed to take effect in 2023, causes
changes to the simulation beginning in the year 2024. In general, this leads to a decrease in P
loading to the lake as older systems on shallow soils are replaced with newer systems with
greater vadose-zone retention (Figure 4.6). However, large reductions of P loading do not occur

instantaneously. For example, if R ;= 20, which assumes that phosphorus transport from septic

systems is quick, loading from septic systems does not decline by 10 kg-P/year (less than 10% of
the 2023 load for this scenario) until 2043, 20 years after the ordinance change is assumed to
happen. By the end of the simulation in 2100, the annual P load is estimated to decrease by 28.4

kg-P/year. If higher retardation of phosphorus is assumed (R ;= 100), there is only an estimated

5.8 kg-P/year reduction from the 2023 value by 2100, and the overall rate of decline is small

(Figure 4.6).
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Range of Yearly Phosphorus Loading from Auburn’s Septic Systems to Lake Auburn
All Scenarios & No New Development
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Figure 4.6: Temporal predictions of annual P loading from septic systems to Lake Auburn,
incorporating the proposed septic ordinance change beginning in 2023. For a low retardation
factor (Rf=20), P load reductions are larger and occur quicker than if a higher retardation
factor (Rf=100) is used. Reductions are not immediate and do not exceed 10 kg-P/year until two
decades after the ordinance change occurs, demonstrating the legacy effect of septic systems.
The model assumes each system fails and is replaced after it operates for 29 years, with P
loading from failure distributed across the entire 29 year period (Section 3.1.4).

Interpretation: Though the proposed ordinance change eventually leads to reduced
annual P loading declines, there is little immediate effect of the proposed policy change on the P
load. The retardation of phosphorus in groundwater delays the effect of the proposed change;
short-term changes result from the replacement of septic systems on low permeability soils that
are more susceptible to failure. In the long term, wastewater from after the change takes many
years to reach the shoreline, leading to estimated decreases by 5.8 to 28.4 kg-P in the year 2100.

This change in septic system loading is smaller than the recommended P loading reduction for

the whole watershed from FB Environmental (2021), who presented various loading estimates
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for the entire watershed and suggested that the annual P load be reduced to 900 kg-P/year in
order to maintain water quality. Because it takes years for systems to be replaced, and then
additional time for the effect of improved wastewater treatment to be observed, the potential
effect of the proposed ordinance change on P loading may not be substantial until many decades
have passed. Therefore, the proposed change to the septic policy is unlikely to lead to immediate
and substantial P loading reductions.

Because P transport in groundwater is delayed, it may be likely that the implementation
of any septic ordinance change could have the quickest effect if immediate efforts focused on
septic systems that are failing (old or on low permeability soil), on steep slopes, located close to
the shoreline, or on the aquifer. These septic systems are most likely to have a surface connection
to Lake Auburn or contribute P to the lake through the subsurface the quickest when properly
functioning. The identification and replacement of failing systems may also reduce P loading.

The temporal model’s reliance on literature values, soil survey data, and many modeling
assumptions that simplify hydrologic processes (explained in Chapter III and explored further in
Appendix D) may limit the precision of these numerical P loading estimates. However, the trends
observed over the course of the simulation reflect the scientific ideas discussed in Chapter 11,
such as the retardation of phosphorus in groundwater and that septic systems over 300 ft (91.44
m) from the shoreline may contribute P to Lake Auburn, especially if they are located in areas

with high hydraulic conductivity (Harman et al., 1996, Rakhimbekova et al., 2021).
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4.4 Discussion of Land Use Implications

The proposed ordinance change may have consequences on land use that could lead to
higher P loading and have the potential to completely nullify the P load decreases associated
with improved wastewater treatment. As the ordinance would allow for mounded systems in the
Auburn portion of the watershed, it has the potential to reduce the requirement of 36 inches
(91.44 cm) to the limiting factor to a 12 inch (30.5 cm) requirement. Therefore, areas that
currently are ineligible for a septic system would become “‘suitable,” and residences could be
placed on those lots. City records include 14 septic system applications that were rejected within
the past 20 years because they did not have 36 inches to the limiting factor (located during data
collection). There are likely more that are not on file, considering that municipal records are
incomplete and that over 65% of permitted systems do not reach the 36 inch standard. All of the
soils on lots with rejected applications had at least 12 inches to the limiting factor, indicating that
they would be eligible for a septic system if the proposed ordinance was instated. Furthermore, it
can be assumed that there is intent to build on these parcels considering that applications exist for
these lots. These parcels of land are all along existing roads, meaning they would be the easiest
to develop because their development would not require the extension of existing roadways.

Considering that the estimated decrease in yearly P loading from septic systems between
2023 to 2100 is, at a maximum, 28.4 kg-P/year, the effect of land based P loading from increased
development may nullify these P load reductions. Previous studies and reports on Lake Auburn
that quantify future phosphorus loading predict P loading increases well over 28.4 kg-P/year due

to land use changes and climate change (CEI, 2010; Gundersen, 2020; FB Environmental, 2021).
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The most compelling evidence for this comes from the CEI (2010) Lake Auburn Watershed
Management Plan, which contains cumulative P loading estimates under different buildout
scenarios. In particular, they compared P loading from a standard buildout analysis with another
buildout analysis that considered a relaxation of the current septic standards, which would allow
for development on land areas with less than 36 inches to the limiting factor (this is the same
effect as the proposed ordinance and would only affect Auburn). They found that the yearly
phosphorus load from the Auburn portion of the watershed increases by 56.7 kg-P/year from
land use changes alone at full buildout; when additional P loading from new septic systems in
Auburn was considered, this number increased to 158.3 kg-P/year. This evidence from CEI
(2010) demonstrates that the land use consequences of any proposed change in the septic
ordinance that does not also continue to restrict building where it has been previously restricted
would nullify the estimated reduction of 28.4 kg-P/year from improving existing septic systems,
and would instead lead to an increase in cumulative P loading (Figure 4.7). In short, relaxing the
36 inch (91.44 cm) requirement while allowing for the use of mounded systems would lead to
better wastewater treatment in cases where existing systems have shallow restrictive layers, but
land use changes that become possible with the relaxation of septic system standards would
increase P loading to such a degree that there may be a net increase upwards of ~130 kg-P/year
by 2100 (Figure 4.7).

In an effort to counteract the potential development made possible by the proposed septic
ordinance, the City of Auburn proposed a zoning change for many residential areas within the

watershed to require larger lot sizes and road frontage for a new residence (City of Auburn,
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2022a). Even though most of the parcels with rejected septic applications are small and would
not comply with more stringent zoning requirements, they would be considered “legally
nonconforming” because the parcel was formed before the zoning change (City of Auburn
Ordinance Chapter 60, 2009). Therefore, they would all remain buildable. The changes modeled
by CEI (2010) are also likely minimally affected by proposed zoning changes to reduce the
allowed density of new development within the watershed because many areas that are ineligible

for a septic system in the zone are on legally nonconforming lots, which are buildable
Estimated Change in Phosphorus Loading to Lake Auburn Resulting from
Proposed Ordinance Change
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Figure 4.7: Estimated net change in cumulative P loading to Lake Auburn by 2100 considering
the proposed ordinance change. Results from CEI (2010) are added to the lower and upper
bounds from the temporal model, which demonstrate how land use changes allowed by proposed
policies may cause a net P loading increase. The proposed ordinance change may reduce P
loading only in the absence of new development within the Lake Auburn watershed.
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Other studies on Lake Auburn support this finding. Using the Soil & Water Assessment
Tool, Gundersen (2020) estimated an increase in P loading by 829 kg-P/year if the amount of
watershed development anticipated by the City of Auburn (City of Auburn Ordinance Chapter
60, 2009) were to occur. This is well above the 28.4 kg-P/year maximum decrease in P loading
estimated in this study with a change in the septic ordinance. Even studies that considered a
proposed zoning change that would reduce the allowed density of residential development in the
Lake Auburn watershed (City of Auburn, 2022a), found only a marginal (6 kg-P/year) decrease
in the cumulative P load as a result of the combination of both septic and zoning policy changes
(FB Environmental, 2022). However, other changes to the modeling approach were made
between model runs, including removing additional development in the Agriculture and
Resource Protection Zone (FB Environmental, 2022), which suggests that the P loading decrease
predicted in the study may be too high (CEI, 2022). Therefore,without efforts to continue
restricting development on lots that are currently ineligible for a septic system, the P
contributions from land-use changes would exceed any reductions in P loading from improved

retention in septic drain fields.

95



Chapter V: Conclusion
5.1 Summary of Major Findings
5.1.1 Watershed Characteristics and Potential Sources of Loading
The area around the Basin inlet may be a phosphorus (P) loading hotspot because of the

large number of systems within 300 ft (91.44 m) of the lake shoreline that also do not
have at least 36 inches (91.44 cm) to the limiting factor. As a result, there may not be as
much P retention in these soils (Mechtensimer & Toor, 2017).

The Townsend Brook subwatershed has a high-density cluster of systems on sand and
gravel deposits, which are the media of an aquifer, which feeds the second-largest inlet to
Lake Auburn. The coarse-textured soils here are far worse at attenuating P than
finer-textured soils (Carroll et al., 2005).

62.4% of septic systems in the Auburn portion of the Lake Auburn watershed with
permits on file are installed on shallow soils. Of these, 19 of 146 systems on shallow soils
have less than 12 inches (30.5 cm)of soil and would not have 36 inches (91.44 cm) to the
limiting factor even if mounded systems were permitted. The remaining systems (215 of
234) could achieve 36 inches (91.44 cm) of vertical separation if mounded systems were
permitted.

Phosphorus loading estimates demonstrate that shallow soil depths, coarse-textured soils,
and failing systems may be large contributors of P loading from septic systems in the
Auburn portion of the Lake Auburn watershed. The use of different methods emphasizes
that field studies are necessary to inform modeling efforts.

5.1.3 Legacy Phosphorus and Potential Effect of Policy Changes
The full impact of septic system P contributions in the Lake Auburn watershed likely

have not yet been observed due to the retardation of P in groundwater (Roy et al., 2017).
In the absence of new development, P loading from Auburn’s septic systems is projected
to increase for the entire 76 year period of the model simulation after development
ceases.

Only in the absence of new development may policy changes decrease the P load from
septic systems. Moreover, the impact of any change in septic policy may not be observed
for decades due to the retardation of P in soils. For example, the proposed septic
ordinance change was predicted to reduce P loading by less than 10% two decades after a
policy change was simulated in the model.

The proposed ordinance change may reduce P loading from septic systems by between
5.8 and 28.4 kg-P/year by 2100, but only in the absence of new development. However,
should new development be permitted to occur, land use changes such as the loss of
forested area, increased impervious surface, and the addition of new septic systems would
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increase P loading (Withers & Jarvie, 2008). Incorporating analyses done by CEI (2010)
suggests that the proposed change in septic policy could cause a net increase of 129.9 to
152.5 kg-P/year by 2100 when land use changes and additional septic systems are
considered.

o Allowing the use of mounded systems would improve wastewater treatment in the 146
septic systems known to be on shallow soils. However, the cumulative effect is not
substantial until years after each system is replaced, which may take decades. Model
simulations show that the decrease in P loading may not be felt in full by 2100 because of
the retardation of P in soils. Therefore, this measure alone cannot guarantee immediate
and substantial reductions in P loading.

5.2 Recommendations for Future Research

e Organizing efforts to identify old septic systems that are failing and systems that do not
have a site evaluation on file within Auburn may lead to replacements of systems that
pose a P loading risk. It may also allow for a greater understanding of the septic systems
within the watershed.

e Expanding the inventory of septic systems into the headwater towns of Turner, Hebron,
Minot, and Buckfield would create a more complete database and would allow for
analyses that encompass the entire watershed.

e A variety of information about soil characteristics and the transport of phosphorus from
septic systems toward Lake Auburn in the Lake Auburn watershed would dramatically
improve modeling efforts that quantify P loading. Investigating septic system plumes for
various wastewater contaminants such as NOs™, PO+3*", and other constituents such as Na’,
CI', boron, or electrical conductivity (specific conductance). Methods for these types of
studies are laid out in various publications, and additional information is included in

Appendix F.
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Appendix A: Additional Background

A.1.1 Phosphorus Geochemistry

Physical and chemical processes govern the mobility of phosphorus in soils. A number of
processes immobilize P, which are often referred to in aggregate as phosphorus attenuation,
retention, or removal in the context of soil contamination. About 85% of the phosphorus in
wastewater exists in the form of inorganic phosphorus, also called orthophosphates (H-POx,
HPO.*, PO#") (Lusk et al., 2017), which is dissolved and biologically available. The remaining
P is in organic form, which can be transformed into inorganic P through biological processes;
similarly, inorganic P can be immobilized into organic P as soil microorganisms utilize it in
cellular processes and biomass (Weihrauch & Opp, 2018).

While orthophosphates are mobile in soils and can leach into groundwater, they can be
retained weakly or strongly through adsorption and precipitation reactions. Physical adsorption
refers to the adhesion of phosphate anions to mineral surfaces through van der Waals forces,
which are weak intermolecular forces that require close proximity of a phosphate ion to the
mineral surface (Tan, 2011). Because these forces are weak, physical adsorption is easily
reversible. Adsorption also refers to ion exchange processes where electrostatic forces bind an
ion to an oppositely charged site on the mineral surface. This type of ion exchange is easily
reversible; ions such as nitrate (NOs") tend to participate in this type of sorption (Filep, 1999).
While phosphate participates in electrostatic ion exchange, it also is involved in a process called
specific phosphate adsorption, which binds phosphate more strongly than other ions (Figure

A.1). Specific phosphate sorption occurs on specific sites on the exchange complex that consist
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of Al or Fe oxides and hydroxides, or on clay particles (Sposito, 2008). Instead of typical anion
exchange, a process called ligand exchange occurs where phosphate is exchanged for -OH"
(Filep, 1999; Singer & Munns 2006), thus releasing it dissolved form. McBride (1994) describes
that ligand exchange is different from anion exchange because it releases -OH ™ into solution, is
specific to a subset of ions like phosphate, is less reversible than electrostatic adsorption, and
leads to a more negative charge at the mineral surface. Specific sorption is a process so dominant
that high quantities of Fe-oxides and Al-oxides in a particular soil can be an indicator of high
capacity to retain P (Borggaard et al., 1990; Zhang et al., 2005).

While soils have an anion exchange capacity (AEC) similar to the widely known cation
exchange capacity (CEC), AEC is not a perfect reflection of the amount of phosphorus a soil
may retain due to the fact that specific phosphate adsorption may occur on neutral or negatively
charged sites, instead of just positive sites (Filep, 1999; Singer & Munns, 2006). However, soils
do have a maximum threshold for phosphorus retention (Zhang et al., 2005), often referred to as
the maximum sorption capacity. This capacity increases with decreasing pH, as a result of more
positive sites for adsorption (Brady & Weil, 2002) and because low pH increases in the
availability of Fe and Al (Singer & Munns, 2006). In alkaline environments, where there is less
Fe/Al, high amounts of exchangeable Ca can indicate high P retention (Ige et al., 2005).

Because minerals with a higher surface area have more sorption sites, the amount of
phosphate a soil may adsorb is strongly related to the surface area and thus size of soil particles
(Tan, 2011). Therefore, soil qualities such as texture and the presence of organic matter strongly

influence adsorption capacity (McGechan & Lewis 2002), with sands having a lower sorption
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capacity than clay soils. A review of reported values of maximum sorption capacity by McCray
et al. (2005) finds that median maximum P sorption capacity of sand is 40 mg-P/kg-soil while
the capacity of sandy loam is 405 mg-P/kg-soil, which is evidence of the far worse ability of
sands to immobilize P. This is because coarse-textured soils such as sands often have less ion
exchange capacities due to having less surface area (Singer & Munns, 2006), leading to a lesser
ability to adsorb phosphorus (Carroll et al., 2005).The potential for P sorption to organic matter
indicates that moderate amounts of organic matter improve the retention of P (Atalay, 2001),
while too much organic matter is detrimental to P sorption because it competes with P for
sorption sites (Daly et al., 2001). The mineralogy of the soil has a large effect on sorption
capacity alongside texture and clay percentage (Fink et al., 2016; Ige et al., 2005) because
different mineralogies dictate the amounts of Fe and Al that may be present (Borggaard et al.,
1990). Though the different types of adsorption bind phosphates at different strengths, all
adsorption processes are reversible through desorption (Barrow, 1983). Similar to how P is
tightly held at low pH, desorption is low at low pH, and increases as pH increases (Filep, 1999).
Phosphates may also be immobilized more permanently through precipitation reactions
involving base and metal cations (Figure A.1). Unlike adsorption, precipitation involves
chemical reactions that transform phosphates into solid mineral compounds. Therefore,
precipitation is not limited by the number of possible sorption sites and instead by the presence
of its constituents (Filep, 1999). Since these reactions involve base and metal cations, they are
pH dependent. Non-calcareous soils are acidic and have larger available stores of Al and Fe,

which precipitate with phosphate to produce minerals such as variscite [AIPO4-2H:0]
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(Robsertson, 2021). In calcareous soils, which are basic, phosphate tends to precipitate with Ca
or Mg to form compounds such as hydroxyapatite [Cas(PO4)s:(OH)] (Lusk et al., 2017). Due to a
lack of availability of Al and Fe in non-acid conditions, calcium precipitation with phosphate
controls the solubility of P in calcareous soils (McBride, 1994).

Precipitation is a pH dependent process because it relates to the availability of certain
elements and the solubility of P minerals. Generally, P is more soluble near-neutral pH (Eveborn
et al., 2012). This results partially from the fact that metal cations are more available at low pH,
while base cations like calcium are most available in basic conditions. Therefore, studies have
noted that an increase in pH only increases the immobilization of phosphorus if the soil pH is
already high (Barrow, 1984); in essence, this suggests that changes in pH only increase P
retention if the pH becomes less neutral. Because Al and Fe tend to be the most common
precipitates, the immobilization of phosphorus is typically regarded to be highest at low pH
(Robertson, 2012).

Organic phosphorus may also leach down the soil profile. It can be considered to leach
more readily than inorganic P because it adsorbs to mineral surfaces less strongly than phosphate
and is not involved in reactions involving Al or Fe (Frossard et al., 1989). Authors who collected
leachate from beneath septic drain fields found that the percentage of organic phosphorus in
solution increased from 16% to 53% after being treated by the soil (Mechtensimer & Toor,
2016). This indicates that the soil does not immobilize organic phosphorus as efficiently as it
does inorganic phosphorus; both forms of P may pose issues if leached into groundwater due to

their effect on surface water bodies (Kalff, 2002). Microbial P is only able to leach if it is held in
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deceased microbes (Weihrauch & Opp, 2018), indicating that microbial organic P is immobile if

the microbes are alive.

. Septic Drain Field

Physically adsorbed P (van der Waals forces)

Electrostatically adsorbed P {anion exchange)

(H:POu, HPO, PO

Precipitated Pwith Al Fe, Ca, Mg

Figure A.1: A conceptual diagram showing the most prominent movements and transformations
of phosphorus in septic drain fields. Green arrows represent the movement of phosphorus, while
vellow arrows represent transformations of phosphorus. Deepening shades of blue signify more

tightly immobilized P. The size of arrows or other shapes do not correlate to sizes of P stores.

Scholars often quantify phosphorus immobilization from adsorption and precipitation
processes in soils by creating isotherms that reflect how P retention operates in different soils. A
phosphorus sorption isotherm seeks to show a relationship between the equilibrium
concentration of P in solution and the amount of P sorbed per unit mass of soil. This relationship

demonstrates how the amount of P sorbed is dependent on the concentration of the solute.
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Because the physical and chemical processes that govern phosphorus mobility are complex and
hard to distinguish (Boulding, 1995), sorption isotherms generalize all phosphorus
immobilization under the term “sorption,” which includes physical adsorption, specific
phosphate adsorption, and precipitation (Evangelou, 1998). In this way, sorption isotherms may
generalize the immobilization of P. Some studies point out that isotherms may be limited in their
effectiveness because of this generalization and because of other assumptions that cause
mismatches between the isotherm and empirical data (Cucarella & Renman, 2009).

There are three main types of isotherms used in P loading models. The linear isotherm is
the most basic of the three. Due to the linear nature of this isotherm, it reaches no maximum
value, meaning it cannot accurately simulate the maximum sorption capacity of a soil. The slope
of a linear isotherm depends upon the texture of the soil among other variables, such as the bulk
density of the soil (McCray et al., 2005). Freundlich and Langmuir isotherms, which are two
types of non-linear isotherms, are more complex than the linear isotherm. The sorption of
phosphate most closely fits the Langmuir isotherm (McBride, 1994; Evangelou, 1998), and has
the ability to account for a maximum sorption capacity. However, because the concentration of P
in household wastewater typically falls within the linear portion of non-linear isotherms (McCray
et al., 2005), many modelers opt to use the linear isotherm; the simplicity of the isotherm also
makes it mathematically easier to use (Filipovi¢ et al., 2016).

A.1.2 Hydrogeology
The area below the septic drain field is composed of two hydrologically distinct areas

through which water moves toward water bodies. The vadose zone is located directly below the
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infiltration pipes and consists of unsaturated soil, meaning the pore spaces between mineral
particles are filled with both air and water. Below the vadose zone, there is a saturated zone
where pore spaces are completely filled with groundwater. While the transition between these
zones tends to be relatively discrete, there often exists a large capillary zone in finer textured
soils where groundwater is drawn upward through a process similar to capillary action (Bedient
et al., 1994), causing redoximorphic features such as mottling to be observed (Brady & Weil,
2002). Although the capillary zone is technically above the true water table, evidence of the
capillary zone can mark the seasonal high water table (Brady & Weil, 2002; State of Maine,
2014).

In the vadose zone beneath a septic drain field, percolation of wastewater tends to be
vertical in nature, though the way wastewater is dispersed is heterogeneous and percolation is not
perfectly one-dimensional due to dispersion (Filipovi¢ et al., 2016). Hydrogeologists who have
developed mathematical models of vadose zone hydrology posit that accurate simulation of flow
in the unsaturated zone is imperative for the assessment of contaminant transport through
groundwater (Schnoor, 1996; Szymkiewicz, 2013).

The rate at which water moves through the vadose zone is influenced predominantly by
climatic factors and soil characteristics such as the unsaturated hydraulic conductivity (Stephens,
1996), which is often represented as a function of moisture. Movement of water through the
unsaturated zone is often considered more complex and slower than movement through the
saturated zone due to the presence of air in pore space which can inhibit the infiltration of water

(Bedient et al., 1994; Holting & Coldewey, 2018). In spite of this, the presence of macropores,
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fractured bedrock, or soil lenses can create preferential flow paths for water that make downward
percolation faster (Fetter, 1993; Toor et al., 2005).

Because water in the saturated zone can be vertically contained by bedrock or
hydrologically restrictive layers of finely-textured soils (Soliman et al., 1998), water flow is
mostly lateral and downgradient (Stephens 1996). Groundwater flow tends to follow topography
toward surface water bodies. Although the saturated hydraulic conductivity tends to be higher
than the unsaturated hydraulic conductivity (Fetter, 1993), groundwater still moves slowly at
rates that may span from 2 meters per year to 2 meters per day (Todd, 1980). In both the
saturated and unsaturated zone, water flow may trap contaminants in less connected or smaller
pores (Singer & Munns, 2006), as water tends to flow through the largest and most connected
pores instead.

Groundwater movement is described by Darcy’s Law, which states that the rate of lateral
flow through saturated porous soil is proportional to the elevation decrease over a distance

(Schnoor, 1996), also known as the slope or relief. Darcy velocity can be calculated by the

dh

product of the saturated hydraulic conductivity (K Sat) and the change in groundwater head (—).

Though it does not represent the actual velocity of water moving through the soil, it can be used
to find the pore-water velocity by dividing by the effective porosity (¢) of the soil (Holting &
Coldewey, 2018). In septic systems, wastewater that enters the saturated zone after infiltration
through the vadose zone moves laterally and downgradient until entering a surface water body,

while some may be lost to a deeper aquifer system (Boulding, 1995; Todd, 1980).
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Since groundwater moves slowly, an influx of pollutants from septic systems can create
identifiable wastewater plumes within the saturated zone, with contaminant plumes differing in
length and concentration based on the mobility of the contaminant. For example, a study by
Robertson (2008) compares nitrate and phosphate plumes over a sixteen year period, finding that
nitrate plumes are longer and deeper than phosphate plumes, and that the richest zone of nitrogen
extends beyond the entire phosphorus plume, demonstrating that nitrogen is far more mobile than
phosphorus. While inorganic nitrogen (primarily in the form of NOs") is highly mobile and
readily moves along the speed of groundwater (Wilhelm et al., 1994), phosphate (PO+*) is far
less mobile as it is readily adsorbed. Because of this, plumes of phosphorus from septic systems
move at rates far slower than the velocity of the groundwater (Ptacek, 1998; Rakhimbekova et

al., 2021), as reversible adsorption reactions delay the transport of P in the saturated zone.

Back to_Section 2.1.6
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Appendix B: Review of Other Modeling Approaches

B.1.1 WARMF (Geza et al., 2010)

The Watershed Analysis Risk Management Framework (WARMF) is a model that
estimates nutrient loading for an entire watershed. Geza et al. (2010) used WARMF to estimate P
loading from septic systems in a large (126 km?) watershed in Colorado. As a hydrologic model,
WARMF uses algorithms to describe water movement, calculating stream flow, groundwater
flow, soil moisture, and a variety of other metrics relating to water flow (Herr et al., 2001). For
septic systems, the model uses isotherms and flow paths to simulate P sorption and transport, and
requires inputs such as P concentration in effluent, and wastewater generation per person. It also
requires the use of easily accessible datasets such as a digital elevation model (DEM), soil data
from STASTGO, land cover from the National Land Cover Dataset, and meteorological data
(Geza et al., 2010), which allows for parameters such as the maximum sorption capacity,
adsorption isotherms, porosity, initial soil P concentration, and hydraulic conductivity to be
determined. Up to five soil layers may be defined in WARMEF, which may have different
properties that affect the movement and attenuation of P. WARMEF uses these data to simulate the
movement of effluent toward streams and accounts for additional P attenuation within streams,
both through adsorption and particulate settling.

One of the benefits of WARMEF is that it uses easily accessible data and simulates the
exact processes involved in P retention and transport. However, there are a large number of
parameters that must be determined either through literature values or model calibration that may

be difficult to define. Moreover, the use of national datasets may not capture the spatial
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heterogeneity that exists across a watershed. For example, Geza et al. (2010) found that the
STASTGO soil survey data only revealed three soil types across the 126 km? watershed, and only
one sorption isotherm was used for native soil. Sensitivity analysis identified P-sorption capacity
as a sensitive parameter, meaning changes in P-sorption capacity caused large changes in the
results relative to other parameters. Since P-sorption capacity varies greatly with soil type
(McCray et al., 2005), a lack of specific soil data may make models less accurate.
B.1.2 SWAT (Jeong et al., 2011)

In order to simulate P loading from septic systems using the Soil & Water Assessment
Tool (SWAT), Jeong et al. (2011) adapted a biomat algorithm from Siegrist et al. (2005), which is
now integrated into SWAT (Texas A&M University, 2012). SWAT, similar to WARMF, requires
many inputs from national datasets, and calculates P loading for the entire watershed rather than
exclusively from septic systems. Previous thesis work by Gundersen (2020) uses the SWAT
model to estimate P loading into Lake Auburn; descriptions of the model and its functions can be
found there. In simulating septic system processes and biomat formation, SWAT considers
factors such as air temperature, soil moisture, and ground cover to simulate the growth of
bacteria in the biomat, as well as bacterial mortality rates and the buildup of bacterial plaque.
Through this, it estimates the P removed in the drain field using a linear sorption isotherm and
simulates the lifespan of the septic system. When the septic system fails, the model simulates a
certain number of days until the system is fixed where the system loads P through overland flow.

The model has been used to estimate the typical lifespan of septic systems based on input

parameters determined by Jeong et al. (2011), accounting for variability in septic lifespan by
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using Monte Carlo simulations. They found that the model estimated a median lifespan of 20
years and a range of 5 to >35 years, which was in range of reported values (Jeong et al., 2011).
When estimating P loading, the authors found that using SWAT in the reference watershed
underestimated the amount of P loading to water bodies because the soil types in the watershed
were sandier than could be captured by SWAT. Because SWAT only used one sorption isotherm,
the model was unable to consider variations in soil type that are present in the watershed (Jeong
et al., 2011). This reveals that the use of hydrologic models that only utilize one isotherm may be
unable to accurately reflect soil types throughout a watershed, which is critical to simulating P
removal in septic systems. This could be exacerbated by coarse-scale soil survey data that does
not reflect the variations present in smaller watersheds.

SWAT may also require various input parameters that may be hard to define, though
default parameter values are provided by Texas A&M University (2012). While the default
parameters provide a value when no data specific to the study area are available, it is possible
that results may not reflect the true dynamics of P movement from septic systems because the
default parameters are not appropriate for the area. For example, an input parameter is the time
until a failing system is fixed, which has a default value of 70 days (Texas A&M University,
2012). If the reference watershed is in an area with less education about septic system
maintenance, this value may be larger than 70 days, and the amount of P transported to the lake

may not be accurately simulated.
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B.1.3 SWAT with POWSIM (Sinclair et al., 2014)

Some studies seek to alter SWAT to better reflect watershed characteristics or the
transport of P in the subsurface. Sinclair et al. (2014b) modifies SWAT by creating a Phosphorus
Onsite Wastewater Simulator (POWSIM) to reflect a Nova Scotia watershed, where lateral flow
sand filters (LFSF) are used in septic drain fields, which consist of imported sand. The authors
account for the mass of sand involved in P treatment, as well as use an equation to find the mass
of soil in the wastewater plume that may contribute to P treatment and retardation. Furthermore,
the authors simulate P treatment by using piecewise linear sorption isotherms and maximum
sorption capacity in order to consider both adsorption and precipitation processes. The isotherms
function by using a large slope (indicating high P retention) to consider all P removal processes
before the maximum sorption capacity is reached, and using a smaller slope (indicating less
retention) when the cumulative amount of P removal exceeds the maximum sorption capacity,
reflecting how mineral precipitation still occurs while adsorption ceases. The isotherms were
developed by fitting empirical P-removal data collected in the same watershed to equations
(Sinclair et al. 2014a). This allowed them to account for differences between the three different
types of imported sand filter media and native soil. Only one isotherm was used for native soil,
likely because they characterize the area as having shallow groundwater, which indicates that the
amount of native soil is likely small.

When applied to a Nova Scotia watershed, Sinclair et al. (2014b) lumped septic systems
into four clusters and used median values for each cluster to determine input values. They

approximated septic systems failure time based on a local survey on septic system maintenance.
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They found that SWAT with POWSIM more accurately predicted P loading into water bodies
than SWAT alone for this watershed, based on field data (Sinclair et al., 2014b). Advantages to
POWSIM are that it uses isotherms developed from field studies in the same watershed, meaning
these isotherms more accurately reflect the systems in Nova Scotia than a default isotherm may.
It also accounts for hydraulic failure of septic systems and accurately considers the retardation of
P in the groundwater, finding that peak P loading from septic systems did not occur until over 30
years after the simulation began (Sinclair et al., 2014b).

Even though POWSIM is only applicable to the reference watershed in Nova Scotia, it
excels in considering soil factors such as vadose zone depth, hydraulic conductivity, and site
slope, while also considering processes of P removal and transport. Its other strengths lie in the
ways it captures septic system design in Nova Scotia and utilizes data from the same watershed
in its calculations. However, it does not consider complex hydrology as is used by process-based
models like WARMF or SWAT (POWSIM is used in conjunction with SWAT, but does not use
any SWAT algorithms). Though the model was designed to be used for lateral flow sand filter
septic systems that are common in Nova Scotia, it is clear that this type of model could be
modified or reproduced for areas serviced by different types of septic systems. The types of input
parameters needed for POWSIM are obtainable only through field studies, as the development of
isotherms requires empirical data. (Back to Chapter I)
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Appendix C: Supplemental Methodology

Soil Permeability Score Assigned by Vadose Zone Texture

Soil Permeability Permeability Score | Attenuation Factor (ai) Vadose Zone Soil Texture
from Site Evaluation

High Permeability 1 0.75 gravel, gravelly sand,
gravelly loamy sand,
medium sand, coarse sand,
fine sand, loamy sand/sand,
fine/medium sand,
medium/coarse sand, sandy
till, loamy sand/coarse sand,
Hydrologic Soil Groups A,
A/D

Medium Permeability 2 0.93 loamy sand, sandy
loam/loamy sand, gravelly
sandy loam, sandy loam,
fine sandy loam, very fine
sandy loam, silt loam, silty
clay loam Hydrologic Soil
Groups B, B/D, C, C/D,
other

Low Permeability 3 0.94 silty clay, Hydrologic Soil
Group D

Table C.1: Each septic drain field was assigned a soil permeability score based on its texture for
use in quantification methods that account for soil variation or system failure. Permeability

score was determined either from site evaluation or using hydrologic soil group from the
SSURGO database.
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Effective Porosity Values Assigned by Vadose Zone Texture

Soil Texture (Holting & Coldewey |Effective Bottom-most Horizon of Vadose Zone from Site
(2018) Porosity (¢)  |Evaluation
sandy gravel 0.225 gravel
gravelly sand 0.175 gravelly sand, gravelly loamy sand
medium sand, coarse sand, fine sand, loamy
sand/sand, fine/medium sand, medium/coarse sand,
sandy till, loamy sand/coarse sand, Hydrologic Soil
medium sand 0.125 Groups A, A/D
loamy sand, sandy loam/loamy sand, gravelly sandy
silty sand 0.10 loam, Hydrologic Soil Groups B, B/D
sandy loam, fine sandy loam, very fine sandy loam,
sandy silt 0.75 silt loam, other
clayey silt 0.055 silty clay loam, Hydrologic Soil Groups C, C/D
silty clay 0.035 silty clay, Hydrologic Soil Group D

Table C.2: Effective porosity values were assigned to soil types based on Holting & Coldewey
(2018). The bottom-most horizon of the vadose zone was assigned an effective porosity value
based on the soil texture it most closely resembles. Effective porosity was used in Equation 5, in
which the Darcy equation was applied to calculate the P plume velocity.

Back to Section 3.1.3
Back to Section 3.1.4
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Appendix D: Limitations of Temporal Model

D.1.1 Introduction

Although the temporal model provides estimates of P loading into the future, the numbers
presented in this study are not likely to reflect actual P loading from septic systems to Lake
Auburn due to the number of assumptions made, the reliance on literature values, and the
inability to calibrate the model against in-situ data. Other models that quantify P loading from
septic systems are calibrated as part of a hydrologic model that estimates P loading for the entire
watershed (Jeong et al., 2011; Geza et al., 2010) or can be compared to in-situ data (Sinclair et
al., 2014; Oliver et al., 2014). In addition, sensitivity analyses are integral to understanding how
model results may change if its inputs were varied. Neither calibration nor a sensitivity analysis
were conducted in this study because the model was not run alongside other hydrology-based

models. A full range of values for R ;was presented in lieu of a sensitivity analysis, though other

inputs, such as effective porosity and hydraulic conductivity may be similarly sensitive. As the
model inputs may be incorrect due to the use of literature values, the model may not reflect field
conditions. The trends observed in the results take on a larger importance.

The model created to simulate 200 years of P loading from Auburn’s septic systems to
Lake Auburn relies on many assumptions described in Chapter III. Other limitations and
potential improvements to the model are outlined in order to understand the ways in which the
model may not reflect field conditions and inform future modeling approaches if this study were

to be replicated with a larger focus on modeling.
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D.1.2 Modeling Assumptions

Buffer Method Assumptions

Modeling Assumption Implication Source
Approach
Only include Only systems within 300 ft Systems beyond the buffer are not included in the loading estimate Literature Sources:

systems within 300
ft (91.4 m) of the
lake or major

(91.4 m) of the lake or major
tributary contribute phosphorus
due to the delay of P transport

though they may contribute P from hydraulic failure or from the
subsurface, especially if a residence has existed there for over a
century or the system is located on the aquifer.

Harman et al. (1996);
Robertson et al. (2019);
Rakhimbekova et al.

tributary. and various field studies that (2021)
have found phosphorus plumes
a maximum of 100m from the Modeling: CEI (2010);
drain field. FB Environmental (2021)
Constant All systems remove the same Systems attenuate P variably based on soil depth and texture. Using | Literature Sources:

attenuation factor
of 0.8.

amount of phosphorus
regardless of their placement.
Use of an attenuation factor
implies that systems have
reached steady state.

a constant attenuation factor assumes that differences in soil types
equal out to 80% attenuation on average. However, this approach
obscures how soils across the landscape attenuate P differently,
especially if certain soil characteristics are more common throughout
the watershed than others, which leads to attenuation that is either
more or less than 80% on average. Steady state implies that there is
no variation in P retention over time— this only occurs once the
septic system has been in operation long enough to reach various
equilibria.

Robertson (1995); Harman
et al. (1996)

Modeling: CEI (2010);
FB Environmental (2021);
Schellenger & Hellweger
(2019); Oldfield et al.
(2020Db);

Use number of
bedrooms instead
of average number

Assumes that there is one
person per bedroom, and that
the number of bedrooms is an

There are varying amounts of people per bedroom in homes. Some
homes have empty bedrooms while other homes have 2+ people per
bedroom. However, using the number of bedrooms considers how
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Buffer Method Assumptions

Modeling Assumption Implication Source
Approach
Only include Only systems within 300 ft Systems beyond the buffer are not included in the loading estimate Literature Sources:

systems within 300
ft (91.4 m) of the

(91.4 m) of the lake or major
tributary contribute phosphorus

though they may contribute P from hydraulic failure or from the
subsurface, especially if a residence has existed there for over a

Harman et al. (1996);
Robertson et al. (2019);

lake or major due to the delay of P transport century or the system is located on the aquifer. Rakhimbekova et al.
tributary. and various field studies that (2021)

have found phosphorus plumes

a maximum of 100m from the Modeling: CEI (2010);

drain field. FB Environmental (2021)
Constant All systems remove the same Systems attenuate P variably based on soil depth and texture. Using | Literature Sources:

attenuation factor
of 0.8.

amount of phosphorus
regardless of their placement.
Use of an attenuation factor
implies that systems have
reached steady state.

a constant attenuation factor assumes that differences in soil types
equal out to 80% attenuation on average. However, this approach
obscures how soils across the landscape attenuate P differently,
especially if certain soil characteristics are more common throughout
the watershed than others, which leads to attenuation that is either
more or less than 80% on average. Steady state implies that there is
no variation in P retention over time— this only occurs once the
septic system has been in operation long enough to reach various
equilibria.

Robertson (1995); Harman
et al. (1996)

Modeling: CEI (2010);
FB Environmental (2021);
Schellenger & Hellweger
(2019); Oldfield et al.
(2020Db);

of people per
household from
U.S. Census Data

effective proxy for the number
of people per home.

different masses of P may originate from different areas of the
watershed based on household size. Moreover, septic system design
standards are developed based on the number of bedrooms.
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Whole Watershed Method with Soil Variation and System Failure Assumptions

Modeling
Approach

Assumption

Implication

Source

Consider all systems
within the watershed
while using a transport
coefficient of 0.24

All systems have the
capability to contribute P to
the lake. Due to setback
distances and the
retardation of phosphorus in
groundwater compared to
other wastewater
constituents, not all systems
are discharging to the lake.
Therefore, it is assumed
that 24% of P that reaches
the groundwater from each
system is being transported
to the lake.

Some P plumes have reached the shoreline while others have not.
Assuming that 24% of P that has reached groundwater is being
transported to the lake does not reflect how P transport from septic
systems to lakes actually occurs. However, it accounts for the fact
that it is impossible to know which P plumes are discharging and
which are not by assuming that 24% from each system reaches the
lake. This inherently assumes that the soils beneath each system
transport P the same way, which may not reflect field conditions.
Furthermore, this value is based on field studies carried out in
Canada, where watershed characteristics such as soils and
development history differ from Auburn. Therefore, this transport
coefficient is a great reflection of the watershed used in the field
study, but may not accurately represent P transport in the Lake
Auburn watershed. However, no field studies on septic systems exist
for Auburn. This is the only method that indirectly considers P loss
to a deeper aquifer system.

Literature Sources:
Oldfield et al. (2020b);
Spoelstra et al. (2020)

Modeling: Gill &
Mockler, 2016; Oldfield
et al. (2020a)

Multiple attenuation
factors based on soil
permeability and
vadose zone depth

OWS drain fields attenuate
P differently based on soil
texture and if they have at
least a meter of unsaturated
soil before the soil limiting
factor

Different soil types attenuate phosphorus differently due to textural
differences that dictate the ability of the soil to retain P. Having a
shallow vadose zone depth also leads to worse P retention, with
depths of over a meter being known to attenuate P more robustly.
However, other variations in soils, such as the mineralogy, which
dictates how much Fe, Al, and Ca are in the soil, also strongly
influence P retention. Soil pH also has an effect on P retention. These
factors are not accounted for.

Literature Sources:
Zanini et al. (1998);
Karathanasis et al.
(2006); Robertson
(2003); Gill et al.
(2009); Mechtensimer &
Toor (2016, 2017);; Baer
et al. (2019); Robertson
(2019)

Modeling: Gill &
Mockler (2016)
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Varying percentages of
P load attributed to
failing systems based
on age, setback distance
and soil permeability

Failing systems contribute
P through a surface
pathway, where no
attenuation is considered.
The further a system is
from the shoreline, less
effluent travels through this
pathway because some
level of soil infiltration
occurs over that distance.

Failing systems over 200m away from the shoreline are not modeled
to contribute P through a surface pathway, even though they are
failing and may contribute P in this way. Failing systems within 50m
of the lake are assumed to contribute all of their effluent directly to
the lake even though this may not be the case in reality.
Low-permeability soils are considered to always be failing even
though they may function properly and may fail more quickly than
systems on other types of soil. The median age of replacement in
auburn (29 years) is within range of median failure ages for
Connecticut and Massachusetts.

Literature Sources: Hill
& Frink (1980); Withers
et al. (2012); Withers et
al. (2014)

Modeling: Withers et al.
(2012); Gill & Mockler
(2016)

Temporal Model Assumptions

Modeling
Approach

Assumption

Implication

Source

Attenuation factors are
used to simulate
vadose zone removal
processes. However,
no removal is
simulated to occur in
the saturated zone.

There is robust P removal in the
vadose zone as a result of
precipitation reactions that occur
less in the saturated zone.
Adsorption processes are
simulated to only delay the
transport of P to the lake in
groundwater. P that reaches the
groundwater table is ultimately
mobile until it discharges into
the lake or tributary.

There is a reduced amount of permanent P retention in the
saturated zone, though there inevitably is some. The modeling
approach does not account for this small amount of attenuation.
The model also does not account for P loss if water moves
through an aquitard to a deeper aquifer system. Dispersion
processes are also not accounted for. It is also assumed that all P
discharged to groundwater reaches the lake, meaning that the
interception of P plumes by wells is not considered.

Literature Sources:
Todd (1980); Wilhelm
et al. (1994); Harman et
al. (1996); Robertson
(2008); Robertson et al.
(2019)

Modeling: Roy et al.
(2017); Oldfield et al.
(2020b)

Applied retardation
factors of 20 and 100
to pore-water velocity

Phosphorus is delayed in
groundwater compared to more
conservative constituents such

The phosphorus plume for each system moves slower than
groundwater by a factor of 20 or 100 in the simulation. Using a
value of 20 is likely to simulate phosphorus moving quicker than

Literature Sources:
Bedient (1994);
Robertson et al. (1998);
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calculations using the
Darcy equation to
calculate the P-plume
velocity beneath each
septic system, which is
used to determine
when the plume

as nitrate, sodium, chloride, or
artificial sweeteners. Therefore,
it moves toward water bodies
slower than the speed of
groundwater. Values of the
retardation factor vary between
septic system operations, and no

reality, because it is at the lower end of literature values. Similarly,
using a value of 100 is likely to simulate phosphorus moving more
slowly than in reality. Therefore, simulations using these values
serve as a range of possibilities. It is impossible to know what a
representative value for the retardation factor may be without field
studies in this watershed.

Roy et al. (2017);
Robertson et al. (2019)
Rakhimbekova et al.
(2021)

Modeling: Roy et al.
(2017); Schellenger &

>

discharges. field studies exist in Auburn to Hellweger (2019)
inform what a value may be.
Adjusted the Each septic system is assumed Instead of a system failing during a failure year and contributing Modeling: Sinclair et

percentage of P load
attributed to a failing
system by multiplying
the percentage by 1/29,
the median age of
system replacement in
the Auburn portion of
the Lake Auburn
Watershed. Failing
systems on
low-permeability soils
were kept the same.

to fail for one year before it is
replaced after its 29th year.
Because of computation
constraints, the percent
attributed to failure is distributed
equally across the entire 29 year
lifespan of the system. (This is
likely computationally possible
with more advanced modeling).

Failing systems are also
assumed to be replaced within a
year after they fail.

more P through a surface pathway during that year, the mass of P
from failure is distributed across the whole lifespan. This leads to
overestimates if a system is not failing and underestimates on
failure years. However, this approach accounts for the fact that it
is impossible to know when a system is failing, and generalizes
the effect of system failure as a result. This type of generalization
is similar to modeling approaches that spatially lump septic
systems into a single unit, which then assumes that they all fail on
the same failure year (Sinclair et al., 2014). The benefit of the
modeling approach used here is that, by evenly distributing the P
load from system failure, variability over time from this factor is
eliminated, allowing other trends to be revealed through the
simulation.

Moreover, the model assumes that each system is replaced almost
as soon as it fails, which is a misrepresentation of reality, since
systems may fail for many years before they are noticed or
replaced. However, other models simulate the replacement of
septic systems this way (Jeong et al., 2011). This would lead to an
underestimate of the results. Assuming a failure age of 29 years
may also inadequately capture how some systems fail very
quickly after installation, while others operate for far longer

al. (2014); Jeong et al.
(2011)
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without failing.

After the proposed
ordinance change is
simulated in 2023,
systems are replaced in
2024 if they are older
than 29 years old, or
are replaced once they
reach this age. Systems
that have their age
unknown are replaced
on a random year
between 2024 and
2053 (range of 29
years)..

The quick replacement of these
systems assumes that the City of
Auburn takes quick action to
implement the proposed change
through community outreach,
education on septic system
maintenance, and financial
support.

It also assumes that all systems
are replaced within 29 years of
the proposed change.

It is unlikely that the City of Auburn is able to conduct
community outreach and identify failing systems such that all
systems older than 29 years old are replaced within the year
following the implementation of the ordinance. This would lead to
the impact of the proposed change being observed sooner in the
model than in actuality.

Many systems will not be replaced until they are far older than 29
years old and after they have been failing for many years (Withers
et al., 2014). Therefore, the impact of the proposed change will be
observed quicker in the model than it would in actuality, and the
nutrient load from failing systems may be underestimated.

Use of median age of replacement in Auburn (29 years) is close to
reported median lifespan of systems in Connecticut and
Massachusetts.

Literature Sources:
Hill & Frink (1980)

No adaptation of
methods for cesspool
use or other forms of
wastewater disposal
(outhouses)

Assumes that waste disposal
through cesspools and outhouses
contributed the same amount of
P per person as is contributed
through a traditional septic
system, and that attenuation is
the same.

P attenuation and loading to soils is not the same in cesspools and
outhouses as it is in traditional septic systems. However, by the
year in which the model has the most modern implications,
traditional septic systems were widely used, and results from
previous years are less applicable to modern questions, though
wastewater treatment from these periods may impact model
results far into the simulation. Historical data on wastewater
quantities and P attenuation using cesspools/outhouses is not
widely available. Therefore, integration of these forms of
wastewater treatment would require more assumptions that may
not be accurate.

Modeling: Schellenger
& Hellweger (2019)
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Use of the Darcy
equation to estimate

plume velocity with a
constant dh/dl of 0.03

Change in hydraulic head was
assumed to be 0.03 because no
data on this is available. This
was based on the median slope
of all system locations based on
site evaluations.

The change in hydraulic head influences the pore-water velocity.
Assuming one value across the watershed assumes that areas of
generally steeper slope and areas of gentler slopes behave the
same; this is not true. However, other modeling approaches use
slope as a proxy for change in hydraulic head, even though
groundwater elevation does not necessarily reflect topography.

Modeling: Sinclair et
al. (2014)

Use of the average
number of people per
home from the U.S.
Census data, as
determined by FB
Environmental (2021)

2.325 people per home used in
export coefficient calculation

No variability in household size is considered. This was chosen
here because it is impossible to approximate household size over a
200 year period. Household population and the size of a home
may change over time (additions), which means that using the
number of bedrooms would likely lead to overestimations.

Modeling: FB
Environmental (2021)
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D. 1.3 Model Limitations

Limitation: By only accounting for P attenuation in the unsaturated zone, similar to other
studies (Oldifled et al., 2020a), the model presents a worst-case-scenario by assuming that all P
that reaches the groundwater table moves ultimately toward Lake Auburn. Though there has
been observed to be smaller amounts of attenuation occurring in the groundwater zone
immediately below the disposal field (Robertson et al., 2019), the main shortcoming of this
modeling approach is that it cannot account for loss of P to a deeper aquifer system or the
removal of P if the plume is intercepted by a neighboring well. These factors are pertinent to this
watershed because of the use of wells and the abundance of septic systems located on perched
water tables with an restrictive layer, which may lose small amounts of water to a deeper aquifer.

Potential Solution: Use of the advection-dispersion-sorption (ADS) equation as used by
Schellenger & Hellweger (2019) would account for the dispersion and sorption processes that are
responsible for additional P retention in the saturated zone. Schellenger & Hellweger (2019) use
the 1-dimensional ADS, though higher-dimension equations exist. If only one septic plume is
being modeling, complex geochemical models exist that consider additional immobilization of P
in the saturated zone (Parkhurst et al., 2003).

Sinclair et al. (2014) considers the loss of P to a deeper aquifer system by assuming that a
percentage of P is lost. However, after sensitivity analysis with a range of 0-10 percent, they
assume that 0% of P is lost to a deeper aquifer. This type of approach would be most applicable
for improving the temporal model created in this study. To my knowledge, there are no studies

quantifying P loss from the interception of a wastewater plume to neighboring wells.
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Limitation: The use of soil survey data or literature values for hydraulic conductivity and
effective porosity may not reflect field conditions, which would influence the results of the
Darcy equation and the plume velocity calculations.

Potential Solution: Field sampling and laboratory analysis of soil samples collected
throughout the watershed may help better assign values for these metrics, which would make
application of the Darcy equation more precise. Furthermore, use of the “Darcy flow” tool in
ArcGIS Pro would be helpful to creating a similar model.

Limitation: The temporal model uses the straight-line setback distance from each septic
system to the nearest lake or shoreline. However, groundwater and surface water do not usually
flow in a straight line, and typically follow topography or a hydraulic gradient. The use of
straight-line distance may underestimate the travel distance between each septic system and the
nearest shoreline, which affects loading estimates used in this study.

Potential Solution: Accurate and correct use of the “Darcy flow” and “particle track”
tools in ArcGIS Pro would allow for groundwater flow paths to be calculated, which would
inform the groundwater path each P plume takes for well-functioning systems. For failing
systems, the pathway could be determined using distance tools in ArcGIS Pro alongside a digital
elevation model to obtain the flow path from the septic system and the nearest shoreline.

Limitation: None of the approaches in this study account for additional P attenuation in
streams if the septic system is located near a stream instead of the Lake Auburn shoreline.

Potential Solution: Incorporating additional P attenuation in streams through an

approach similar to FB Environmental (2021) is possible for this type of study. (Back to Section 4.3.3)
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Appendix E: Maps Comparing Soil Survey Data and Site Evaluations

Interpolation of Depth to Limiting Factor (cm)
from Site Evaluations
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Map E.1: Depth to limiting factor from site evaluations interpolated across the Auburn portion
of the watershed. Site evaluators found more variability than can be seen in soil survey data.

137



SSURGO Depth to Limiting Factor (cm)
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Map E.2: Depth to limiting factor (cm) determined from SSURGO soil survey data throughout
the watershed.
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SSURGO Percent Sand and Vadose Zone
Texture from Site Evaluations
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Map E.3: SSURGO weighted mean of percent sand for the entire soil profile and soil texture of
the vadose zone as described during site evaluation. More variability exists in site evaluation

than can be observed in soil survey data.
(Back to Section 4.1.5)
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Appendix F: Suggestions for Future Field Studies

F.1 Possible Data to Collect

Field studies are integral to informing models, and carrying out a field study on septic
systems in the Lake Auburn watershed could influence how P loading is quantified in this
watershed, as well as identify areas of high P loading. Studies on P plumes provide the most
information about soils and P transport that is useful for thinking about the cumulative effects of
P loading on Lake Auburn. Many P plume studies use extensive networks of piezometers or
monitoring wells to collect groundwater samples, as described by Cherry et al. (1983), Roy et al.
(2017), Baer et al. (2019), and in Supporting Materials from Robertson et al. (2021). Data
collection either takes place over a few days, capturing a singular moment, or periodically over
the course of many years, to track the progression of a plume. Many studies also take advantage
of previous studies that characterize groundwater movement within the area of interest. The
following is a recounting of various data collected by researchers in the literature, and it is likely

not feasible to collect all or even most of these data in a single study.

Potential Types of Sampling and Data Collection for Phosphorus Plume Assessment

Data Type Type of Reasoning Source with
Sample Methods

Soil Characteristics

Water Extractable Soil sample Understanding the ion Mechtensimer &
(desorbable) P, major exchange capacity of the soil | Toor (2016)
cations is important to

understanding P retention

capacity.
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Acid-extractable /
oxalate extractable Al,
Fe, Ca, P

Soil sample

The amount of Al, Fe, and
Ca are critical to
understanding the
mechanisms of P retention.
Background P is necessary
to understand changes in P
masses after septic system
operation.

Zanini et al. (1998);
Eveborn et al.
(2012)

Bulk density, texture

Soil sample

Texture is important to
qualitatively understanding
P retention capacity, while
bulk-density is used in
sorption isotherms and other
equations.

pH

Soil
sample/pore
water sample

pH strongly influences P
retention.

Vadose Zone Retention
TP, SRP, TN, nitrate, Wastewater Understanding the P Mechtensimer &
ammonium sample (with concentration in effluent is Toor (2016)
concentration in replicates) essential to knowing what
effluent percentage of P is retained
in the vadose zone.
TP, SRP, TN, nitrate, Pore-water Allows for quantification of | Mechtensimer &
ammonium sample vadose zone retention. Toor (2016)
concentration at water Ammonium and nitrate
table allow for an understanding
of the oxidation of
wastewater.
Plume Characteristics
Characterization of Monitoring Allows for an understanding | Roy et al. (2017);
groundwater movement | network of the groundwater Reide Corbett et al.

movement beneath the
septic system, which
influences plume velocity

(2002)
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and the movement of
various constituents.

pH, Eh, electrical
conductivity,
temperature

In-situ
measurement
(groundwater)

Septic effluent can have an
acidifying effect on the
surrounding soils, which can
influence P retention and
retardation depending upon
the buffering capacity of the
soil and the redox
conditions. Electrical
conductivity may be an
effective tracer if other
sources of ions are minimal.

Rakhimbekova et
al. (2021);
Robertson (2008)

Boron, artificial
sweeteners, chloride,
sodium, other cations

Groundwater
sample

Tracers of wastewater.
Artificial sweeteners can
signal that wastewater is
present. Tracers tend to
move conservatively in
groundwater, which allows
the extent of the wastewater
plume to be determined
since the P plume is likely
smaller.

Spoelstra et al.
(2017, 2020);
Oldfield et al.
(2020); Roy et al.
(2017); Wilhelm et
al. (1994)

TP, SRP, TN, nitrate,
ammonium

Groundwater
sample

Nutrients limiting to lake
ecosystems that may be of
interest. Nitrate and
ammonium can demonstrate
how complete the oxidation
of wastewater was in the
vadose zone as well as
reflect redox conditions. P
concentrations signal how
fast phosphorus may move
in the system, while
denitrification may occur to
permanently remove N.

Robertson (2008);

(Back to Section 5.2)
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