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Many of Maryland’s coastal communities rely on private septic systems for wastewater
treatment, instead of public wastewater treatment facilities. Septic systems depend on soil
treatment areas (STA’s) for removal of bacteria from wastewater. Climate change is driving
rising groundwater tables and increased flooding, threatening the performance of these systems
by inducing saturation and introducing brackish or saline waters. While the negative effects of
soil saturation on bacteria removal in STA’s are well documented, the influence of brackish
flooding remains largely unknown. This study used a series of laboratory-scale sand columns to
simulate new (clean sand) and mature (sand with an established biofilm) STA’s. All columns
were fed syn. STE containing a model pathogen, E. coli. A sub-set of columns were subjected to
repeated flood simulations with brackish water. Influent and effluent E. coli concentration, pH,
and electrical conductivity were monitored throughout the experiment. Post-experiment analyses
characterized sand properties including total organic content, moisture content, and adsorbed
bacterial abundance. Scanning electron microscopy was used to visualize bacterial adsorption

and biofilm formation on the surface of sand particles.



Over the duration of the experiment, the weekly E. coli removal rate increased by 232%
in control columns and 23% in flooded columns. The increased removal that was observed in all
columns can be attributed to column media maturation. The removal rate increased significantly
(p<0.05) more in the control columns than those subjected to floods, as the benefits of
maturation were largely offset by brackish flooding in the flooded columns. Biofilm inoculation
of column media enhanced E. coli adsorption in control and experimental columns, but it did not
have a significant impact on overall E. coli removal rates. These findings demonstrate the
vulnerability of sandy-STA’s to coastal flooding, providing critical insight into how coastal
flooding may negatively impact bacterial removal. Results were used to generate estimates of
bacterial loads from properly functioning and failed septic systems, for inclusion in Maryland’s

Bacteria Total Maximum Daily Loads.
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CHAPTER 1: INTRODUCTION
1.1 USE & REGULATION OF SEPTIC SYSTEMS IN MARYLAND
1.1.1 Septic System Use in Maryland

Septic systems are used by approximately 420,000 homes in Maryland, making them an
important part of the state’s wastewater infrastructure!. These systems are primarily located in
rural areas of Maryland where access to public sewer is not feasible, however septic systems can
also be found on older homes scattered throughout Maryland’s sewer service areas’. As discussed
in greater detail in later in this chapter and illustrated in Figure 1, wastewater treated by septic
systems is ultimately discharged into the groundwater’. Given groundwater is both used as a
drinking water source and feeds into surface waters, proper treatment of wastewater by septic
systems is essential for protecting both public and environmental health*. In Maryland, the
primary pollutants of concern related to septic systems are nitrates and fecal coliform bacteria,
both of which are regulated in drinking and recreational waters. This thesis focuses on bacterial

pollution from septic systems.

Figure 1: Simplified illustration of a conventional septic system



1.1.2 General Permitting & Site Evaluations

Proper design and permitting of septic systems are important first steps in ensuring
systems will sufficiently protect public and environmental health. The Code of Maryland
Regulations (COMAR) Chapter 26.04.02 sets the minimum site evaluation and design
requirements for septic systems'. Site evaluations are used to determine the suitability of a lot
and its soils for sub-surface wastewater treatment. Findings from the site evaluation inform the
selection of appropriate treatment technology and the corresponding design requirements®.

Prior to the site visit, a combination of soil survey maps, soil boring results, and historical
records are used to determine the likely depth to the restrictive layer, such as a seasonally high
groundwater table, bedrock, or impervious clay layer®. This determination is important as
COMAR requires 4-feet of unsaturated, unconsolidated soil for sub-surface wastewater
treatment®. This requirement is rooted in findings from the Environmental Protection Agency
(EPA) that suggests that 4-feet of unsaturated soil is necessary to fully treat wastewater and
prevent groundwater contamination®. As discussed in section 1.1.4, much of the Eastern Shore of
Maryland struggles to meet this requirement.

On-site, the suitability of sub-surface soils for wastewater treatment is evaluated through
a comprehensive soil analysis, which identifies the soil structure and texture at various depths,
and a percolation test. Percolation tests measures the rate at which water infiltrates into pre-wet
soils, expressed as minutes required for a 1-inch drop in water elevation (minutes per inch,
mpi)>®. If water infiltrates too quickly (< 2 mpi), it is considered to not retain wastewater long
enough to provide proper treatment. This generally occurs in soils with high sand and gravel
content®. If water infiltrates too slowly (> 30 mpi), it is unable to handle the wastewater flow

from a household without backing up. This generally occurs in soils with high clay content™®.



During the site visit, additional observations are made to determine the lot’s feasibility for on-site
wastewater treatment. This includes identifying steep ground slopes and the location of
vulnerable site features such as drinking water wells, building foundations, drainage ditches, and
surface water bodies, as septic systems have required setbacks from such features>*.
1.2 CONVENTIONAL SEPTIC SYSTEM TECHNOLOGY
1.2.1 Wastewater Pollutant Concentrations

As with any residential wastewater stream, wastewater entering a septic tank is high in
solids, organic matter, nutrients, and pathogens. Average concentrations of these pollutants in
residential wastewater, as reported by the EPA, are provided in Table 1. Also provided in Table 1
are average concentrations of these same pollutants in septic tank effluent (STE). As discussed in
greater detail in the following section and highlighted by the values in Table 1, the primary
function of the septic tank is to remove suspended solids content. Most of the wastewater
treatment is expected to occur in the soil treatment area (STE).

Table 1: Average concentrations of pollutants in septic tank influent (raw wastewater) and

effluent®’

Raw Wastewater Septic Tank Effluent
Total suspended solids (mg/L) 500 — 880 49 — 161
5-day biological oxygen demand (mg/L) 155 —286 132 -217
Total nitrogen (mg/L) 26 —75 39 -82
Fecal coliforms (MPN/100-mL) 10°— 108 106 — 1082

1.2.2 Septic Tanks

Wastewater from a household, including blackwater from toilets and kitchen sinks as well as
greywater from showers and washing machines, flows into a watertight receptacle in the sub-
surface soil, known as a septic tank. Treatment in the septic tank relies on gravity to separate low
density fats, oil, and grease (FOG) and high-density solids from liquid wastewater. Low density

FOG floats to the top of the tank, forming a scum layer, while high density solids sink to the



bottom of the tank, forming a sludge layer>®. The primary bacterial removal mechanism in the
septic tank is the settling of solids to which bacteria are adsorbed. With an average survival rate
of 30-60 days in sewage, settled fecal coliforms can persist and be resuspended in the tank>. The
fecal coliform removal rate in septic tanks is highly variable, with up to a 90% decrease and a
100-fold increase in concentration reported>’.
1.2.3 Soil Treatment Area
1.2.3.1 Soil Treatment Area Design

Soil treatment area (STA) describes the variety of subsurface setups used to treat and
dispose of wastewater on-site. Unsaturated soils and their microbial communities are effective at
treating wastewater, using a combination of filtration, adsorption, chemical reactions, and
biological transformations to remove organic matter, nutrients, and pathogens>. According to
Maryland Department of Environment (MDE) and EPA, for this treatment to be accomplished
four feet of unsaturated soil is required between the bottom of the wastewater dispersal trench
and a restrictive layer (i.e. groundwater table, bedrock, or impermeable clay layer)'. Due to the
importance of physical soil structure and the native soil microbial community to treating
wastewater, whenever possible STAs are designed to utilize the existing sub-surface soil rather
than imported media®. The need for imported media and increasingly complex designs are
required for sites with restrictive features such as poorly draining soils or a shallow restrictive
layer”.

Conventional STAs on sites without such restrictive features utilize standard trench
designs, in which perforated pipes convey clarified wastewater via gravity from the septic tank

into a series of sub-surface gravel trenches. A demonstration standard trench, which is on display



at the Maryland On-site Wastewater Professionals Association (MOWPA) Training Facility,

shown in Figure 2°.

Figure 2: Standard gravel trench constructed above ground surface (not normal design) for
educational purposes, at MOWPA Demonstration Facility

With standard gravel trenches, the top 2-3 feet of soil depth is lost to the gravel trench
itself and its required topsoil cover. Both at-grade systems and sand mounds are alternative STAs
that preserve the native topsoil for treatment by constructing a wastewater dispersal system
above the ground. They are used primarily for sites with shallow restrictive layers (i.e.
groundwater table, bedrock, or impermeable clay layer) to provide additional treatment depth.
For at-grade systems, gravel trenches are placed directly atop existing soil®. For sand mounds
(Figure 3), the same concept is used, however imported sand is placed between the infiltration

trenches and the native soil to provide up to an additional two feet of treatment depth®%”°.
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Figure 3: Sand mound constructed for educational purposes, at OWP Demonstration Facility
1.2.3.2 Overview of Bacterial Removal in STA's

Bacterial removal occurs in the STA through key mechanisms including (1) adsorption of
bacteria to the surface of soil particles, (2) filtration of bacteria by small soil pores, (3) bacteria
death due to unfavorable environmental conditions, (4) predation of bacteria by microfauna such
as protozoa and nematodes, and (5) competition for resources by soil microbes’. Such
mechanisms work in combination with each other, with abiotic retention mechanisms of
adsorption and filtration immobilizing bacteria and increasing the potential for inactivation due
to natural death, predation, or competition. Physical, chemical, and biological parameters of both
the STE and the STA impact these pathogen removal mechanisms. Given four feet of unsaturated
soil, a combination of these mechanisms will result in high but variable bacterial removal rates,
with reported average values ranging from 80% to 99.99%>’.
1.2.3.3 Abiotic Bacterial Immobilization Mechanisms

Adsorption initially results primarily from the attraction of negatively charged bacteria to
positively charged sites on the surface of soil particles. The surface charge of soil particles is

impacted by a variety of soil properties such as mineral type and organic matter content as well



as porewater properties such as pH and ionic strength’. Additionally, soil texture impacts the
surface area available for adsorption, with smaller particles (i.e. silt and clay) having greater
surface area and thus higher adsorption potential than larger particles (i.e. sand and gravel)’.
Given adsorption sites have not been exhausted, increasing the contact time between soil and
wastewater will increase the overall removal rate resulting from adsorption. Thus, adsorption
rates generally increase as the wastewater infiltration rate decreases. Finally, soil saturation
impacts both the contact time and the adsorption potential. Under unsaturated conditions,
infiltrating water forms a film over the soil particles, increasing the length of its infiltration
pathway and retaining bacteria closer to the particle surface, relative to saturated conditions'’.
Once adsorbed to the particle surface, subsequent attachment via the production of extra
polymeric substances (EPS) can increase the stability of adsorption”!?. The research presented
in this thesis focuses on bacterial removal resulting from adsorption.

Filtration is another important abiotic bacteria removal mechanism. Filtration rates are
highly dependent on soil texture®’. Filtration does not contribute significantly to bacteria
removal unless the bacteria being removed are larger than 5% of the soil particles’. Notably,
Maryland’s design requirements for sand mound STAs require imported sand to have <5% of
particles with a diameter less than 75-pum in diameter, due to issues with the media clogging over
time®. With many enteric bacteria averaging 1 or 2-um in length or diameter, it is reasonable to
expect that in newly constructed sand mounds, bacterial removal by filtration is negligible'!. In
both sand mounds and native soils, bacterial filtration rates are expected to be enhanced by the
development of biofilm on the surface of soil particles, effectively decreasing the media’s pore

size!?.



1.2.3.4 Bacterial Inactivation Mechanisms

Bacterial inactivation mechanisms are those that result in the death of bacteria. These can
occur in combination with immobilization mechanisms of adsorption and filtration or
independently. With fecal coliforms having an estimated survival time of 20-70 days in
unsaturated soil, as shown in Table 2, there is opportunity for inactivation of bacteria retained on
and between particle surfaces. As indicated by the third removal mechanism, death due to
unfavorable conditions, the viability of fecal coliforms in a given soil is impacted by a variety of
environmental factors including pH, temperature, and soil moisture content’.

Protozoa directly consume bacteria, a process commonly referred to as protozoan grazing
or protozoan predation'’. This is believed to be one of the most important mechanisms of
bacteria removal in soils, with protozoa originating both from the native microbial community
and the wastewater stream’'%!3, Nematodes also contribute to bacterial predation, and a wide
variety of microorganisms can inhibit the growth and survival of bacteria through the production
of compounds such as antibiotics’. Competition for nutrients also plays a role in bacterial
survival in soil, with human pathogens being specific in their nutritional requirements and easily
outcompeted by native soil microbes'*. The activity of soil microbes responsible for pathogen
inactivation generally increases as temperature and dissolved organic carbon concentration
increase and pH approaches neutral®’.

Table 2: Range of typical survival times for common pathogens’

Typical range of survival times (days)
Pathogen In fresh water & sewage | In unsaturated soils
Enteroviruses 50-120 20-100
Fecal coliforms 30-60 20-70
Salmonella spp. 30—-60 20-70




1.3 SEPTIC SYSTEMS IN MARYLAND’S ATLANTIC COASTAL PLAIN
1.3.1 Atlantic Coastal Plain Geology

Maryland contains three distinct geographic regions illustrated in Figure 4: the
Appalachian Mountains, the Piedmont Plateau, and the Atlantic Coastal Plain'®. The underlying
geology in these regions is different, resulting in unique water infiltration patterns and
groundwater aquifer formations'¢. This geology directly impacts important features used when
evaluating a site’s suitability for a septic system, such as soil percolation rate and depth to a
restrictive surface (i.e. shallow groundwater table, impermeable clay layer, or bedrock).
Likewise, these geologic variations result in unique regional concerns regarding septic system
failure and groundwater contamination®. The research presented in this thesis focuses on septic
systems in Maryland’s Atlantic Coastal Plain.

The low-lying eastern portion of Maryland, known as the Atlantic Coastal Plain, is
characterized by unconsolidated sediments deposited over millions of years of erosion from the
Appalachian mountain range'®. The Coastal Plain topsoil is generally dominated by sand and
gravel, however fluctuations in sea level over the Quaternary period and corresponding tidal
wetland formations have deposited a series of impermeable silt and clay deposits in the sub-
surface'®. Alternating layers of permeable sand and gravel with impermeable silt and clay have
given way to a dense series of confined aquifers underlying the Coastal Plain'®. Atop the
confined aquifers, sandy topsoil facilitates the widespread presence of a surficial aquifer, in
which saturated soil extends to within several feet of the ground surface in low-lying areas'’. The
combination of impermeable subsurface silt and clay layers with high groundwater tables present

challenges related to on-site wastewater treatment. These challenges have been met both with
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innovative and alternative designs and with acceptance that groundwater will be contaminated by

some systems6.

THE APPALACHIAN MOUNTAINS

- THE PIEDMONT PLATEAU

THE ATLANTIC COASTAL PLAIN

Figure 4: Map of Maryland'’s three distinct geographical regions’’

1.3.2 Groundwater Protection Reports & Direct Groundwater Penetration

When general septic system regulations in Maryland were tightened in the 1980’s, the
continued installation of septic systems on lots with shallow groundwater tables and
impermeable silt and clay was ensured by the creation of groundwater protection reports
(GPRs)®. Through these reports, the counties of Talbot, Queen Anne’s, Caroline, Dorchester,
Wicomico, Somerset, and Worcester identify regions of their counties in which proper treatment
of wastewater in the STA is not feasible and the underlying surficial aquifer is not suitable as a
drinking water source. Aquifers may be deemed suitable for wastewater disposal instead of
drinking water if they (1) experience significant seasonal fluctuations in depth, (2) are
interconnected with tidewater such that they contain brackish or saline waters, or (3) are

“polluted by, or in imminent danger of being polluted, by activities in the area. In these regions
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delineated by GPRs, septic systems may be permitted which discharge untreated and partially
treated STE into shallow, non-potable disposal aquifers.°

In the case of partially treated STE, GPRs permit the use of the STA’s described above,
but with less than four feet of unsaturated soil depth®. In the case of untreated STE, GPRs permit
a practice known as direct groundwater penetration, in which STE may be discharged into a
seepage pit, sand-lined trench, or other infiltration system that intersects the shallow-
groundwater table™’. A combination of gravity and pumping are used to provide sufficient
hydraulic head to force STE into the non-potable groundwater stream. When designing such a
system, basic calculations may utilize Darcy’s law and the aquifer’s saturated hydraulic
conductivity to ensure added wastewater flow can be sufficiently removed without mounding’.
Some non-conventional septic systems, including drip and spray irrigation, have been installed
on sites in Maryland that would otherwise require the use of direct groundwater penetration®!8,
However, these systems have not been fully validated by MDE and can present a financial
challenge for the homeowner in the case of failures®.

The GPR focuses on protecting the safety of confined drinking water aquifers, but it does
not sufficiently consider the environmental and public health threats that can arise from
contaminating shallow aquifers. Surficial, tidally influenced groundwater which meets the first
two qualifications for a disposal aquifer are directly connected to tidal surface waters, creating
risk of pollutants from these systems reaching recreational, bathing, and shellfish harvesting
waters'!°. Additionally, although deeper aquifers in the region are generally confined, concerns
exist about the possibility of contamination from disposal aquifers seeping into deeper aquifers'®.
GPRs primary method for avoiding contamination from these systems is to limit their density, as

the practice relies on groundwater to dilute pollutants to safe levels?’.
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1.4 BACTERIAL POLLUTION FROM SEPTIC SYSTEMS
1.4.1 Surface Water Contamination from Septic Systems

Bacterial contamination of Maryland’s surface waters is consequential for the safety of
bathing, recreation, and shellfish harvesting. Closing of waterways for safety reasons also have
direct economic consequences for coastal communities'®?!. Bacterial water quality standards
(WQS) are based on the concentration of fecal indicator bacteria in wastewater??. For freshwater
used for bathing and recreation, the WQS is an average E. coli concentration < 126 CFU/100-
mL?*. For marine waters used for bathing and recreation, the WQS requires an average
Enterococci concentration < 35 CFU/100-mL; Enterococci is used instead of E. coli due to its
increased survival in saline waters?***, When bacteria concentrations are found to exceed the
WQS, public health advisories are issued, asking people to avoid contact with water??. For water
used to harvest shellfish, bacteria regulations are tighter. Fecal coliforms, which include E. coli
and Enterococci, are used for the WQS, which requires an average fecal coliform concentration <
14 MPN/100-mL?3. When concentrations are found to exceed the WQS, shellfish harvest cannot
occur?!'. A 1996 Clean Water Needs Survey conducted by EPA identified failing septic systems as
“a principal or contributing source of degradation in 32 percent of all harvest-limited shellfish
growing areas™.

Septic systems have historically been recognized as contributors to bacteria pollution in
Maryland’s surface waters. In 1996, the U.S. Army Corps of Engineers published a report
regarding the Patuxent River’s water quality which identified failing septic systems and those
older septic systems built before modern regulations as primary contributors to bacterial
pollution in the river®®. Additionally, addressing failing septic systems was cited in the original

1983 Chesapeake Bay Agreement as the second objective to help restore water quality®®. Despite
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our understanding that the problem exists, it has not been solved. Current Maryland reports
regarding plans to reduce bacterial loads into surface waters, known as Bacteria Total Maximum
Daily Loads (TMDL’s), regularly cite failing septic systems as a contributing factor, however no
attempts are made to quantify these loads®”%,

1.4.2 Drinking Water Contamination from Septic Systems

The EPA estimates that 168,000 viral and 34,000 bacterial illnesses occur annually
because of consuming contaminated drinking water®>. Homeowners that utilize private drinking
water wells are more vulnerable to such waterborne illnesses due to the less frequent water
quality testing and lack of disinfection that typically occur in private systems, relative to public
systems. Drinking water standards require water to be absent of total coliforms, reflecting the
reality that many gastrointestinal illnesses can result from consuming a small pathogen load®.
While public systems are tested at least daily for total coliforms, private well owners are only
recommended to test their systems annually and such testing is not enforced and must be paid for
by the homeowner.

MDE estimates there are approximately 350,000 households using private drinking water
wells in Maryland. Nearly all of these households use septic systems and/or their neighbors use
septic systems>!. In 2018, a study of private drinking water wells in Maryland found fecal
contamination in more than 15% of wells*’. Although source tracing was not done in that study,
it is reasonable to suspect that septic systems may be contributing to this contamination as
several other studies have provided strong evidence that septic systems caused contamination of
well water and subsequent outbreaks. In 2002, a pathogenic E. coli strain isolated from a private
drinking water well that served attendees of the New York state fair was linked to over 775

suspected infections. A subsequent tracer dye study found a close hydraulic connection between
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the septic systems on-site and the contaminated well, providing inconclusive but compelling
evidence that the septic system was the source of contamination in that outbreak®?. A more
conclusive study, published in 2010, identified the same norovirus genogroup in the well water
and septic tank of a restaurant in Wisconsin following an associated norovirus outbreak.
Additional tracer die studies identified wastewater was traveling from the septic system to the
well water within seven days, providing nearly conclusive evidence that the property’s own
septic system was the source of contamination®.

Well water contamination can occur when the aquifer becomes contaminated, as appeared
to be the case in the previous two examples presented, and when components of the well or
distribution system are damaged>'*2. The risk of well water contamination is higher for wells in
flood prone areas?**. The primary concern regarding well water contamination during floods is
the infiltration of contaminated water into a crack or bad seal on a well head***>. If septic
systems are not properly situated down-gradient from drinking water wells or if floods push
water up-gradient, septic systems can contribute to such contamination®**%7, In a 2005
assessment of transient water systems in Dorchester County, Maryland, six of 61 well water
samples tested positive for fecal coliforms. Of those positive samples, 67% were collected
directly following Hurricane Isabelle*®. With the low topography of the region, it was speculated
that during the hurricane the well heads were likely flooded and the surrounding soil saturated,
leading to contamination®®. Aware of this reality, Maryland provides recommendations to
homeowners for how to disinfect their wells after flood events®**>,

1.4.3 Challenges of Identifying Septic System Failure
Identification of failing septic systems can be challenging®>*°. Septic systems are private

infrastructures located on private property that are not required to undergo routine inspection or
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maintenance®. Maryland regulators may not become aware of a septic system failure until a
homeowner requests a permit for repairs or a replacement system®. Homeowners may become
aware of issues with their septic system when tubs and sinks begin draining slowly, an odor
develops, sewage begins to back up into the house, or sewage surfaces above the STA®,
However, in cases where system failure results in the disposal of untreated wastewater into the
subsurface or as run-off, the homeowner may be unimpacted and unaware. Even once a
homeowner becomes aware that their septic system is failing, they may delay applying for a
permit to repair or replace the system due to the high cost®3°.
1.5 CLIMATE CHANGE & COASTAL SEPTIC SYSTEM FUNCTIONING

As climate change causes rising sea levels and increased flooding, infrastructure in
coastal communities is increasingly under threat*’. While the entire world is experiencing sea
level rise at an estimated rate of 3.3 mm/year, Maryland’s Chesapeake Bay region is
experiencing an elevated rate of 4.5 mm/year*’. By 2100, assuming current emission reduction
commitments are met, sea levels in this region are estimated to rise 1.1-m*’. In combination with
increasingly intense storm surges, the portion of Maryland impacted by coastal flooding is
quickly expanding. Simulations conducted by the United States Geologic Service (USGS) in
coastal areas of Maryland lying only 1-m above sea level identified increased water table
elevations of 20-cm and 50-cm corresponding to sea level rise scenarios of 40-cm and 60-cm,
respectively*!. The saturation of STAs can be expected to increase due to the combination of
rising groundwaters saturating soil from below and increasingly frequent and intense floods
saturating soil from above®”*?. In addition to saturating the soil, brackish groundwater and tidal
flooding introduce salt into the soil, disrupting the STA’s chemical equilibrium and impacting

wastewater treatment in ways that are poorly understood. The numerous hazards increasing soil



16

saturation and introducing salt to the STA, as summarized in Figure 5, threaten the functionality

of STA’s of coastal septic systems, potentially increasing failure rates and decreasing bacterial

removal rates’”#3%,

i Within 1,000 ft of tidal waters, “Critical Zone” ;

Increased Pluvial Floodingl Increased Tidal Flooding Ben Tevel Rise

Figure 5: Conceptual diagram of a coastal septic system and the hazards it faces

1.6 RESEARCH OBJECTIVES

With over 52,000 of Maryland’s septic systems located less than 1,000 feet from
Chesapeake Bay and its tidal waterways (Chesapeake Bay Critical Area), coastal flooding and
rising groundwater tables are already impacting Maryland’s septic systems. Rising groundwater
tables are known to have a negative impact on fecal coliform removal in STA’s, particularly
when they intrude on the necessary four-feet of unsaturated treatment depth®”#**_ Flooding
negatively impacts bacteria removal rates by inducing saturation and increasing the flow rate®”*3.
Prior research has focused on the consequences of saturating soil with fresh water, leaving a
knowledge gap with regards to the impact of saturating soil with water containing salt. Previous

laboratory experiments have demonstrated a positive correlation between ionic strength of a

solution and adsorption of E. coli to sand, through an ionic strength of 100 mM*®, This behavior
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is predicted by the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory, which explains that
increasing the charge of a solution causes compression of the repulsive electrostatic double
layers that exist between particles with like-charges, such as sand and E. coli. This suggests that
the introduction of salt to the STA could increase adsorption rates. At the same time, saltwater
flooding is known to result in Na* displacing divalent cations, such as Mg*? and Ca*?, from the
surface of soil particles*’. These divalent cations aid in adsorption through the formation of
divalent cation bridges, thus their displacement can result in bacteria desorption’*®. To address
this knowledge gap and illuminate the net impact of these factors, the following research
question was developed:

Does brackish flooding impact the removal of E. coli in a sandy STA? Are the effects

reversible?

As discussed in greater detail above, E. coli removal occurs due to a combination of
adsorption, filtration, natural die-off, predation, and competition. To generate a controlled
laboratory experiment in which E. coli could be quantified, it was necessary to autoclave the
column media, eliminating removal resulting from predation and competition. Sterile media was
used to run the first half of the experiment. Then, to begin building the controlled STA
simulation towards a more realistic simulation containing a diverse microbial community, sterile
column media was inoculated with a biofilm-forming bacteria and the study was re-run. This
allowed the impact of biofilms on adsorption and filtration to be isolated and quantified. In
addition to providing meaningful insight into basic bacterial removal mechanisms in STAs, this
experimental design sought to determine if inoculation of imported sand for sand mounds would
be feasible and beneficial. To address these knowledge gaps, the following research question was

developed:
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Does inoculation of sand with a biofilm-forming bacteria impact steady-state E. coli

removal?

This current study was preceded by a similar study which investigated the impact of
saltwater flooding on the transformation of nitrogen and organic matter*’. Collectively, these
studies aimed to address the third research objective set forth in the EPA-funded study, Septic to
Sewer: Justice-Focused Strategies for Addressing Septic Failure Under Sea Level Rise &
Increased Flooding:

How does flooding with saltwater impact the transformation of nutrients (organic matter,

nitrogen, and phosphorus), the bacterial diversity, and potential pathogen presence at sites

with septic systems? Are the effects reversible between flooding events?



19

CHAPTER 2: MATERIALS AND METHODS
2.1 PREPARATION FOR EXPERIMENT
2.1.1 Column Construction

When designing the columns for this study, consideration was given to regulations and
recommendations guiding the design of real septic systems as well as the environmental
conditions to which coastal septic systems are exposed. The columns have a 4-inch diameter; this
falls within the recommended range of perforation spacing on distribution pipes in soil treatment
areas (STA’s), a design parameter that directly correlates to the expected horizontal distribution
of wastewater>’. The columns have a media depth of 21-inches (1.75-ft); this reflects the limited
treatment depth available in many coastal areas of Maryland!”*!. Columns were constructed
using Sch. 40 PVC, the most used material for STA’s in Maryland®. At the top of the sand
columns, 1-inch of gravel was provided to aid in the horizontal disbursement of STE, mirroring

the design of standard gravel trenches®. The columns are shown below in Figure 6.

Figure 6: Columns designed and constructed to simulate segments of a STA
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To retain the media inside the column, No. 200 sieve mesh was installed at the bottom of
the columns. A PVC drop-in drain with pores approximately '2” in diameter was used to provide
structure for the mesh. To facilitate column saturation, the column joints had to be watertight,
and the effluent had to be able to be stopped during flood events. To allow the column to be
closed and then slowly opened during flood simulations, a 2-inch PVC ball-valve was installed
as the effluent port. A 4-inch to 2-inch PVC flow reducer was used to connect the 4-inch
diameter column to the 2-inch ball-valve. To ensure watertight conditions, all components of the
column were solvent-welded using PVC primer and cement. To deter microbial contamination at
the top of the columns while still providing space for influent tubing and allowing for the
passage of air, two layers of parafilm sealed the top of the columns and then a plastic mushroom
cap was placed over everything for physical protection. Additional pictures from the column
construction and a materials and cost table are provided in the supplementary materials.

2.1.2 Media Preparation

Washed concrete sand was obtained from Harwood Sand and Gravel in Anne Arundel County,
Maryland. This sand is utilized by local septic system installers to create STA’s such as sand
mounds, which are common in regions with high groundwater tables>*°.

2.1.2.1 Washing & Sterilizing Column Media

Prior to using this sand for the column studies, it was sieved, washed, autoclaved, and
oven dried. Sand was passed through a No. 10 sieve to remove gravel (particles with a diameter
greater than 2-mm). Next, sand was placed in a No. 200 sieve. While in the sieve, sand was
washed for 2-minutes using tap water and then 1-minute using deionized water to remove
colloids and other fine particles (particles with a diameter less than 75-um). Washed sand was

dried at 105°C for 24-hours to remove all water. After washing sand, it was divided into
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replicates of 2,367 grams, such that three containers of sand could be used to fill each column
and achieve a dry sand mass of 7,100 g. Once separated, sand was autoclaved for 15-minutes at
121°C and dried again at 105°C for 24-hours. Sand was stored in sealed aluminum containers
until it was loaded into the columns (for abiotic study) or inoculated (for biofilm study).
Additional information regarding the procedure used to prepare column media is provided in
supplementary materials.

After processing sand as described above, the media contained little to no fines or gravel,
had an effective particle size (dio) of 0.2-mm, and a uniformity coefficient (Cu) of 2.6.
Additional information regarding the particle size distribution of the sand, both before and after
the washing procedure, are provided in supplementary materials.
2.1.2.2 Washing & Sterilizing Gravel

Bagged Pea Gravel Pebble Landscape Rock was obtained from Home Depot. It was
rinsed for one minute with tap water, rinsed with DI water for one minute, and then dried in the
oven. The rinsing procedure aligns with COMAR’s requirement that gravel used be free of
fines®. Dry gravel was separated into sections of 300 g and placed in mason jars, with each
mason jar containing enough gravel for one column. Jars containing gravel were autoclaved for
15 minutes at 121°C and then oven dried for 24 hours. Jars then remained sealed until the
columns were packed.
2.1.2.3 Biofilm Media Inoculation

A plated culture of B. subtilis was obtained from Carolina Biological. After several cycles
of plating, B. subtilis colonies were obtained that displayed distinct morphology characteristic of
an active biofilm producer, as seen in Figure 7. Plated B. subtilis colonies were used to create an

overnight liquid culture; the overnight culture was used to inoculate 100-mL solutions of LB
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Broth. After incubating for 24-hours at 37°C, 140 RPM, B. subtilis cultures were diluted to 1-L
with sterile synthetic septic tank effluent (syn. STE) to create a 10% LB Broth / 90% syn. STE

culture. This diluted culture was used to inoculate sand.

Figure 7: B. subtilis colonies displaying morphology characteristic of biofilm production

Prior to inoculation, sand was saturated with sterile syn. STE for 24 hours to allow it to
reach equilibrium, mimicking the rapid media normalization that occurs during the first 24 hours
of the abiotic study, as described below. After equilibration with syn. STE, each container of
2,367 g dry, sterile sand was inoculated with a 1-L B. subtilis culture. Inside the biosafety
cabinet, a sterile scoop was used to thoroughly mix the culture into the sand. Containers were
resealed, and sand remained saturated with the culture for 24 hours to promote attachment. After
24 hours, the sand was packed into the columns according to the following procedure. The
effluent plug was closed prior to packing the media, and it remained closed over the next 24-
hours to further promote attachment and subsequent biofilm growth.
2.1.2.4. Packing the Columns

Sand for the abiotic columns was packed into the columns and then saturated with sterile

syn. STE. Sand for the biofilm columns was saturated with a B. subtilis culture and then loaded
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into the columns. Despite this difference, the packing procedure was completed in much the
same way.

To avoid channelization, promote settling, and achieve the desired dry bulk sand density,
columns were tapped in a uniform manner along the exterior periodically during column
packing. This percussive act was performed after each (of three) containers of sand was loaded
into the column. After all the sand was in the column, uniform tapping was performed along the
entire length of the column, as needed, until the top of the sand settled to a total height of 21
inches. With a dry mass of 7,100 grams, compaction to a height of 21 inches indicated a bulk
density of 1.64 g/cm? had been achieved. For abiotic columns, gravel was loaded into the
columns immediately after packing the sand, prior to being saturated with sterile syn. STE. For
biofilm columns, gravel was loaded atop the sand after the culture in which the sand was
saturated was released. For all columns, 300-grams of gravel was spread evenly over the surface
of the sand. No compaction steps were completed for the gravel. Figure 8(a-b) shows the

columns fully loaded with sand and gravel at the start of the abiotic experiment.

Figure 8 (a-b): Packing of dry sand (a) and gravel (b) into a column during abiotic experiment
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2.1.2.5 Rapid Column Normalization

While the biofilm-inoculated media was normalized with syn. STE as described above
prior to inoculation, abiotic media was normalized with syn. STE in the columns after packing.
To accomplish this, initially all column effluent ports were closed. Sterile syn. STE was loaded
into all columns at a high flow rate of approximately 4 mL/min until columns were fully
saturated and had at least 1-inch of standing water above the sand surface. Columns remained
saturated for 24 hours to encourage normalization of the sand with syn. STE. After 24 hours,
water was slowly released from the columns over 5 hours by opening the valve slightly and
allowing them to drain via gravity.
2.1.3 Model Pathogen Selection & Characterization
2.1.3.1 Selection of E. coli K-12

Escherichia coli is a well-studied bacterium that was first cultured in 1885 from the feces
of a healthy individual. Due to its high concentration in feces and rapid growth time that allows
for overnight growth and detection in a laboratory, E. coli was used as an early indicator of
pollution in water supplies. It continues to be used in Maryland as an indicator of fecal
contamination in drinking and recreational waters, making it a highly relevant bacteria to use for
this experiment. The non-pathogenic E. coli strain, E. coli K-12, was specifically selected for this
experiment due to its low biohazard safety level and its extensive use in other experiments as a
model bacterium. Although E. coli K-12 as a species is well characterized, specific performance
of a given bacteria strain in each laboratory must be quantified directly instead of assumed. For
this study, an E. coli K-12 strain was purchased from Carolina Biological. Prior to the start of the
column study, preliminary experiments were conducted to determine the generation time,

population capacity in syn. STE, and salt sensitivity of this specific E. coli K-12 specimen.
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2.1.3.2 Growth Curve

To help validate the viability of the E. coli K-12 culture used for the study, a growth
curve experiment was conducted. LB Broth was inoculated with an overnight E. coli K-12
culture and incubated under aerobic conditions at 37°C and 180 RPM. The absorbance (OD600)
and E. coli concentration (CFU/mL) of the culture were measured periodically, generating the
growth curve shown in Figure 9. Under these ideal growth conditions, a four-hour lag period was
observed. To determine the doubling time of E. coli K-12, the logio-transformed E. coli
concentrations were plotted against time, as observed in Figure 10. The linear portion of the log-
transformed graph corresponds to exponential bacterial growth, the period for which doubling
time is calculated. This linear portion is identified in Figure 10 between measurements at 5.5
hours (330 min) and 6.5 hours (390 min). Based on the final and initial population over that 60-
minute period of exponential growth, 1.98 generations were produced, corresponding to a
generation time of 30 minutes. This falls within the expected range for various E. coli K-12
strains grown under ideal conditions. This experiment proved the viability of the model bacteria
and provided validation for the methods with which E. coli was grown and quantified.
2.1.3.3 Growth in Synthetic Septic Tank Effluent

Preliminary experiments, discussed in greater detail in supplementary materials,
determined the carrying capacity of E. coli K-12 in syn. STE to be approximately 108 CFU/mL.
This was a sufficient population to simulate fecal coliform and E. coli concentrations commonly
found in real STE. Additionally, it was found that this population could be sustained over a
period of at least 72 hours. This population stability was sufficient to allow influent solutions to

be changed every 48 hours without significant variation in influent concentrations.
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Preliminary experiments also generated an OD600-reference curve, which allows for the
E. coli population (CFU/mL) in syn. STE to be estimated based on the OD600. The reference
curve covers OD600 ranges of approximately 0.03 to 0.13, which includes the OD600 which
corresponds to E. coli concentrations of approximately 108 CFU/mL. This is highlighted by
plotting actual measurements of E. coli K-12 influent solutions in both the biofilm and abiotic
study along with the reference curve, as seen in Figure 11.
2.1.3.4 Salt Sensitivity

An experiment was conducted to determine the maximum salt concentration that could be
tolerated by E. coli K-12 without significant changes to growth or die-off rates. E. coli cultures
were grown to the stationary phase overnight (~10® CFU/mL) and then salt was added, bringing
cultures to salt concentrations of 0-ppth, 6-ppth, 12-ppth, and 18-ppth. After 24 hours of
exposure to salt, all E. coli concentrations increased slightly, indicating that salt concentrations
up to 18-ppt (parts per thousand) did not cause die-off or prohibit the growth of E. coli after 24-
hours of exposure. However, after 48 hours of exposure to salt, a clear difference was observed
between the E. coli concentration in the high-salt concentration solutions (12-ppt and 18-ppt)
compared to the low-salt concentration solutions (0-ppt and 6-ppt), as seen in Figure 12. Through
this experiment, it was decided that an 8-ppt salt solution could be tolerated by E. coli K-12

without a significant negative effect on growth or survival.
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E. coli K-12 Growth Curve
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Figure 10: Determination of doubling time from exponential growth phase data
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E. coli K-12 Reference Curve: OD600 vs. logl 0(CFU/mL)
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Figure 11: OD600 Reference Curve with influent solution OD600 data plotted in linear range
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2.1.4 Batch Adsorption & Desorption Experiments

Preliminary experiments were conducted to characterize the rates of adsorption and
desorption of E. coli K-12 to column media, with and without saltwater exposure. The syn. STE
solution used in this study has an ionic strength of approximately 2-mM while the brackish flood
water has an ionic strength of approximately 160-mM. As discussed in Chapter 1, the DLVO
theory predicts that adsorption rates will increase as ionic strength increases for two like-charged
particles, such as sand and E. coli.

The procedure used for these experiments is discussed in greater detail in supplementary
materials. Briefly, 5-grams of sterile sand was equilibrated with either sterile syn. STE or sterile
brackish water. After equilibration and drying, sand was transferred into a sterile 50-mL
centrifuge tube along with 10-mL of syn. STE containing E. coli K-12 at a concentration of 108
CFU/mL. After 60 minutes of equilibration via shaking, the supernatant of each sample was
decanted, and the E. coli concentration of the supernatant was quantified. Decreases in aqueous
bacteria concentration were attributed to bacterial adsorption. Following the adsorption
experiment, 10-mL of either sterile syn. STE or sterile brackish water was added to each sample.
After 60 minutes of equilibration via shaking, the E. coli concentration in the supernatant of each
sample was quantified. A mass balance was conducted to quantify the percent of adsorbed
bacteria that were subsequently desorbed.

Exposure to brackish water resulted in a significant (p<0.001) increase in E. coli
adsorption rates, with 55 +/- 8% adsorption observed in sand equilibrated with brackish water
(n=6) compared to -18 +/- 8% adsorption observed in sand equilibrated with syn. STE (n=6). The
negative adsorption rate indicates that the growth rate of E. coli during this period exceeded the

adsorption rate. The significantly greater adsorption rate observed with sand equilibrated with
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brackish water provides evidence for the potentially unexpected positive impact that brackish
flooding could have on pathogen removal in the STA’s of coastal septic systems.

For those samples initially equilibrated with brackish water, desorption rates averaged
-1% +/- 6%, indicating that adsorbed bacteria remained adsorbed. The desorption solution did
not have a significant impact on the desorption rate. Due to the low adsorption rate observed in
sand originally equilibrated with syn. STE, desorption rates for these samples could not be
meaningfully quantified. This prevented the ability to gain insight into the impact of salt
introduction on E. coli adsorption resulting from divalent cation bridging through this
experiment. The adsorption and desorption rates for samples initially equilibrated with brackish

water are shown in Figure 13.
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Figure 13: Results from adsorption & desorption experiments
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2.2 EXPERIMENTAL METHODS
2.2.1 Experimental Timeline

As illustrated in Figure 14, the experiment was broken into several distinct phases.
During the first five weeks, all columns received syn. STE at a constant rate of 15.4 mL/hour.
Over the first two weeks, the pH, EC, and E. coli concentrations of column effluent were in flux,
gradually moving toward constant, steady-state values. This two-week period was considered the
normalization period. Subsequent measurements taken during weeks 3-5 were used to
characterize the baseline performance of the columns under steady-state conditions. During
weeks 6-9, control columns continued to operate under steady-state conditions, but experimental
columns were subjected to weekly brackish flood simulations. Finally, during weeks 10 and 11,

all columns returned to (or continued) receiving steady-state influent.

Weeks 1-2 Weeks 3-5 Weeks 6-11
CONTROL | Normalization Baseline Normal Operation
COLUMNS
Deconstruct
Columns
FLOOD
COLUMNS Weeks 1-2 Weeks 3-5 Weeks 6-9 Weeks 10-11
Normalization Baseline Flood Simulations Recovery

Figure 14: Overview of experiment timeline

2.2.2 Column Influent
2.2.2.1 Steady State Flow Rate

As with the design of the physical columns, the influent flow rate to the system was
based on Maryland septic system regulations. Code of Maryland Regulations Chapter 26.04.02
specifies the maximum loading rate for a STA in the units gallons/day/ft?, with the rate varying

based on the percolation rate of the soil. The maximum loading rate for soils in Maryland with
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high percolation rates (2-5 mpi) is 1.2 gallons per day per square foot®. With a diameter of 4-
inches, the column has a cross-sectional area of 12.6 in? (0.0873 ft?) and should receive no more
than 0.105 gallons per day of wastewater. This is equivalent to 396 mL/day, 16.5 mL/hour, and
0.275 mL/min. A multi-channel mount was used to align the flow of four Masterflex Easy Drive
7518-00 pumps. These pumps were paired with Masterflex L/S 14 tubing and run at 1 revolution
per minute (rpm), yielding an average flow rate of 15.4 +/- 0.3 mL/min.

2.2.2.2 Synthetic Septic Tank Effluent Recipe

The syn. STE recipe utilized in this experiment was developed for a previous column
study in the same laboratory®. The recipe is based on a synthetic sewage recipe designed to
simulate influent to secondary treatment (i.e. activated sludge or trickling filtration) at a
wastewater treatment facility®!. In a septic system, the septic tank is considered as providing
primary treatment (settling of large solids) while the STA is providing secondary treatment
(aerobic biodegradation). Thus, influent to secondary treatment at a wastewater treatment facility
is a reasonable parallel to influent to the STA.

A primary concern regarding use of the exact recipe described above was the nitrogen
content. The primary nitrogen source in the OECD recipe is urea at 30 mg/L, which is equivalent
to 14 mg-N/L. Research into the average parameters of real septic tank effluent reveal that the
majority of the total nitrogen (TN) is in the form of ammonium, and the TN concentration is
often 40-50 mg/L"32. To increase the TN and ammonium content, the urea concentration was
reduced to 10 mg/L (4.7 mg-N/L) and ammonium chloride was added to the recipe at 57.3 mg/L
(44.5 mg-N/L). The final recipe is shown in Table 3, along with brief explanations of how the
components are used by E. coli K-12 for growth. During this study, syn. STE was used as a

growth medium for E. coli in addition to being the influent solution. The average and standard
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deviation of the EC, pH, and E. coli concentration during the two experiments are displayed in

Table 4. Although all parameters were slightly higher during the Biofilm experiment, relative to

the Abiotic experiment, none of the differences were statistically significant. A detailed

explanation of how the syn. STE influent solution was prepared, including inoculation with E.

coli, is provided in supplementary materials.

Table 3: Synthetic Septic Tank Effluent Recipe

Chemical Name

Peptone
(from animal tissue)

BBL Beef Extract
Powder

Urea

Ammonium Chloride

Potassium Phosphate,
Dibasic

Sodium Chloride

Calcium Dichloride

Magnesium Sulfate
Heptahydrate

Formula

CHsN20O

NH4Cl

K2HPO4

NaCl

CaClz

MgSOs4 - 7
HO

mg/L

160
110

10

57.3

28

3.4

Purpose for E. coli K-12

Protein, amino acids, and other organic
compounds

Protein, amino acids, and other organic
compounds

Not able to be used - E. coli K-12 lacks the
urease enzyme necessary for hydrolysis

Nitrogen source, ammonium to
glutamate/glutamine via GS-GOGAT
pathway

Inorganic phosphate for production of ATP,
nucleic acids, and phospholipids

Osmotic balance

Cofactors for enzymes involved in key
cellular functions

Cofactors for enzymes involved in key
cellular functions

Table 4. Parameters of influent solutions during abiotic and biofilm experiments

Electrical E. coli concentration
Experiment Conductivity (EC) pH log1 0(CFU/mL)
(uS/cm)
Abiotic 324 +/- 20 7.2 +/-0.2 7.96 +/- 0.07
Biofilm 333 +/- 15 7.4+/-0.2 7.99 +/- 0.19

The original experiment for which this syn. STE recipe was developed also measured the

solution’s chemical oxygen demand, ammonium (NH4") concentration, and nitrate (NOx")
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concentration. It should be noted that although the same chemical recipe, shown above in Table
3, was used in both experiments, the previous experiment mixed these chemicals in non-sterile
containers, and the solution was not autoclaved. Regardless, the prior experiment found the
parameters shown in Table 5 for this syn. STE solution.

Table 5: Parameters of Influent Syn. STE from Experiment by Waris & Kjellerup (2023)
Parameter pH EC (uS/cm) | COD (mg/L) | NH4" (mg/L) | NOx (mg/L)

Value 7.2+/-0.2 285 +/- 46 325 +/-25 32 +/-13 0.2+/-0.3

2.2.2.3 Brackish Flooding Recipe & Flow Rate

For the simulated flood events, the influent solution was switched from the normal syn.
STE to a sterile saline solution. The influent flow rate increased from approximately 15 mL/hour
to 226 +/- mL/hour. Given a surface area of 12.6 in®, one inch of precipitation depth is equivalent
to 206 mL. Thus, the storm flow rate can be considered equivalent to a rainfall rate of 1.10
inches/hour.

Instant Ocean Sea Salt is a commercially available product, marketed to owners of
saltwater aquariums. When preparing the solution according to the manufacturer instructions, the
salt concentration is approximately 36 ppt. Preliminary experiments determined that 8 ppt was
the highest salt concentration that could be tolerated by E. coli K-12. Based on the expected EC
and results from preliminary experiments, influent flood solutions with a salt concentration of
approximately 8 ppt and an EC of approximately 16 mS/cm were prepared by mixing 18.4 grams
of Instant Ocean Salt with 2-L of DI water. After mixing thoroughly, the solution was sterilized
by autoclaving it at 121 C for 15-min. The average and standard deviation of the flood solution’s

EC and pH in each half of the study are summarized in Table 6.
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Table 6: Flood solution EC and pH

Experiment EC (uS/cm) pH
Abiotic 16060 +/- 160 8.2 +/- 0.1
Biofilm 16720 +/- 820 8.3 +/-0.1

2.2.3 Effluent Sample Collection

During steady-state operation, E. coli concentration in column effluent was measured
three times per week. To prevent contamination or impacts of growth and death in the collection
container, E. coli analysis was conducted on samples collected in sterile containers over a period
of 1-hour, immediately after sample collection. To prevent environmental contamination of the
sample, a sterile sample collection was set up, as shown in Figure 15 and discussed in greater
detail in supplementary materials. In addition to the E. coli concentration, all samples had pH,
EC, and OD600 measurements taken.

After flood simulations in which columns were saturated for 24-hours, flood waters were
released from the columns over a period of several hours and collected in mason jars in volumes
of approximately 300-mL. In addition to the E. coli concentration, all flood samples had pH, EC,
and OD600 measurements taken. When the samples described above were not being collected,
column effluent was collected in sterile mason jars. The pH, EC, and volume of these effluent
samples were measured. The collection set-up used for these pooled samples and for flood

simulation effluent is shown in Figure 15.
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Figure 15 (a-b): Collection of sterile effluent sample under steady state (a) conditions and
during flood simulations (b)

2.2.4 Influent & Effluent Sample Analysis

All influent and effluent samples had their physical and chemical properties measured
within 6 hours, in compliance with the maximum limit suggested by the Standard Methods for
Water and Wastewater Analysis for analysis of sewage effluents™.
2.24.1 pH

All influent and effluent samples were measured for pH using a pH probe (9165BNWP
Sure-Flow epoxy-body pH electrode, 927007MD stainless steel ATC probe) paired with a pH
meter (Orion Star™ A211 Benchtop pH Meter). The probe was calibrated at the beginning of
each workday using a 3-point calibration. Calibration standards of 4.0, 7.0, and 10.0 were
obtained from a buffer kit (910199 pH buffer kit). Triplicate pH measurements were collected for
every sample to ensure accurate readings were obtained. Significant variation (+/- 0.05 pH units)
between measurements of a single sample indicated an error that required measurements to be

repeated.
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2.2.4.2 Electrical Conductivity

All influent and effluent samples were measured for electrical conductivity (EC) using a
Thermo Scientific Orion (DuraProbe 4-Electroduce Conductivity) probe paired with an Orion
VersaStar Pro Advanced EC meter, which is equipped with an automatic-temperature adjustment
system. The probe was calibrated at the beginning of each workday using a 1-point calibration. A
0.01M potassium chloride solution was prepared using DI water and anhydrous potassium
chloride salt. This standard solution has an EC value of 1412 pS/cm at 25C. Triplicate EC
measurements were collected for every sample to ensure accurate readings were obtained.
Significant variation (+/- 5 pS/cm) between measurements of a single sample was indicative of
an error and required measurements to be repeated.
2.2.4.3 Optical Density

All influent samples, effluent grab samples, and effluent flood samples were measured
for absorbance at a wavelength of 600-nm (OD600). Absorbance is a measure of optical density
which considers the intensity of light flowing out of a sample, relative to the intensity of light
flowing into that sample. As discussed previously with regards to influent preparation, there is a
linear correlation between the logio bacteria concentration in a pure liquid culture and the
OD600. Thus, OD600 measurements informed the dilution required to achieve a readable plated
culture, as discussed in greater detail below. Measurements of OD600 were taken in triplicate.
Significant variation (+/- 0.005) indicated an error and required measurements to be repeated.
2.2.4.4 Serial Dilution & Plating

The E. coli concentration in influent and effluent samples was measured using the
Heterotrophic Plate Count by Spread Plate Method from the Standard Methods for the

Examination of Water and Wastewater>>. Y-plates were used, allowing for triplicate plating of a
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sample on a single plate. On each third of the plate, 40-pL of sample was plated. A sterile,
disposable L-spreader was used to spread the sample evenly across the agar surface. After
absorbing fully, the plate was wrapped with parafilm, inverted, and placed in the incubator at
37°C for 24 hours. Generally, dilution factors were selected based on OD600 values with the
goal of developing plates with between 10 and 100 CFU. Given 10 CFU resulting from plating
40-pL of solution, the method quantification limit was 250 CFU/mL. Growth as low as 1 CFU
could be observed, yielding a method detection limit of 25 CFU/mL. Although the EPA has
several methods for the quantification of E. coli in water and wastewater, these methods were not
suitable for this experiment, as described in greater detail in supplementary materials.
2.3 END OF EXPERIMENT SAND ANALYSIS
2.3.1 Column Deconstruction

Following the completion of the 11-week experiment, influent was stopped and column
media was removed. Column media was separated into four sections based on treatment depth,
yielding sections from approximately 0-5”, 5-10”, 10-15”, and 15-21”. Samples were collected in
sterile aluminum trays. After collection, trays were closed and shaken to homogenize. Pictures of
the initial sample collection and homogenized samples are shown in supplementary materials.
2.3.2 Physical & Chemical Analysis
2.3.2.1 pH & Electrical Conductivity

Sand samples were air-dried prior to measuring pH & EC. For each section of sand, three
replicate samples were analyzed for pH and EC. Ten grams of air-dried sand and 20-mL of DI
water were added into a 50-mL centrifuge tube for each replicate. Sealed tubes were spun on a
rotary shaker for 1 hour to reach equilibrium. The tubes were then placed upright in a holder and

allowed to sit for 1-hour to enable settling of solids that could disrupt measurements.
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The pH and EC of samples were measured using the same probes and methods as
described for liquid samples above. For pH and EC, the meter reported values with three and
four significant figures, respectively. Due to the settled solids at the bottom of the tube, extra
care was taken during measurements of the supernatant to avoid disturbing settled solids.
2.3.2.2 Moisture Content

The method is adapted from the standard method: ASTM D2219: Standard Test Methods
for Laboratory Determination of Water (Moisture) Content of Soil and Rock by Mass>*.
Aluminum foil trays were placed in the oven for 24 hours to eliminate all moisture, and then
placed in the desiccator until use. Their empty mass was recorded. Within 6 hours of removing
sand from the columns, three replicate sand samples with a wet mass of 10-grams were collected
from each sand section. The combined mass of the dish and wet sand was recorded. The samples
were placed in an oven at 105°C for 24 hours to eliminate all moisture. They were allowed to
cool and then the combined mass of the dish and dry sand was recorded for each sample.

The initial mass of the wet sand was calculated by subtracting the mass of the empty dish
from the combined mass of the dish and wet sand. The mass of water in the sample was
calculated by subtracting the combined mass of the dish and dry sand from the combined mass of
the dish and wet sand. To calculate the moisture content, the mass of water present in the sample
is expressed as a percentage of the original wet sand mass, as expressed in the following

equation:

o MC = 2wet™Mory L 1009 Eqn. 2.1
- q

Wet

Masses were measured with a precision of +/- 0.01 grams. Given a wet sand mass of 10.00 grams

and an empty dish mass of 1.00 grams, the theoretical method detection limit (MDL) is 0.09%.
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2.3.2.3 Total Organic Content

The method is adapted from ASTM Standard D7348-21, "Standard Test Methods for
Loss on Ignition (LOI) of Solid Combustion Residues". Samples from the moisture content test
were also used to measure the total organic content (TOC). The combined mass of the dish and
dry sand were recorded at the end of the moisture content test. Dry samples were placed in the
furnace at 550°C for 4 hours. After cooling in the desiccator, the mass of the dish and samples
post-ignition was recorded. It is assumed that all organic matter is removed from the sample
during this process. To calculate the total organic content, the mass of organic matter present is

expressed as a percentage of the original, pre-ignition dry sand mass, as expressed in Equation

2.2.

% TOC — Mpost s50—Mpre 550 (Eqn. 2.2)

Mpresso

Masses were measured with a precision of +/- 0.01 grams. Given a dry sand mass of 10.00 grams
and an empty dish mass of 1.00 grams, the theoretical MDL is 0.09%. If the standard deviation
of the triplicate measurements of TOC for a given section of a column exceeded 0.10%, the
measurement was repeated.
2.3.3 Microbial Analysis
2.3.3.1 Serial Dilution & Plating

Three replicates were collected from each section of sand for microbial analysis.
Approximately 1-gram of sand and 10-mL of sterile 1% NaCl solution was added to a sterile 50-
mL centrifuge tube and placed on a rotating shaker for 1-hour to promote bacterial detachment.
Samples were allowed to settle for 30 minutes and then a sub-sample of the supernatant was
collected for analysis. Serial dilution and plating of the supernatant proceeded following the

same procedure outlined in 2.2.4.4 above. To increase the accuracy of the calculated E. coli
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concentration resulting from this analysis, exact masses were recorded for the sand sample and
1% NaCl solution. A sample calculation is provided in the supplementary material.
2.3.3.2 SEM analysis

One sample from each section of sand was collected in a 50-mL sterile centrifuge tube.
The lid was screwed on and then further secured with parafilm. The samples were placed in the
refrigerator at 4C for 2-4 weeks. Samples from depths of 0-5” (section 1) and 10-15” (section 3)
were shipped to Montana State University for analysis with a scanning electron microscope
(SEM).
2.4 DATA ANALYSIS
2.4.1 E. coli Removal Equations
2.4.1.1 Concentration-Based

For a steady-state operation in which the influent and effluent concentration are relatively
constant, concentration-based E. coli removal values are commonly presented. Using the influent
and effluent concentrations, the percent removal of E. coli and the logio removal value (LRV)

can be calculated, according to Equations 2.3 and 2.4.

% Removal = “A=0U 4 100% (Eqn. 2.3)

IN

c
LRV =1log;¢(Ciy) — 10g19(Cour) = logyo ( » ) (Eqn. 2.4)

Cour

2.4.1.2 Mass-Based

To evaluate the mass (in CFU) exiting each column (Mour), “representative’ volumes
(Vour) were assigned to each sample for which E. coli concentration (Cout) was measured, as
explained in greater detail in the supplementary materials. These volumes were multiplied by the
E. coli concentration to calculate the total mass (in CFU) of bacteria present in the sample

(Mour). The same representative volumes, determined based on effluent flow, were also
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multiplied by the influent E. coli concentration (CFU/mL) to calculate the total mass (in CFU) of
bacteria loaded into each column (M). With both the influent and effluent masses calculated,
the percent removal and mass-based logio removal value (M-LRV) can be calculated, as shown

below.
MLRV = log10 (ﬁ) = log10(My) — log10(Myy;)  (Eqn. 2.5)

The above calculation can be performed over various time periods. Due to the weekly
cycle of the flood simulations, M-LRV was calculated over the period of a week by summing all
mass in and out during that period. The weekly MLRV from the normalization period (MLRVN),
flood simulation period, and recovery period for each column were averaged and the standard
deviation was calculated. Equation 2.6 was used to calculate the change in MLRYV, relative to the
normalization period which were considered baseline conditions. Explanation for how the

corresponding standard deviations were calculated is provided in supplementary materials.

AMLRVy y = %WV (Eqn. 2.6)

2.4.2 Statistical Analysis

Students’ T-tests were the primary statistical test used for this experiment. Basic
equations required to complete t-tests are provided in Table 7. Depending on the data sets, t-tests
were one-way, two-way, independent, or paired. Two-way t-tests were used to answer whether a
significant difference existed between the averages of two samples. One-way t-tests were used to
evaluate if the average of one sample was significantly greater than the average of another
sample. Paired t-tests were used when comparing the performance of two columns over a given
period. Due to weekly variations in influent concentration, sample handling, and column
maturation, measurements of E. coli of two columns during a given week were considered paired

rather than independent.



Table 7. Key equations for conducting t-tests

Parameter Two Independent Samples Expected Mean (u)
i=
_ 1 _ -
Mean F== 7 Same as two-independent
n samples
=1
1 1=n .
Standard Deviation <= (X —X) Same as two-independent
n—1 samples
i=1
2 2 2
Standard Error about s 5 181
the Mean SEM = n_1 + Tl_z SEM = n_1
t-statistic t = X1 =X t = X1
SEM SEM

43
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CHAPTER 3: RESULTS
3.1 OVERVIEW

This study investigated the impacts of repeated brackish flooding on bacterial removal
within sandy soil treatment areas (STA’s) of septic systems. Simulated STA’s received synthetic
septic tank effluent (syn. STE) containing a model pathogen, E. coli K-12, over the 11 week
experiment. During weeks 1-2, columns underwent a normalization period as they came to
equilibrium with the column influent. During weeks 3-5, columns operated under steady-state
conditions; this period was used to define the baseline performance of columns prior to flood
simulations. During weeks 6-9, “experimental” columns (n=4) were subjected to weekly flood
simulations with brackish water; “control” columns (n=3) continued to operate under steady
state. During weeks 10-11, all columns returned to steady-state conditions, allowing observation
of the experimental columns’ ability to recover from the impacts of the floods. At the end of the
experiment, sand was removed from columns and analyzed to determine the impact of flood
simulations on sand parameters including E. coli adsorption. The experiment was first conducted
using three columns packed with sterile sand, simulating a newly installed STA (“abiotic”). It
was then repeated with sand inoculated with B. subtilis, a biofilm-forming bacteria, to simulate a
mature STA (“biofilm”). The results from these experiments are presented in this chapter.

Throughout this chapter, data is presented both for individual columns (n=7) and for
various treatment conditions. The treatment condition of flood exposure is discussed as the
“control” (no flood) and “experimental” (flood) conditions. The treatment condition of media
inoculation is discussed as “abiotic” (not inoculated) and “biofilm” (inoculated) conditions.

These terms used to describe the various treatment conditions are summarized in Table 8.
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Abbreviations of those treatment conditions followed by the replicate number was used to
generate an ID code for each individual column.
Table 9 provides a key to understand the column ID’s.

Table 8: Terms used to describe treatment conditions related to flooding and media inoculation

Treatment ID Term Explanation

Control Columns are not subjected to floods

Experimental Columns are subjected to weekly flooding during weeks 6-9
Abiotic Media is not inoculated with Bacillus subtilis

Biofilm Media is inoculated with Bacillus subtilis

Table 9: Column ID’s and descriptions

Column ID Description of Treatment Conditions
Ctrl — Al Control, Abiotic, Replicate #1

Ctrl — B1 Control, Biofilm, Replicate #1

Ctrl — B2 Control, Biofilm, Replicate #2

Exp — Al Experimental, Abiotic, Replicate #1

Exp — A2 Experimental, Abiotic, Replicate #2

Exp — Bl Experimental, Biofilm, Replicate #1

Exp — B2 Experimental, Biofilm, Replicate #2

3.2 BASELINE PERFORMANCE

The first two weeks of the experiment were the normalization period, in which effluent
parameters were approaching steady state. Figure 16 shows the effluent E. coli concentrations
from each column throughout the first five weeks. It can be observed that the E. coli
concentration rapidly increased over the first 12 days, presumably as the limited adsorption sites
on the sand surfaces were exhausted.

Effluent measurements taken during weeks 3-5 were used to define baseline conditions of
the columns, prior to flood simulations. Across all columns, baseline effluent flow was
characterized by a pH of 7.6 +/- 0.1 and an EC of 467 +/- 18 uS/cm; these values are higher than

the influent’s pH and EC of 7.3 +/- 0.2 and 328 +/- 18 uS/cm, respectively.
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Exp-A2 had a significantly (p<0.05) higher baseline weekly M-LRV (1.78 +/- 0.33) than
all other columns (0.45 +/- 0.28). This indicates that the Exp-A2 column was performing
significantly better than all others, in terms of E. coli removal; this can also be observed in
Figure 16 in which the Exp-A2 effluent E. coli concentration is the lowest. These E. coli removal
values corresponded to an average percent removal rate of 65 +/- 22%.

No other statistically significant (p<0.05)differences in the baseline weekly M-LRV were
observed between individual columns during the steady-state portion of the normalization period.
Additionally, there were no statistically significant (p<<0.05) differences between the baseline
weekly M-LRV of the control and experimental columns or the abiotic and biofilm columns, as
shown in Figure 17. A full table displaying the baseline pH, EC, effluent logio(CFU/mL), and

weekly M-LRV of each column is available in supplementary material.

Effluent E. coli Concentration, Weeks 1-5
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Figure 16: Effluent E. coli concentration [ loglO(CFU/mL) ] during weeks 1-5
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Baseline Weekly Mass-Based Log Removal Value
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Figure 17: Baseline (weeks 3-5) weekly M-LRV

3.3 IMPACT OF FLOOD SIMULATIONS
3.3.1 pH& EC

Significant (p<0.05) differences exist between the EC of the syn. STE influent solution
(324 +/- 20 uS/cm) and the brackish flood solution (16,060 +/- 160 uS/cm). Consequently, the
effluent EC of the experimental columns oscillated between those low and high EC values during
the flood simulation period, as seen in Figure 18.

Although the average pH of the flood waters was 8.2, the flood simulations resulted in a
consistent drop in effluent pH, as seen in Figure 19. This drop in pH is assumed to be driven by
cation exchange occurring at the sand surface. The syn. STE, with which the sand is at
equilibrium prior to the flood simulations, is rich with cations such as Ca**, Mg?*, NH4", and H",

which bind to negatively charged sites on the sand surface. Due to the very high concentration of
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Na" in the flood solution, many of these cations on the sand surface are displaced by Na* during
the flood simulation. The displacement of both H" and NH4" can lead to a direct decrease in the
pH; H" inherently and NH4" upon its shift towards equilibrium with NH3. The displacement of
both Ca*? and Mg*? can lower pH indirectly by reacting with dissolved carbonate and phosphates
in the solution, releasing a hydrogen ion and precipitating a carbonate or phosphate salt, lowering
the solution’s alkalinity.

Despite the changes in effluent pH and EC recorded during flood simulations, the pH and
EC of experimental column effluent returned to being comparable to that of the control columns
during the recovery period. Additionally, no statistically significant (p<0.05) difference was
found between the EC and pH of the experimental and control column media at the end of the
experiments. These results indicate that the impacts of flooding on pH and EC can largely be

reversed within 2 weeks of normal operation.

Fluctuations in Electrical Conductivity Due to Flood Simulations
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Figure 18: Effluent electrical conductivity during the flood simulation period (weeks 6-9)
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Fluctuations in pH Due to Flood Simulations
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Figure 19: Effluent pH during the flood simulation period (weeks 6-9). Please note that the y-
axis begins at a pH of 6 to visually emphasize the fluctuations

3.3.2 E. coli Removal

The weekly mass-based logio E. coli removal value (M-LRV) over the duration of the
experiment is plotted in Figure 20. When comparing average weekly M-LRV from the flood
simulation period (n=4) of each column, Exp-A2 is found to still significantly (p<0.05)
outperform all other columns. New significant (p<0.05) differences emerged during the flood
simulation period between Ctrl-B1 and Ctrl-B2, Exp-B1 and Ctrl-B2, and Exp-B1 and Exp-Al,
however these differences are not clearly correlated with treatment conditions of
control/experimental or abiotic/biofilm. The p-values indicating the statistical significance of the
difference between average weekly M-LRV of various columns during the flood simulation
period are provided in supplementary material. Across all columns, the average E. coli percent

removal rate was 83 +/- 12%, signifying a 23% increase from baseline.
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While comparison of the average values yielded limited insight, clear trends can be
observed in Figure 20. Apart from the Exp-A2 column, all experimental columns experience a
drop in weekly M-LRV during the flood simulation period, relative to the normalization period.
During the same period, the control columns have a general upward trend, indicating improved
E. coli removal over time.

To further investigate this change over time, the percent change in average weekly M-
LRV was calculated for the flood and recovery periods, relative to baseline, as shown in Figure
21. This figure begins to display the impact of the flood simulations, showing the control
columns experiencing consistent improvements in M-LRV while experimental columns
experienced variable and even at times negative changes in M-LRV. Relative to baseline
conditions, during the flood simulation period the control column’s weekly M-LRV increased by
an average of 91% while the experimental columns decreased by an average of 7%. Despite
relief from the flood simulations, this deviation in performance widened during the recovery
period to reach statistical significance (p<0.05). Relative to baseline conditions, during the
recovery period the control column’s weekly M-LRV had increased by an average of 232% while

the control columns only increased by 23%.
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Weekly Mass-Based Log Removal Value (M-LRV)

Weekly M-LRV
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Figure 20: Weekly M-LRV throughout the full experiment (beyond normalization period)
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Percent Change in Weekly M-LRV, Relative to Baseline
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Figure 21: Percent change in weekly M-LRYV during the flood simulation (weeks 6-9) and
recovery (weeks 11-12), relative to baseline (weeks 3-35)

3.4 MEDIA ANALYSIS
34.1 pH& EC

The flood simulations did not have a significant (p<0.05) impact on the final EC or pH of
column media, despite the significant changes in EC and pH that were observed in the effluent
during flood simulations. Additionally, biofilm inoculation did not have a significant (p<0.05)
impact on media EC or pH. As seen in Figure 22, the primary difference observed was the
elevated EC in the top layer of all columns (52 +/- 11 uS/cm) relative to subsequent layers (35
+/- 7 uS/cm). This reflects the higher biological activity occurring in the top layer of media,
which is characteristic of STAs>>, Across all columns and media depths, the pH was relatively

similar with an overall value of 7.1 +/- 0.2.
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Media Electrical Conductivity

[ ) SN
(= - =

(e

EC (uS/cm)
,_|_|
|_|_|
,_|_|
,_|_|
,_|_|
,_|_|

—_ N
o O

()

0-5" 5-10" 10-15" 15-21"
Treatment Depth

OControl BEExperimental OAbiotic @ Biofilm

Figure 22: Electrical conductivity of column media at the end of the experiment

3.4.2 Moisture Content

The flood simulations did not have a significant (p<0.05) impact on the final moisture
content of the column media, despite the saturation of columns. The primary difference in
moisture content was observed between that in the top layer of the abiotic (13.9 +/- 2.3%) and
biofilm columns (8.1 +/- 2.1%), as seen in Figure 23. The higher moisture content in the abiotic
columns is assumed to be caused by the biological growth in the top layer. While growth in the
top layer of biofilm columns consisted primarily of B. subtilis and E. coli, greater contamination
occurred in the top layers of the abiotic columns. The specific contamination that occurred in
these columns, whose origin is assumed to be the surrounding air, likely contributed to higher
rates of water retention. This biological growth did not extend into the lower layers of the abiotic
columns, however the biofilm columns did have growth capable of water retention at lower

depths. Beyond the top layer, the moisture content of the biofilm media is increasingly greater
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than that in the abiotic columns. This difference reaches statistical significance in the deepest

layer, where the biofilm column’s moisture content (19.8 +/- 1.5%) is significantly (p<0.05)

greater than that in the abiotic column (15.7 +/- 2.6%).
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Figure 23: Moisture content of column media at the end of the experiment

3.4.3 Total Organic Content

The flood simulations had a significant (p<0.05) impact on the overall total organic

content (TOC) of column media, as seen in Figure 24. TOC in the experimental columns (0.35

+/- 0.06%) was significantly (p<0.05)greater than that in control columns (0.25 +/- 0.04%). It is

theorized that this increase in organic matter may represent increased biofilm production

resulting from experimental columns being shocked with salt during flood simulations.

The inoculation of column media with B. subtilis did not significantly (p<0.05) impact

the overall TOC, with biofilm media (0.31 +/- 0.08%) having just a slightly higher TOC than

abiotic media (0.29 +/- 0.07%). The impact of inoculation was obscured by the flood
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simulations, which as discussed had a significant impact on TOC. As the biofilm columns
contained two control and two experimental columns, the significant impact of the flood
simulations caused large standard deviations and obscured the impacts of inoculation.

The impact of biofilm inoculation on TOC can be observed when viewing measurements
from varying treatment depths, as shown in Figure 25. Although there are no significant
differences between TOC at any depths, the decrease in TOC as depth increases is more
pronounced in the abiotic columns than in the biofilm columns, as captured with the linear
regression lines shown in Figure 25. This may reflect the inoculation of biofilm media, including
that at the lower depths, with B. subtilis.

3.4.4 Adsorbed E. coli Concentration

The flood simulations did not have a significant (p<0.05) impact on the abundance of
adsorbed E. coli on column media. Although the adsorbed concentration was higher in
experimental columns (2.5 x 107 CFU/g) than in the control columns (1.6 x 10" CFU/g), the large
standard deviations limited the ability to draw statistically significant conclusions.

Biofilm inoculation did have a significant (p<0.05) impact on the abundance of adsorbed
E. coli on column media, as seen in Figure 26. The adsorbed E. coli concentration on biofilm-
inoculated media (3.2 x 107 CFU/g) was significantly (p<0.05) greater than that on the abiotic
column media (6.8 x 10° CFU/g). These results indicate that B. subtilis biofilms may have

impacted the adsorption properties of the media in a way that enabled better E. coli retention.
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Figure 24: Overall TOC of column media at the end of the experiment, separated by treatment
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Figure 25: TOC of abiotic and biofilm column media at varying depths
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Figure 26: Adsorbed E. coli concentrations (CFU/gram dry sand) of column media, separated
by treatment condition

3.4.5 Scanning Electron Microscopy
3.4.5.1 Abiotic Column Media

The most meaningful outcome from the SEM analysis of media from the abiotic
experiment was the observation of adsorbed E. coli K-12 on the surface of sand particles. Figure
27 shows an example of this, taken in the top layer (0-5) of the Ctrl-A1 column. While further
analysis was not done to verify the identity of the microbe featured in Figure 27, it can be
assumed to be E. coli due to its size, shape, complex surface, and prevalence in these samples. In
Figure 27, the small biofilm formed by individual E. coli cells can be observed, extending over
and around the cells. The extra polymeric substances (EPS) produced by E. coli form a blanket,
providing a layer of protection and decreasing changes of desorption. In Figure 28, similar E.

adsorption was observed, however two potential desorption sites were also observed.
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3.4.5.2 Biofilm-Inoculated Column Media

SEM analysis of biofilm-inoculated sand was used to identify the establishment and
qualitatively describe the presence of B. subtilis biofilm. Additionally, the analysis was used to
search for evidence that E. coli K-12 may preferentially adsorb to B. subtilis biofilms. Samples
were shipped to Montana for analysis, requiring that they be refrigerated prior to shipping and
analysis. Unlike most bacteria including E. coli, B. subtilis are highly sensitive to cold, often
experiencing structural damage to the cell wall and dying at average refrigerator temperatures of
4°C>, This commonly causes them to look collapsed, deflated, or wrinkled, as can be observed
in Figure 29. While this may have an impact on the appearance of the biofilm structures, it also
gives B. subtilis a more distinctive appearance that makes it easier to identify in these images.

The spread of B. subtilis across the surface of a sand particle can be observed in Figure
30. Although B. subtilis are abundant on the surface, they primarily appear as defined individual
cells atop the particle surface, not embedded in or covered by a complex biofilm matrix. In order
to impact pore size and significantly increase filtration rates, biofilms need to be more
pronounced.

Figure 29 and Figure 31 show examples of E. coli adsorption observed in close proximity
to B. subtilis. As this was observed on several occasions, this may be indicative of E. coli
preferentially adsorbing to sand particle surfaces near B. subtilis. This is farther supported by the
column media analysis, which showed significantly (p<0.05) higher abundances of adsorbed E.
coli on biofilm-inoculated media compared to the abiotic media. Figure 31 highlights an example
of a more complex biofilm matrix, with both E. coli and B. subtilis cells situated around the
edges. Although it is challenging to distinguish the contents of the biofilm matrix, this may be an

example of a joint E. coli and B. subtilis biofilm matrix, as has been observed in previous
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experiments®®, However, it is also possible that this is an artifact resulting from the high
abundance of B. subtilis on sand particle surfaces, leading to the high probability of such

observations.
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Figure 27: SEM image of adsorbed E. coli on sand particle from the top layer (0-5”) of Ctri-1
column
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Figure 29: Adsorbed B. subtilis and E. coli K-12 on sand particle in column Ctrl-B1 top layer
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Figure 30: SEM image of microbial growth on the surface of a sand particle from the Ctrl-B1
column’s top layer (0-57); growth is dominated by B. subtilis
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Figure 31: Examples of separate and combined biofilm development on a sand particle from the
Exp-BI column

3.5 DISCUSSSION
3.5.1 Impact of Flood Simulations with Brackish Water on Bacteria Removal

An increasing number of Maryland’s septic systems are being impacted by coastal
flooding, however a knowledge gap exists regarding the impact of such flooding on bacterial
removal. This led to the setup of an experiment that simulated repeated flooding with brackish
water in simulated segments of a sandy STA. The results showed that E. coli removal in the
STA’s of septic systems with sandy soils was negatively impacted by flooding with brackish

water.
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Following four consecutive weeks of flood simulations with brackish water and two
weeks of recovery, the experimental column’s weekly M-LRV increased 23%, while the control
column’s weekly M-LRYV increased by 232%. The overall increase in weekly M-LRV in both
treatment groups can be attributed to column “ripening”, in which increased biological activity
results in increased bacteria removal’>>¢, The limited improvement observed in the
experimental columns relative to the control columns suggests that the negative impacts of the
flooding with brackish water may largely offset the improvements associated with column
ripening. Given additional time at the beginning of the experiment to fully “ripen” the columns,
the negative impact of the flood simulations on E. coli removal may have been more
pronounced. This suggests that lower bacterial removal may be assumed to be achieved in sandy
STA’s exposed to brackish flooding.

The flood simulations also resulted in two of the four experimental columns having one
or more weeks during the flood simulation period in which the weekly M-LRV was negative,
indicating that in addition to a lack of E. coli removal from the influent solution, the flood
simulations were inducing desorption of live E. coli from the column media. This negative M-
LRV was only observed in the biofilm-inoculated experimental columns, which may be
indicative of higher adsorption rates that left the columns more vulnerable to desorption. This is
supported by results from analyzing the media at the end of the experiments, which revealed
significantly higher abundance of adsorbed E. coli on biofilm-inoculated media. This suggests
that media with higher adsorption capacity may experience more pronounced E. coli desorption
in response to brackish flooding.

Although flood simulations were found to have a significant negative impact on weekly

M-LRYV, relative to the control columns, no significant differences were found between the final
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moisture content, pH, or EC of the control and experimental columns. Additionally, the pH and
EC of column effluent returned to baseline between flood simulations. This may indicate that
although the flood simulation has a negative impact on E. coli removal, the impacts on this sand
may not be cumulative. The cumulative nature of saltwater flooding is highly dependent on soil
type, with high rates of organic matter and cation exchange capacity significantly increasing the
potential for salt retention®”.

As discussed in greater detail in Chapter 4, these findings have important implications for
the management of septic systems and the management of watershed-level bacteria loads in
communities that both use septic systems and are impacted by brackish flooding.

3.5.2 Impact of Biofilms on Bacteria Removal

The first experimental setup isolated the impact of brackish flooding on bacterial removal
resulting from adsorption and filtration on sterile sand, however a real STA has significantly
greater complexity. To begin bridging the gap between realities in the field and the results of the
first study, an experiment was set up that simulated repeated flooding with brackish water in
simulated segments of a physically mature (biofilms were formed before flooding) sandy STA.
The results did not show a positive impact of biofilms on bacteria removal in this experiment.
This was likely due to the established biofilm being too thin and not sufficiently active, thus not
able to impact the filtration rates, particularly given the media’s large pore size. Although the
presence of adsorbed biofilms consisting of B. subtilis on the column media was confirmed via
Scanning Electron Microscope (SEM), biofilms tended to consist of distinct B. subtilis cells
adjacent to each other on particle surfaces, rather than cells embedded in or blanketed by a
complex biofilm matrix. Furthermore, the results from the experiments showed high standard

deviations thus limiting the ability to account for statistical significance.
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Although the formation of the B. subtilis biofilm did not have a significant impact on E.
coli removal, the positive impact of biofilms on E. coli retention was observed in the top layer of
the abiotic columns. A schmutzdecke is a term used for the characteristic top-layer of sand filters
that has high rates of biological activity and contributes to the highest rates of pathogen
removal®. In the top layer of the abiotic columns, both the highest TOC and the highest
abundance of adsorbed E. coli were observed. The flood simulations did not impact the
development of the schmutzdecke.

3.5.3 Implications for Sand Mounds

Although the primary research questions for this study focused on the impact of flooding
with brackish water and biofilm formation on E. coli removal, an additional opportunity was
presented to investigate the E. coli removal rate achieved by media commonly used for the
creation of sand mounds in Maryland. The media used for this study was obtained from a
supplier in Anne Arundel County, which also supplies the same media for the creation of sand
mounds. After two weeks of normalization, the concentration-based E. coli removal rate
achieved by control columns was just 50%. After two months of steady-state operation, this
removal rate increased to 89%. As discussed in 3.5.1, such improvements in E. coli removal over
time are expected in new systems as “ripening” occurs. However, the low initial E. coli removal
rate of 50% may indicate a need to strategically time the installation of sand mounds to minimize
the impacts of the lower bacterial removal rates that can be expected during the first one to two
months of operation. For example, installation may be required to occur outside of the wet
season when the natural soil below the sand has the greatest treatment capacity and thus greatest

ability to compensate for the poor removal rates occurring in the sand.



CHAPTER 4: CONCLUSIONS & NEXT STEPS

4.1 SUMMARY OF KEY FINDINGS & REAL WOLRD IMPLICATIONS

This study demonstrated the negative impact of brackish flooding on E. coli removal in sandy

soil treatment areas (STA’s) and provided insight into the role of biofilms in bacterial removal in

sandy STA’s. The key findings from this study are summarized in Table 10.

Table 10: Take home messages and lessons learned

Result

Conclusion

Real-World Implication

adsorbed E. coli was
significantly greater on
biofilm-inoculated media
than abiotic media.

increase adsorption of E.
coli to sand, however, not
enough to significantly
impact effluent
concentrations.

#1 | Over the duration of the The negative impact of Sandy STA’s that are exposed
experiment, the weekly brackish flood simulations | to brackish flooding should be
M-LRYV of control and on E. coli removal offsets | expected to contribute to
experimental columns much of the increase in E. | higher bacterial loads than
increased by 232% and coli removal that is their mature counterparts that
23%, respectively. expected due to are not subjected to floods.

maturation.

#2 | No significant differences | Impacts of flood The impacts of brackish
were observed between the | simulations on sand flooding on sandy STA’s may
moisture content, EC, and | parameters can largely be | not be cumulative, given the
pH of media from the reversed after just 2 weeks | soil’s ability to quickly
control and experimental of steady-state operation. restore many basic physical
columns. properties.

#3 | Two experimental In addition to a lack of £. | It may be necessary to
columns experienced at coli removal, brackish increase the frequency of
least one week during the | flood simulations induced | testing for recreational waters
flood simulation period in | desorption of live E. coli with a high density of septic
which the effluent bacteria | from column media, systems impacted by coastal
mass exceeded the influent | generating a “flush flooding in their watershed.
bacteria mass. through” effect.

#4 | The highest total organic The shock to bacteria Sandy STA’s constructed in
content (TOC) was found | caused by brackish areas subjected to brackish
in media from flooding may have flooding may clog at higher
experimental columns. induced biofilm rates due to the additional

production. build-up of extra polymeric
substances.

#4 | The abundance of B. subtilis biofilms Although B. subtilis

inoculation may increase
bacterial adsorption rates, the
increase is not significant
enough to support the idea of
inoculating imported media
for sand mounds.
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#5 | The percent removal of E.
coli in control columns
increased from 50 +/- 11%
to 89 +/- 7% over the
duration of the experiment.

The initial E. coli removal
rate achieved by clean
sand is low. The removal
rate increases over time as
the media matures.

Newly installed sand mounds
should be expected to achieve
low bacterial removal rates
during the one to two months
of operation.

4.2 SEPTIC SYSTEM REGULATORY & DESIGN CONSIDERATIONS

4.2.1 Bacteria Load Estimates

4.2.1.1 Estimating Baseline Bacteria Loads

Maryland’s current Bacteria Total Maximum Daily Loads (TMDL’s) do not attribute any

bacteria loading to properly functioning septic systems'®?3. It is likely that this choice represents

an underlying, simplifying assumption that bacteria loads are negligible rather than absent™. The

concentration of fecal coliforms entering the STA of a septic system can be highly variable®’.

The following is a simplistic calculation, which mirrors that used to estimate nitrogen loads from

septic systems, which can be used to estimate bacteria loads from septic systems. The following

calculation assumes the lower end of average fecal coliform concentrations found in septic tank

effluent, 10* CFU/L and high bacteria removal rates (99%). This would yield a theoretical

effluent fecal coliform concentration of 10> CFU/L*71°, Assuming Maryland’s minimum septic

system design flow of 150 gpd (570 L/day), a properly functioning septic system theoretically

contributes 5.7 * 10* CFU to groundwater daily®.

Example Calculation:

STA Influent Concentration (Cmv) = 10* CFU/L

Removal Rate (n) =99%

Flow rate (Q) = 570 L/day

Mour=(1—n) *Cw * Q

Mour = 5.7 * 10* CFU/day
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4.2.1.2 Incorporation of Research Findings into Bacterial Load Estimates

With a reasonable loading rate established for properly functioning septic systems,
elevated loads from failing septic system can be considered. During this study’s flood
simulations, the columns could be classified as failing, given little to no E. coli was removed and
there were multiple instances where the effluent E. coli mass exceeded the influent E. coli mass.
These results support the assumption that a failing STA may achieve 0% bacterial removal.
Assuming an influent concentration of 10* CFU/L, 0% bacterial removal, and a flow rate of 150
gpd, a failing septic system theoretically contributes 5.7 x 10° CFU to shallow groundwater
daily.

Attributing varying E. coli removal rates to varying regions would be impractical, given
the current state of septic system bacterial load modeling. However, with the knowledge that
brackish flooding negatively impacts bacterial removal, overlays of NOAA coastal flooding
maps with available septic system location data may be considered by county environmental
health departments and MDE officials when estimating septic system failure rates. Additionally,
projected flood maps may be used to identify the increase in impacted systems over time under
various climate change scenarios, generating an estimate of the number of systems that are
expected to be impacted by coastal flooding in the future.
4.2.1.3 Extrapolating results to other types of pathogens

E. coli was used in this study to model the general fate and transport of pathogens in the
STA of septic systems. As attempts are made to extrapolate these results to the field,
consideration must be given to the way the results of this experiment may or may not hold for
other pathogens. E. coli fall within a group of pathogens known as enteric bacteria. The results of

this experiment can be most accurately extrapolated to predict the fate and transport of other
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enteric bacteria, such as enterococcus and salmonella. Viral pathogens, such as norovirus and
enterovirus, are primarily immobilized in the STA via adsorption, as was the case for E. coli in
this study. During brackish flooding, desorption of live E. coli was observed. However, it was
also observed via SEM analysis that E. coli on the sand surface were producing extra polymeric
substances (EPS) to increase the strength of adsorption. Viral pathogens. which are not capable
of producing EPS, may be expected to desorb at higher rates than bacteria under conditions of
brackish flooding without this additional adhesive mechanism. Additional variation exists
between the survival rates of pathogens in soil and groundwater. Generally speaking, saltwater
has a more significant negative impact on the survival rate of viruses than enteric bacteria, which
have generally low halotolerance. However, in this study a low salt concentration (8 ppt) used for
brackish flooding to avoid increased E. coli die-off rates, thus the survival rate of the pathogen
was not a significant factor in the results of this study.
4.2.1.4 Extrapolating results to other soil types

Soil texture has a significant impact on bacterial removal rates in STA’s. The present
study only utilized sand. Although sand is the dominant soil type in Maryland’s Atlantic Coastal
Plain province, the actual geology is highly diverse. Thus, it is necessary to consider the ways in
which changes in soil texture may yield different results. As the dominant soil texture shifts from
sand to clay, the dominant mechanism for immobilizing bacteria in the STA will shift from
adsorption to filtration. The chemical changes induced by the introduction of brackish waters can
be expected to have a more significant impact on adsorption, which is a chemical and physical
process, than on filtration, which is a purely physical process.

Soils with higher clay content are more vulnerable than sandy soils to the short-term

impacts of saturation and the cumulative impacts of salt exposure. While sandy soils tend to
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allow water to filter through them, clay soils swell when saturated and retain water for longer
durations. While the increased retention of water can aid in wastewater treatment during normal
operation, the retention of water during and following flood events is problematic and will result
in system back-ups at higher rates than in sandy soils. The increased retention time and increased
cation exchange capacity of clay, relative to sand, results in higher retention of salts. Thus, the
cumulative impact of repeated saltwater flooding should be expected to be more significant in
soils with high clay content than predominantly sandy soils.
4.2.2 Sand Mound Design Considerations
4.2.2.1 Inoculation with B. subtilis

As discussed in greater detail in Chapter 1, whenever possible, STA’s are designed to
utilize the native, undisturbed soil due to its superior structure and soil microbial community.
When restrictive features (i.e., shallow groundwater table, impermeable clay layer, or bedrock)
prevent the availability of sufficient treatment depth, imported sand may be used to build up the
ground surface and provide additional treatment, in what is known as a sand mound. The sand
obtained for use in this experiment is also utilized in sand mounds in Maryland. Relative to
native soils, even those with comparable textures, imported sand is more vulnerable to clogging.
To deter clogging, imported sand must contain less than 5% fines; this leaves sand mounds with
limited capacity to remove bacteria via filtration’*2. Additionally, sand is understood to generally
have low adsorption capacity’!%-0,

Between the removal of fines and sands naturally low adsorption capacity, it seemed that
newly installed sand mounds must have limited capacity to remove bacteria. This, in part,
inspired the inoculation of column media with B. subtilis in the biofilm study, hoping to see if a

significant improvement in E. coli removal could be achieved. B. subtilis is a safe, low-cost, easy
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to cultivate biofilm forming bacteria that is used for a variety of commercial purposes, thus there
is some precedent for growing it and inoculating media at the scale required for a STA. The
results of this study did not show evidence that this practice would have a significant positive
impact on E. coli removal.
4.2.2.2 Inoculation with Protozoa

The relatively low E. coli removal rates demonstrated at the beginning of this experiment
(50 +/- 11%), which were primarily the result of abiotic bacterial removal mechanisms (i.e.,
filtration, adsorption, and natural die-off), highlight the importance of the biotic bacterial
removal mechanisms that were absent in this study. Previous research has highlighted the
importance of protozoan predation in bacteria removal, particularly in sand filters where rates of
straining and attachment are low (Bomo et al 2004 and Weber-Shirk & Dick 1997). Notably, a
high concentration of bacteria-grazing protozoa are present in wastewater itself. Thus, the
addition of wastewater to sand mounds as operation begins is likely the most efficient way to
inoculate sand filter media with such predators. Section 4.3.1.2 discusses the possibility of
progressing the current column study to include biotic removal mechanisms and quantify the
benefit of both a competitive microbial community and protozoan predation to E. coli removal.
4.2.2.3 Considerations for Low Initial Bacterial Removal Rates

The results of this study did, however, confirm that low (50%) E. coli removal rates occur
during initial filtration with sand mound media. This may provide a basis on which to attribute
higher bacterial loading to groundwater from new sand mounds. Given the same influent
concentration and flow rate but a 50% bacterial removal rate, a new sand mound theoretically
contributes 2.85 x 10° CFU to groundwater daily. As this high bacterial loading rate is a short-

term problem, it may not be practical to incorporate into overall bacterial load models. However,
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this understanding may be used as the basis for regulating the times of year during which sand
mounds can be installed, with new requirements potentially prohibit the installation of sand
mounds during the wet season when the native soil below the sand mound has its lowest
treatment capacity and thus lowest ability to compensate for the poor bacteria removal occurring
in the sand mound above.
4.3 NEXT STEPS IN ACADEMIC RESEARCH

This study contributes to a growing body of research regarding the expected impacts of
climate change on coastal septic system performance. To simulate a STA in the laboratory,
significant simplifications had to be made to the system. The following section outlines
opportunities to expand the column study presented in this thesis to more fully represent a real
STA. Additionally, while laboratory experiments provide important controls required to isolate
the impact of certain variables, complimentary field experiments are invaluable. Several ideas
are presented in the following section for how to build off the results of this study and identify
failing septic systems in coastal areas.
4.3.1 Column Studies
4.3.1.1 Improvements to Current Experimental Design

The present experiment has two independent variables: exposure to brackish flooding
(control/experimental) and inoculation with B. subtilis (abiotic/biofilm). This technically
generated four unique treatment conditions: control-abiotic (n=1), experimental-abiotic (n=2),
control-biofilm (n=2), and experimental-biofilm (n=2). However, with each treatment condition
having two or less replicates, statistical analysis was limited to analysis of collapsed versions of

the data set, analyzing control (n=3) versus experimental (n=4) and abiotic (n=3) versus biofilm
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(n=4) columns separately. Ideally, future studies should be designed to allow for at least three
independent replicates for each treatment condition.

Additionally, if the capacity for additional replicates is available, it would be meaningful
to add the treatment condition of fresh-water flooding. This would provide better insight into the
results of this study, detangling the impacts of saturation from the impacts of salt. With this
additional insight, results could be extrapolated to the wider region of Maryland which is
impacted by fresh-water flooding. To confidently extrapolate results, experiments would also
need to be repeated using soils of varying type and textures. Additionally, the experiments could
be repeated with varying flood durations and higher salt concentrations, although the use of
higher salt concentrations would require the use of an alternative model pathogen given E. coli
K-12’s salt intolerance®*. Finally, the realistic simulation of a shallow groundwater table and the
corresponding impact on pore water pressure and infiltration rates would greatly enhance the
validity of these results.
4.3.1.2 Incorporation of Biotic Bacteria Removal Mechanisms

The present study focused on abiotic bacterial removal mechanisms of filtration,
adsorption, and natural die-off. However, biotic removal mechanisms associated with
competition and predation are known to play significant roles in bacteria removal, and the impact
of saltwater flooding on this microbial community is of significant interest. To examine this in
greater detail, it is proposed that this experiment could be repeated with various inoculum. First,
to introduce competition, media could be inoculated with a bacteria consortium that includes all
common nutritional niches. Finally, to introduce predation, a bacteria-grazing protozoa could be

added to the inoculum.
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4.3.2 Field Studies
Prior to the design of the column study presented in this thesis, significant consideration was
given to conducting a field study. Two potential field studies that were considered, not
conducted, but would complement this laboratory research are outlined below.
4.3.2.1 Well Water & Soil Testing

A field experiment was considered in which willing members of a community would
submit well water samples for microbial analysis and complete a survey regarding the age,
design, maintenance of, and issues with their septic systems and well water. Partners at
University of Maryland’s School of Public Health Water Quality, Outreach, and Wellness
(WOW) Lab have expertise in testing water samples for total coliforms, E. coli, and Salmonella.
After an initial round of testing, wells that tested positive for any indicator bacteria would be
solicited for a follow-up visit. Partners from UMD Extension would participate in the follow-up
visit to begin providing the homeowner with resources regarding their well water. In addition to
follow-up well water samples, soil samples from around the wellhead and over the STA would be
collected on the second visit, with the permission of the homeowner. If the same indicator
organisms are present in the surrounding soil as are present in the well water, it may indicate that
the well head or well casing has damage that is allowing infiltration and contamination. If the
same indicator organisms are also present in the soil overtop the STA, it may suggest that
surfacing in the STA is the source of contamination. Additionally, if the septic system is a
suspected source of contamination but surfacing is not the suspected mechanism, a tracer test can
be conducted to determine the hydraulic connectivity of the site’s septic system and well. Given

sufficient funding, molecular analysis could be completed on both the contents of the septic tank
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and the pathogens identified in the well water, providing additional insight into the potential of
the septic system being the source of contamination.
4.3.2.2 Tracer Study

The identification of failing septic systems is a significant challenge, particularly when
the failure is such that it continues to dispose of wastewater into the subsurface without
providing treatment. Generally, system failures are identified when they begin to impact the
homeowner in the form of slow drainage, system back-ups, and effluent surfacing. Disposal
without proper treatment is likely to go unnoticed by the homeowner. To help aid in the detection
of wastewater contamination in surface waters, common chemicals found in foods and medicines
have been used as tracers. Caffeine and its degradation biproduct Paraxanthine are commonly
used wastewater tracers due to their high concentration in wastewater and low degradation rate in
nature. Under aerobic treatment conditions caffeine and paraxanthine should be almost
completely degraded. Thus, elevated concentrations of caffeine in waterways can be indicative of
incomplete wastewater treatment. Prior to attributing such concentrations to septic systems, it is
important to be aware of any potential sewer overflow inputs to the system; however, absent of
that input, elevated caffeine concentrations can be indicative of failing septic systems. Thus, for a
given waterbody with an elevated fecal indicator bacteria concentration, if the caffeine
concentration is also high, it indicates that septic systems are a likely source of contamination.
Maryland Department of Environment has established bacteria source-tracing methods for
surface water samples; such analysis could be required when waterbodies are found to have both

elevated fecal indicator bacteria and caffeine concentration.
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