ABSTRACT
STALL, CHRISTOPHER JAMES. Microbial Fate and Trpod in a Seasonally
Saturated North Carolina Coastal Plain Soil. (Urdieection of A. Amoozegar and D.
L. Lindbo.)

Infiltrative surfaces of dispersal trenches ordark required to be installed at
least 30 cm above soil wetness conditions in loamfyner soils. Insufficient separation
between infiltrative surface and the water table'f\way allow untreated wastewater,
containing enteric bacteria, to reach groundwaiare to high demand for housing
development in areas not served by public sewegess some septic systems may be
installed in marginally suitable soils with a sessdigh water table (SHWT). The
objectives of this study were to evaluate: (1) fatEscherichia coli (E. coli) at various
WT depths, (2) bacterial transport by a falling \(8) the efficiency of treatment in
saturated conditions by SHWT, and (4) the effeaesting on the efficiency of soll
treatment of wastewater. Seventeen columns meagsusicm in diameter and 75 cm in
length were constructed and packed with Norfolkdgdnam (Typic Kandiudults)
material that had been air dried and sieved. Wat#es were established at 30, 45, and
60 cm below the soil surface in the columns wittribltée bottle systems, and two
control columns with WT at 30 cm below the soilfage. Two hundred mL of artificial
wastewater inoculated with approximately’ £@lony forming units (CFU) oE. coli
were applied daily on top of each column, exceptr@ columns, which received 200
mL of sterilized artificial wastewater, simulatiagoading rate of 0.3 gallons fdotlay™.

A 100-mL sample was collected from the top of th€ #d analyzed fdE. coli. To
maintain a constant WT, another 100 mL sample wHsated from the bottom of each
column and discarded. After the breakthrough arabes in the 30 cm depth treatment,
the WT in these columns was lowered to 60 cm bélmsoil surface and the experiment
was continued to day 65. Subsequently, the WThwasght to the soil surface in
selected columns to represent SHWT. Applicatiowa$tewater and collection/analysis
of the samples were continued for another 55 dalfsen, no wastewater was applied to
the columns for 30 d followed by 30 d of applicatend monitoring oE. coli. E. coli
concentrations for the 30 cm of separation distavexe significantly higher than 45 cm
of separation, and microbial counts for both 30 4Bam of separation distances were

statistically higher than 60 cm of separation i@ finst part of the experiment. Overall,



only 60 cm of separation showed sufficient bactéremtment. Dropping the WT from
30 to 60 cm resulted in significant reduction ircrobial count at the top of the WT.
Statistically higher treatment was achieved wheniiT remained at 60 cm depth, and
45 cm of separation distance was significantly &ffsctive than 60 cm of separation
distance in removing. coli. Treatment capacity of the soil was significamédguced
when the WT reached the soil surface in the coltonall treatments. The capacity of
the soil to attenuate. coli was improved by stopping daily application of veaiter
(i.e., by resting the soil). However, effects @$ting did not last within 30 days after
restarting wastewater application. Results sh@awv30 cm of separation distance
between the bottom of the trenches and SHWT map@aasufficient for the removal of
enteric bacteria from septic tank effluent. Albagterial contamination may not move
downward when WT drops, but little treatment isyidled when WT rises and the soil
under the trenches becomes saturated. Final;ct8eak in wastewater application to
the soil may be beneficial, but the effects maglbert-term.
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INTRODUCTION

According the U.S. Census Bureau (2006), 21% afd®in the United States use
on-site systems (also referred to as septic sy$tmmanaging their household sewage.
In North Carolina, the use of septic systems isiewere prevalent, with close to 50% of
domestic households using this method of sewagmsiid. The population of North
Carolina has increased from 6,628,637 in 199086@505 in 2006, a 33.6% increase
(US Census Bureau, 200&8ased on current trends, North Carolina has a large
population that will continue to grow. This wiil turn, put more stress on developers to

find more sites that may contain marginally suiadiils for on-site septic systems.

On-Site Wastewater Systems

On-site wastewater systems (OSWS) are used ihandasuburban areas where
centralized sewage treatment facilities are notl@vi@. These systems offer
economically and environmentally sound alternatteegublic sewage treatment systems
and may be used for managing sewage from singldyfamellings to apartments and
condominiums, office complexes, shopping centetsoslsand other large facilities.

Basic ideas for OSWS have been in place since8li@’4 in France, and similar
concepts were being used in the United Statesé$&B80’s (Cotteral and Norris, 1969;
Canter and Knox, 1985; UC Cooperative Extensiof320 Originally, these systems
were employed to dispose of wastewater from resigleshwellings. They were
considered an improvement over the direct dischgrgf sewage to a ditch or field
because they depositdte waste underground, minimizing primary cont&eynolds,
2004).

There are a number of different types of OSWS.oAventional system is
operated by gravity flow to convey wastewater frcomponent to component.
Conventional systems are comprised of mainly temeponents, the source (i.e., the
plumbing system in the dwelling), the septic taakd the drainfield (hereafter referred to



as soil treatment area). The septic tank is aengndund receptacle that holds
wastewater for primary treatment and is designed@ntaining anaerobic conditions.

In the septic tank, primary treatment occurs whestrof the solids present in the sewage
settle out to the bottom of the tank and fats, @ital greases float to the top of the liquid
in the tank as the scum layer. Itis often camded from reinforced concrete and
measures approximately 3 m long by 1.5 m wide Bynitall (8’ x 4’ x4’). Typical size

for a residential septic tank in NC is 1000 to 15@flons (3800 to 5700 L). A second
type of treatment occurs in the septic tank asrahéebacteria degrade solids and scum
layer. Wastewater containing dissolved and sugggtodntaminants, referred to as
septic tank effluent (STE), then flows out of thek through an effluent screen below the
wastewater level on the opposite side of the infbope. Septic tank effluent contains
numerous contaminants; including nitrogen, phospéasrganic matter, and enteric
pathogens. (USEPA, 1980; Hoover, 1994; North CaaoLooperative Extension

Service, 1996). In case of septic system failtlnis, bacterial laden wastewater could
pose a threat to the potability of groundwater [@&#hlle and Jones, 1940; Crane and
Moore, 1984).

Wastewater from the septic tank is dispersed imceinvironment by application
below the soil surface through a series of tren¢bedrip lines) in the soil treatment
area. In North Carolina, the most common soilttnest area for conventional systems is
the gravity trench, typically measuring 90 cm (3&/i)le (with the infiltrative surface
(trench bottom) between 30 to 100 cm (12” to 4@Molv ground surface) and a
minimum of 270 cm (108”) of spacing between theteenof neighboring trenches. In
each of the trenches, there is a 30 cm (12”) lajeoarse material (e.g., washed gravel,
stone, tire chipsplaced around the distribution pipe (perforated diameter pipe).

When the STE is introduced into the trenches irsthetreatment area, it slowly
infiltrates into the soil where the tertiary treaimb occurs (USEPA, 1980).



Soil in the soil treatment area must be suitablevastewater disposal. Suitable
soils include permeable soils with wetness conaiitibndicated by2 chroma colors),
and/or other unsuitable horizons that are deepgntuallow an unsaturated (i.e.,
aerobic) zone to be maintained below the point eleastewater is applied (i.e., bottom
of the trenches or drip lines). In the soil treatrnarea, the aerobic soils below the
trenches should convert ammonia-N to nitrate-Nucedhe biochemical oxygen demand
(BOD) of the STE, and reduce its harmful bacterat have survived in the septic tank.
If the soil treatment area is installed in an utale soil due to excessive permeability,
low hydraulic conductivity, wetness conditions,otner limitations; bacteria may survive

and contaminate ground water (US EPA, 1999).

According to North Carolina State rules; 15 A NCAEA .1900, Laws and Rules
for Sewage Treatment and Disposal Systems (NCDENB8), suitable sites for
individual septic systems (up to 3000 gpd or mbent1500 gpd per acre soil treatment
area) in North Carolina must contain adequate ardasuitable soils that allow a
minimum of 45 cm (18”) of separation between th#dr of septic system trenches and
any restrictive layer in group | soils (sandy spdad a minimum of 30 cm (12”) of
separation in groups Il (coarse loamy soils), filg loamy soils), and IV soils (clayey
soils). One of the restrictive layers consider@diiese separation distances is the
seasonal high water table (SHWT), which must batiied by direct observation of
water table or be determined by soil morphologpraperties (i.e., redoximorphic
features). According to the regulations, “a satmess condition shall be determined by
the indication of colors of chroma 2 or less (Muh€elor Charts) at2% of soil volume
in mottles or matrix of a horizon or horizon subgion.” (The specific rules concerning
SHWT are presented in Appendix A). Severson (2806wed that the SHWT may
come up above these Redoximorphic (redox) featfresroma 2 or less at some time
during the year. This may create a smaller vdrsieparation than is required by state

rules and has the potential for bacterial contationa



In the United States, state and local regulatammeerning the separation
distance between the bottom of the trenches (prloh@s) and restrictive layers vary
from 15 to 150 cm (6” to 60”) (Table 1). For exdmddaho (Idaho DEQ, 2002) and
Indiana (Purdue University, 1998) have 60 cm (2f"3eparation between the trench
bottom and SHWT, whereas Delaware mandates 90 6ih ¢Bvertical separation (State
of DE-DNERC, 2005). Is the separation that Nor#érdlina requires adequate to

effectively eliminate microbes present in wastewdtsposed through septic systems?

Table 1. Minimum vertical separation distance befwthe bottom of the septic trench
for individual residences and seasonal high waiteletin various states in the US and
Province of Ontario, Canada.

State Separation Distance, incheéource

North Carolina| 18/12 (Sands/other soils) NCDENR)&0

Delaware 36 State of DE-DNERC 2005
Florida 24 State of Florida, 1985
Idaho 24 Idaho DEQ, 2002

Indiana 24 Indiana SDH, 1990

Massachusetts| 60/48 (Sands/other soils) Commortwefalt
Massachusetts, 2006

Minnesota 36 State of Minnesota, 2008
Montana 48 State of Montana, 1991
New York 24 State of New York, 1990
Ontario, 36 Ontario Rural Wastewater
Canada Centre. 2006

Virginia 24/18 (Sands/other soils) VA Dept. of Hball994

Washington 36/24 (Sands/other soils Deparmentattifdl
Resources, 1997

A seasonal high water table decreases the amoaatrobic and unsaturated soil
between the bottom of the septic trench and thetdpe water table (WT). Studies have
shown that with decreasing depth to WT, there sekesing treatment of pathogens
(Powelson and Gerba, 1994; McLeod et al., 200tatkanasis et al., 2006). Also, with
fluctuating water tables, the changing water caistéave been shown to dislodge cells



adsorbed to solid surfaces and increase the suspe&etl concentration in soil solution
(Powelson and Mills, 1998), possibly leading tar@ased contamination of the ground

water.

Originally, it was assumed that soils effectivaltef and remove all contaminants
under all conditions; this however, may not bedase in some unsuitable areas
(Reynolds, 2004). In a properly functioning sodlatment area, viruses, bacteria, and
other pathogens are removed by physical filtrataasorption to soil surfaces, and
competition and predation by native soil microonigars (North Carolina Cooperative
Extension Service, 1996). The degree of treatrmepathogenic microorganisms in the
soil depends on a variety of factors, including pbrosity (f), organic matter content,
texture, particle size distribution, clay mineralptemperature, adsorption and filtration

capacities, availability of nutrients, and moistaomtent (Crane and Moore, 1984).

Under proper operating conditions, soils in thiétseatment area should remain
aerobic and unsaturated because aerobic conddieate hostile environments for
sewage borne organisms and pathogens (Cogger,.1@88}inuous unsaturated
conditions are best for the removal of anaerobiraties such aSscheria coli (E. coli)
(Powelson and Mills, 2001) because the active enlgis microbial biomass in a well
aerated soil is four to five times greater thaa tomparable saturated soil. Also, a well
aerated soil contains significantly greater numioérsematodes and protozoa than
saturated soils (USEPA, 2006). These organismsaresmaller anaerobic bacteria, but
they are generally absent or reduced in numbeaturated soils. A number of studies
have shown that active aeration of soil treatmegsisincreases the efficacy of removal
of nitrogen, fecal coliform (including. coli), and organic matter (Potts et al., 2004;
Amador et al., 2006). Application of septic tarifuznt can also cause soils to become
anaerobic if soil oxygen cannot be replenished ftoenatmosphere or if the soil becomes
saturated. This is a result of oxygen consumgiipmicrobes in response to the increase

in the amount of dissolved organic matter fromeffeient.



Water content of the soil is an important factdluencing the distance that
anaerobic microorganisms can be transported. s$aturated soils, there is more efficient
removal of pathogens because of their close praxitaisoil particles (Wong and
Griffin, 1976). This is a result of flow being tasted to small pores and water films
lining particles in the soil matrix. This givexneased opportunities for physical and
chemical attenuation to occur at the interfaceh wail particles (Griffin and Quail 1968;
Wong and Griffin 1976; and Bitton et al.1974).

Unsaturated conditions of properly functioningl s@atment area contain more
air-water interfaces (AWI) and triple point con&¢TPC). An AWI is an area where air
in a pore space and soil solution meet and a TR ése soil solids, air, and soill
solution meet. Wan et al. (1994) and Cattaned ¢€1997) showed that AWI or TPC
accumulate microorganisms as a colloid and micrabe£xcluded from the soil
solution. Proper aeration in the soil encourag®d And TPC. However, if the soil is
saturated these conditions do not exist due ttettleof air filled pores, therefore, there

may be less microbial retention.

System failure from a health standpoint is defias@nything that reduces the
efficiency of the soil treatment area to treat SL&e et al., 2005; USEPA, 2005b) .
Other perspectives, such as the legal definitiotm@refinition by environmental firms
may be different, but, altruistically, it is dedita to avoid contamination of water in all
cases. Inthe eye of the owner of a dwelling sthyea septic system, a failed system is
a financial burden that must be addressed. Thermany possibilities for a system

failure; including soil clogging, surface dischargaed seasonal high water table.

Unlike many other chemical parameters of concei®Ti& applied to soil (e.g.,
nitrate-N, BOD), groundwater contamination regualasi do not include microbial
contamination (McQuillan, 2004), but it is very @table to ascertain pathogenic
bacterial fate once they are introduced into therenment (Allen and Geldreich, 1975).

It is important to know bacterial fate in the elmviment because it may impact water



resources, cause disease, or cause a number iofetgtl environmental impacts (e.g.,
shellfish water closure). It is important to kndwacteria are sufficiently treated when
introduced into the soil environment before thegneanto contact with people, animals

or drinking and recreational waters.

Importance of Treatment

There are over 100 types of disease causing rgann untreated sewage (Paul
et al., 1995) includin@almonella spp., Campviobacter spp., Helicobacter pviori, Vibrio
cholerae, and Escherichia coli (MacConnell and Coburn 2000). Septic systems have
been cited as the most frequent source of groutereantamination (McCoy and
Hagedorn, 1979; Powelson and Gerba, 1994; Reyn?ldgl). Contaminated ground
water causes almost half of the outbreaks of wadene diseases in the United States
(US EPA, 1977; Craun, 1979, 1984; Hagedorn efl@B]; Pye et al., 1983; Sevebeck
and Kroehler, 1992; Reynolds, 2004). As indidaarlier, in a functioning soil
treatment area, pathogens are eliminated whenpwates! through soils under
unsaturated and aerobic conditions. However, avgleasonally high water table, the
transport of the pathogens through the saturatédsgather rapid, with little treatment
(i.e., die-off) or filtering (McCoy and Hagedorr@79). Once bacteria reach the ground
water (relatively highly conductive zone), longtdisces are needed for further reduction
of bacterial density (McCoy and Hagedorn, 1979).

The soil treatment area of septic systems instati@insuitable soils with
insufficient separation distance between the bottbthe trenches and zone of saturation
or water table have been identified as a majorcgoaf coliform contamination in coastal
waters. According to Duda and Cromartie (1982)y ome conventional septic system
should be installed per seven acres of watershedastal environments. They also
stated that densities higher than this value magea significant increase in bacterial
concentrations in surrounding waters to a leveth l@gough to cause the closure of

shellfish waters.



Microbial Movement-Studies

There have been many studies exploring the fatev@vement of microbial
pathogens in the soil (Caldwell and Parr, 1937|dB\dt al., 1954; Tate, 1978; Faust,
1982; Cattaneo et al., 1997; Crabill et al., 19%9&sland et al., 2002; Celico et al., 2004;
Karathanasis et al., 2006). Results, however, leaato conflicting conclusions.
Duncan et al. (1994) showed that 15 cm of separalistance between the application
point and water table may be enough for completexal of bacteria from solution
when a dosing regime is employed. Other reseasdiere shown that efficient removal
occurs in 60 to 90 cm of unsaturated flow througk §and when social dosing (applying
wastewater as large pulse, as opposed to smak dese a period of time) is used
(Gilbert et al., 1976). Table 2 lists the separatiistances that have determined to be

effective in attenuating/removing microbes

Table 2. Threshold distance of unsaturated fbr removal of anaerobic bacteria.

Sour ce Sail type Distance
Caldwell, 1937; “Permeable strata” 150 to 200 cm
Caldwell and Parr, 1937
McCoy, 1969 Sand 35cm
Romero, 1970 Sandy loam 90 to 200 cm
Bouma et al., 1972 Sand 60 cm
Bouwer et al., 1974 Sandy 60 cm
Gilbert et al., 1976 Sandy loam 60 to 90 cm
Brown et al., 1979 Sandy loam, Clay loan20 cm

Clay
Ziebellet al., 1974; All suitable soils 100 to 200 cm

Viraraghavan and Warnock,
1975; Brown et al., 1980

Cogger et al., 1988 Fine sand 60 cm
Ho et al., 1991 Red-mud amended sand 65 cm
Van Cuyk et al., 2001 Sand 60-90 cm
Gagliardi and Karns, 2002| Loamy sand 60 cm
Karathanasis et al., 2006 Coarse textured soill n®0 c




Under unsaturated conditions, bacteria are sudgjdcta straining effect in
smaller pores (Hagedorn et al., 1981). Krone.dt1858) suggested that in the soil, there
are three main processes for the filtration of &aatfrom soil solution. First, there is the
actual filtration by the solid matrix. Bacteriaaxcluded from pores and are removed
from the soil solution. Second, in low flow systerthe bacteria may actually settle out
of soil solution. Sedimentation may be a majortabator to bacterial removal in soil
solution. Third, ‘bridging’ between soil particlesay occur, meaning that bacteria
accumulate at the soil pore openings and physicadlige the pore openings smaller and

increase the soil’s ability for physical filtration

Gerba et al. (1975) found that 92 to 97% of baatesere eliminated in the first
centimeter of unsaturated flow when applied to.sMtCoy (1969) found that there was
total removal within 35 cm of application surfacEhey also noted that there was a
decreased efficiency of removal of bacteria witr@ased sand content. This could be
due to the presence of larger pores and less ddirtecwith less charged soil particles in
sand-textured soils than finer texture soils. bolumn study utilizing sand and clay soil
materials, clayey soil material was 99% efficieinteanoving bacteria from solution
added to the columns (Glotzbecker and Novello 19T83ay materials were much more
efficient because of the increased adsorption d¢fpaicthe particle surfaces. Also, clays
may be more efficient at removal because of theaopimre flow as a result of small
particles. This micropore flow increases the contiane with soil particles as well as the

retention time of the soil solution in the soil mrat

According to Ziebell et al. (1974), Viraraghava®18), and Brown et al. (1980),
if the soil treatment area remains unsaturatedebaowill meet water quality standards
in most cases within one meter of unsaturated fiolaoth horizontal and vertical
directions from a sewage discharge point. To ihelsafety margins, these three studies
gave recommendation of two meters to ensure progatment of microbial

contamination in wastewater.



Bouwer et al. (1974) found most pathogenic micsolvere removed in the first
60 cm directly following application. However, e&ed concentrations of bacteria were
detected in the solil after a flooding event, whimtreases the soil water content in the
soil and increases survival (Bouwer et al. 19748rown et al. (1979) found with an in
situ study with lysimeters that there were occaalipositive samples for coliform
through 120 cm of unsaturated flow beneath a sé@inch. Summarizing the results of
an extensive study in Whittier and Azuza, CalifayriRomero (1970) noted that drinking
water standards were met after surface applicatimhone to two meters of unsaturated
flow through sand. Also in California, Butler ét @954) concluded that filtration of
bacteria was sufficient in 1.5 m of a sandy loarhis unsaturated soil distance would
sufficiently filter STE for regulation purposes,tlmoliform bacteria were still present in
reduced numbers after four meters of unsaturated @Butler et al., 1954). Karathanasis
et al. (2006) found that in intact soil cores froaarse textured soils in Kentucky,
microbial removal may not be adequate in the 8&tm of unsaturated flow. They
concluded from the data that 30 cm was not adedoatbe removal of bacteria, but 60

cm may be the critical threshold for maximum diggledimits.

Soil water content is seen to be the most impoftantor in the transport and
survival of microbes in soils (Gerba et al. 197Hhb€y et al 1978; Tate 1978; Crane et
al. 1981; Reddy et al. 1981; Faust 1982; Entry.€2GD0; Mubiru et al., 2000). Cattaneo
et al. (1997) found microbial survival in unsatectolumns to increase with increasing
water content. They found that in unsaturatedrookiabove 40% degree of saturation,
there was a four-order of magnitude increase oteliat population. Kibbey et al.
(1978) concluded that with increased soil moistimeditions, there is an increase in
survival rates for bacteria traveling through sail.another column study, Bitton et al.
(1974) found that bacterial movement in soil maistconditions less than field capacity
was insignificant. They attributed this to moregaous and turbulent flow paths under
unsaturated conditions. Concurring with these @iens, Wong and Griffin (1975)
found that there is little to no microbial movemantsoil water pressure heads of less

than -150 cm. They assumed that most microbialem@nt occurs under conditions that
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have a mass flow of water into the soil, such asragation or rain event. Wan et al.
(1994) reported that 30 cm of unsaturated flow el@sed cell counts while 30 cm of
saturated flow did not decrease cell counts. Imasitu study of the survival of a
nonpathogenic strain &. coli andE. coli 0157:H7, Mubiru et al. (2000) concluded that
there were lower dieoff rates of the bacteria duewer soil matric potentials (i.e.,

wetter conditions). Concurring with these resftibbey et al. (1978) found higher

dieoff rates ofStreptococcus faecalis (fecal borne indicator organism) under low soil
moisture conditions. Changing the soil water statiithe soil may also impact microbial
survival. In an alternating application systemgewenthe soil treatment area is able to rest
without wastewater application, the treatment sthamiprove after a resting period
because the soil has an opportunity to re-aeratskiigton State Department of Health,
2007). Itis essential, therefore, to maintaisatorated conditions to remove pathogenic

microorganisms from STE.

Soil water holding capacity and status is highlyrelated with soil texture and
organic matter content. Soil texture plays a moleater retention, pore size distribution,
and water velocity through the soil. In generallsswith a higher percentage of sand
have a lower total porosity than other soils, karitain a higher percentage of large
macropores (Brady and Weil 2002). Mubiru et ab0@) investigated the differences in
survival ofE. coli in two soils. Both soils were classified as kiim soils, but one soil
had twice as much clay as the other. Results shatthe soil with higher clay content
had decreased survival. They attribute this tdhigher tension that the microbes had to
overcome for survival due to smaller pore size gueéter surface area. There has also
been found to be a high variability with types oifls and the efficiency of removal of

bacteria from the soil matrix

In soils, adsorption plays a major role in remgvbacteria from soil water. In
laboratory studies, adsorption to clay and orgamatter were efficient mechanisms in
removing bacteria from liquid suspensions (McGaudiey Krone, 1967; Garcia and

McKay, 1970; Brady, 1974). Average bacterial aggon rate coefficient to clay was 18
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times greater under unsaturated conditions, as amdgo saturated conditions
(Powelson and Mills, 1998). This increased retentime may lead to more efficient
filtering and retention of pathogens under unsatgraonditions. Longer retention times
and more efficient filtering increase the efficigraf the soil treatment area. Tate (1978)
investigated microbial survival in organic histisolls. He found thé&k. coli survival

was the greatest under sterilized saturated odédaonditions in these histisols. There
was a two-fold increase of bacteria over ten daysmthese saturated soils were
incubated. Also, Tate (1978) found that eight dafysr a manure application bacterial
survival was three-fold greater in an organic #mn a sandy soil. This was attributed
mainly to the organic soil’'s ability to maintain meture conditions for survival of

bacteria.

Inconclusive evidence has been found about tleetedf a fluctuating water table
on groundwater contamination by microbes. If tfegaxtable comes closer to the
surface, becomes contaminated by bacteria, anddiisen“‘does the bacterial
contamination move with the falling water tableHe et al. (1978) indicated that
SHWTs may inundate soil treatment areas very rga@dt have the potential to transport
microbes. In the North Carolina Coastal Plainwaglarge storms are fairly common
(Elsner and Kara, 1999). Major storm events produa large amount of precipitation

in a short period of time may cause a quick rissne"WT (Newman, 2006).

In an early study investigating the effects ofavatontent on the movement of
bacteria in soils, Stiles and Crohurst (1923) fotiatBacillus coli bacterial
contamination was restricted to a thin layer ofupper part of the ground water. Their
results showed no bacterial contamination in nedd®p cased wells. They
hypothesized that the bacterial transport is reéetjeo periods of high water tables and
when the water tables recede in periods of lowfalljrbacterial contamination is
stranded in the unsaturated zone and capillargdramd dies off. Hagedorn et al (1978)
found the largest bacterial number peaks in theaft@r large rainfall events. Increasing

the water content of the soils due to these raamesvtended to increase the amount of
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bacteria that survived and reached ground watdswealagedorn and McCoy (1979)
also found that microbial dieoff is only importahiring long retention periods in the

soil, such as those with alternating periods afrsaied and unsaturated flow.

Cogger et al. (1988) found that fluctuating WTdkvin a sandy soil were very
important for the removal of bacteria from STE. &flihe average separation between
the bottom of the septic trench and water table apggoximately 70 cm, there was
adequate separation for the soil to remain aerobiey reported complete nitrification
and fecal coliform counts remaining below 60 CFWhAL when the water table was
more than 70 cm below the septic trench. In ars@pdreatment in their study, the
average separation distance was 39 cm, and tleebmaibme anaerobic, nitrogen was
found predominantly as ammonium, and coliform baateere detected at levels of
25,000 CFU/100 mL in the WT. They concluded tHaté of separation provides
sufficient treatment and safety margins.

It is believed that once bacteria reach the attdrzone, they have the potential to
move laterally quickly to create more problemsileStand Crohurgt1923) found
Bacillus coli traveling up to 20 m laterally after being addedhte saturated zone in fine
sand (effective grain size of 0.13 mm) under amowse latrine trench in only 27 days.
Bacteria was found to be contaminating a fishing smimming basin after flow through
450 m of sand and gravel from the point of inodatain a study by Merrel et al. (1967)
in a Santee, California aquifer. In Fort DevinsAMschaub and Sorber (1977) found
that enteric indicator bacteria were readily detdch the ground water 183 m laterally
from the injection site. Coliform bacteria haveebeeported to move from 0.9 to 456 m
laterally in varying soils (Gerba et al., 1975)heBe bacteria were detected because they
were capable of traveling vertically through theaturated zone under a land surface
application site of wastewater. Once they reat¢hedyround water, they were highly
mobile laterally. Table 3 summarizes a numbettadies that have addressed transport
of microbes under saturated flow conditions. Imeotstudies, viruses have shown the
otential to move even farther through soils (Gezbal., 1975; Schaub and Sorber, 1977).
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Table 3. A summary of studies on lateral backér@nsport through soils
(Adapted from McCoy and Hagedorn, 1979).

Authors Medium Distance Traveled
Stiles and Crohurst, 1923 Fine Sand 19.8 m
Warrick and Muegge, 1930 Fine Sand 70.7m
Caldwell, 1937 Fine and coarse sand 24.4m
Caldwell and Parr, 1937 Fine and medium sand 10.7m
Butler et al., 1954 Fine sandy loam 0.6to4 m
McGauhey and Krone, 1954  Aquifer 30 m
Baars, 1957 Sand 3.1m
Merrell et al., 1967 Coarse gravel 457.2 m
Krone et al., 1958 Sand and pea gravel aquifer 180.5
Wesner and Baier, 1970 Fine to coarse aquifer 130.5
Annan’ev and Demin, 1971| Sand and gravel 830 m
Young, 1973 Fine to medium Sand 6.1 m
Bouwer et al., 1974 Fine loamy sand to gravel 9.1m
Schaub and Sorber, 1977 Silty sand and gravel 183 m
Reneau and Pettry, 1975 Fine loamy soil 6.1 to 8.5
McCoy and Hagedorn, 1979  Silty clay loam 20m

It is also important to understand the distribmtimf microbes attached to soil
particles under a septic trench. Bacteria thatet@@ned by soil and able to survive are a
reservoir for further contamination during rain etgeor mass flow of water in the soil
(Burton et al., 1987; Crabill et al., 1998). Umilanions, microbes may be trapped in
small pores or on soil surfaces and a fractiorhefit may be subsequently released over
a long period of time, acting as a source for cmmation (Wollum and Cassel, 1978).
Brown et al. (1979) found uneven distribution ofli@wms in the soil after their
experiment on separation distance had run for t®ars, As a result of preferential flow
through root channels and interped spaces thaepigc trench may intercept, more flow
along larger pores deposited more viable colonyniiog units (CFU) in concentrated
areas in the soil. Less flow along smaller porepodited fewer microbes in intraped
voids. There was prevalent coliform in the soithin 35 cm of application but limited

coliform below 35 cm.
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Objectives

The general objective of this study was to asesfate and transport of
microbes present in septic tank effluent applied @oastal Plain soil with short transport
distances to a seasonal high water table. Thisasesmplished by a laboratory column
study. There were four specific objectives to gtigly as related to the general
objective:

i. Evaluate depth to water table for treatmertaxteria.
ii. Determine if microbial contamination moves wthe fluctuating water table.

iii. Assess the effects of a saturated septicctream fate of microbes.

iv. Assess the impact of resting the soil treatnaeea on treatment capacity of the soil

for microbial attenuation.
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MATERIALS AND METHODS

A series of laboratory column experiments usinigreaterial collected from a
field site mapped as Norfolk series in the lowerd@@Rorth Carolina (Figure 1) was
conducted under controlled conditions. Verticahsport of microbes was assessed
under different vertical separations between tipdicérench bottom and water tables and
soil moisture conditions. This laboratory coluntudy had four separate treatment

experiments applied over 6 %2 months.

[ Blue Ridge Mountwima
[ Fiedmont
[] Sandhills

[ Upper Coastal Plain ::
[ lower foastal Plain '

[] Coaztel Izlands ]

1 m Il WILEY

Figure 1. Map of physiographic regions of Northr@iaa, including the upper and lower
coastal plains (Matson and Fels, 1996)

Coastal Plain Region

The general area of interest of this study iSNbeth Carolina Coastal Plain (CP)
region. The CP of North Carolina is part of théaAitic CP which stretches from New
Jersey to Florida bordering the Atlantic Ocean (3$S@&000). The North Carolina CP
makes up approximately 45% of the state’s areduvidl and marine sediments

comprising the CP were deposited 130 million ye@s by rivers and ocean. More
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specifically, the lower CP sediments are dominatedharine deposited material lying
east of the Surry Scarp (Daniels et al., 1970;19¥2ithin these deposited sediments,
there are many coarse-loamy textured soils, wighsind being siliceous in mineralogy
(Smith et al., 1976). In the lower CP, there is lliegal relief than in the upper or middle
CP. This leads to wider interstream divides angldaareas of soils that are poorly or
very poorly drained. These interstream dividethalower Coastal Plain may have

elevation changes of less than 1.5 meters ovedXilmmeters (Daniels et al., 1999).

Soil Material

Soil materials were collected from an areapeapas Norfolk loamy sand
(Fine-loamy, kaolinitic, thermic Typic Kandiudult8)2 percent slopes within the Peanut
Belt Agricultural research station near Lewiston-atlaille (36°78”"N, 77°1056"W) in
the lower CP region of North Carolina. The soilected was from an area mapped as
Norfolk soil occurs on wide level ridges and issslified as well drained (Kleiss et al.,
1982). Approximately half of a cubic meter of seds collected from approximately 30
cm below the surface from the E/Bt horizon.  $aitticle size distribution was analyzed
using the pipette method as described by Gee arfddDeR). The Norfolk soil material
used was 64% sand, 30% silt and 6% clay with 0.87§anic matter by weight. A
generalized profile description for Norfolk sergsl is given in the Appendix B.

Soil Columns

Seventeen columns (Figure 2) were constructed #&om long sections of 6-
inch (15 cm inside diameter) polyvinyl chloride (@)Vpipe. To prevent preferential wall
flow between the soil and the PVC pipe, the ingiithe columns were covered with
silicon caulk and medium sand (0.25 to 0.5 mm)is Wwas accomplished by spreading a
thin layer of silicon caulk on the inside of the ®ipe by hand and covering the caulk
with dry medium sand. A 20 cm by 20 cm section/8f 3~9.5 mm thick) PVC sheet
was affixed to the bottom of each column with thserews and sealed with Marine-Tex
epoxy. Three outlets were installed on the bofpdee and connected to Tygon tubing

for collecting outflow as well as regulating thedéof the water table in each column.
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Figure 2. Schematic diagram of PVC columns usddtaratory study.

Soil materials were air dried, crushed and padsedigh a number 10 (2-mm)
sieve to remove large particles and plant materialsircular piece of fiberglass cloth
was placed at the bottom of the interior of theuomt on top of the PVC plate.
Approximately 3 cm of well-packing sand was placedr the glass wool cloth and
another circular piece of fiberglass cloth was fiased on top of the sand. This
arrangement was to ensure that the outlets andnTydping did not clog by fine soil
particles. Approximately 1300 g of the sieved Mtkfsoil material was then placed on
top of the glass wool cloth and packed to a depth®cm by tamping the soil using a
long plexiglass dowel. After gently disturbing tiog of the packed soil in the column,
approximately 1300 g of soil was added to the colamd packed to a depth of 4.5 cm.
This procedure was repeated until 18.6 kg of sas wacked to a depth of 60 cm in each
column. This method of packing resulted in a umifalensity of 1.57 g/cth A 2.5 cm
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thick layer of coarse quartz sand was placed omtape packed soil in each column in
order to provide a more uniform distribution of weagater and to prevent scouring of the
soil material. The top of the soil in the colunepresented the bottom of the septic

trench.

Three sampling ports were drilled in the side afheeolumn at 40, 55, and 70 cm
below the top of the column (at 30, 45, and 60 efow the soil surface in the column).
A 7.5-cm long perforated plastic tube, wrappedhiaease cloth, was then inserted into the
middle of the column through each port using auliber stopper. The plastic tubing
extended half way through the column and was patéorwith 3/32” (~2.5 mm) holes to
ensure a representative soil solution sample. Eiuepresents a schematic diagram of

the soil columns establishing a WT at 30 cm belogvdoil surface

To establish water table in the columns, water waieduced into each column
using an individual Mariotte bottle system attach®the outlets on the PVC plate at the
bottom of the column. Water table was introdugedhfthe bottom of the column to
ensure that no air pockets were entrapped in the Bloe water level was then regulated
with the Tygon tubing as an outlet, with the wadésel in the column occurring at the
same level as the outlet tube (Figure 3). Watdetawere established at 30, 45, and 60
cm below the soil surface in the columns using feyglications. Two columns were used
as control with water table at 30 cm below the soiface. Once the water table was
established at the correct depth below the soiasar the Mariotte bottle was removed
and the connecting Tygon tubing was clamped offlu@ns were allowed to remain

stagnant for three weeks to ensure anaerobic ¢onslitormed.
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Note: Drawing not
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Figure 3. Mariotte bottle setup for establishing YWT in soil columns (example of WT
at 30 cm)

Wastewater

Artificial wastewater (AWW) was used in this colurarperiment because it was
more homogeneous, predictable, and safer to haimatheactual STE. The AWW
formula (Table 4) was adapted from Powelson andsNil001). According to Powelson
and Mills (2001), this artificial wastewater clogehimics the survival of coliform
bacteria when compared to actual STE. This contibimaf inorganic salts and nutrient
broth was developed by Powelson and Mills (2001) tasted against five other formulas

for survival of bacteria as compared to actual STE.
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Table 4. Components of AWW, adapted from PowelsahMills (2001)

Component Concentration
(mg/L)
KH,PO, 8.5
KoHPO, 21.75
NapgHPOy 17.7
CaCb 27.5
MgSQO, 11
NaCl 15
Nutrient Broth 60

Escheria cali (E. coli) isolated from human urine (ATCC #: 11775, Obtdine
from ATCC: The Bioresource Center) was used instinely. These indicator microbes
were selected for their similar characteristicendicator organisms found in STE in the
field (USEPA, 2005a). Also, these microbes haveadiety level of 1 meaning the
organisms would only cause illness in individuaithva compromised immune system.

Therefore, were safer to work with than those im seawage.

Each day, seventeen 200 mL aliquots of AWW weredated in 250-mL
Erlenmeyer flasks with their mouths covered by ahum foil. Fifteen of these
sterilized aliquots were then inoculated with theicator organism. Subsequent to
inoculation, flasks were incubated for 24 hour8&C. Each 200 mL dose of AWW had
between 9.4x10and 9.7x10CFU of bacteria/100 mL which is typical of actSalE
(Ausland et al., 2001; Prasad et al., 2006).

The AWWE. coli concentration was enumerated by a plating teclendguly. A
serial dilution from 10 to 10° were grown on 12 mFC agar plates. These 12 mFE aga
plates were incubated in a water bath at 44.5°rQ4dours. After the incubation
period, blue colonies that formed on the mFC platere enumerated so the
concentration oE. coli applied to the columns each day was known. FrasemFC

plates, the next day’s AWW was inoculated with $hene strain oE. coli.
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Sample Collection and Analysis

At the same time each day 200 mL of AWW (which badn incubated for 24
hours) was applied to the top of each column. Idiately following the application of
the AWW, a 100 mL sample was taken from the tofhefWT. The sampling port in
the side of the column was opened and allowedamdreely and drip into a sampling
vessel. For example, the sample for columns witler of aerobic soil was taken at 30
cm sampling port in the side of the column. Themmples were collected in light
blocking bottles to ensure sterilization from natwV light did not occur and samples
were analyzed within 30 minutes of collection. maintain a constant depth to water
table, another 100 mL sample was collected froraudlet at the bottom of the column

and discarded after sterilization.

The 100 mL samples collected from the top of tla¢ewtable were enumerated
for E. coli using the Colilert procedure (USEPA, 1997, EPA radth9223B) (IDEXX-
Atlanta, GA.). This method correlates well witke ttnembrane filter technique and
multiple tube fermentation, commonly used in envimgntal microbiology assessments
(Edberg et al., 1989, 1990, 1991; Eckner, 1998)this procedure, 5-
methylumbelliferylf-D-glucuronide (MUG) was metabolized Bycoli and fluoresced
under long wave ultraviolet light. This test maasubiochemical changes in the media
rather than colony formation. One-hundred mL efsmple was combined with

indicator nutrients containing MUG and placed iataell tray (Figure 4)

The tray was then incubated at 37°C for 24 hondsfluorescent wells (indicative
of the presence d&. coli ) were enumerated (Figure 5). These positive veels
compared to a most probable number (MPN) chartaMid®N/100 mL is obtained.
According to IDEXX (document enclosed with sampbey/s), the upper detection limit
for this procedure is approximately 2419.6 CFU/&@Q If this detection limit was
reached, dilutions of the soil solution were prefed by adding a known volume of soll

solution to a volume of sterilized deionized wat&éhe same Colilert procedure was
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followed with the dilutions. All sets of analyskes E. coli determination included blanks

and replicate samples for purposes of quality abntr

Figure 5. IDEXX Colilert MPN tray, yellow wells gdive for fecal coliform (left) and
fluorescent wells positive fdt. coli (right).

Experimental Design

There were five replications of each WT treatnfenthe first objective of the
study. The treatments consisted of 30 cm of séiparal5 cm of separation, and 60 cm
of separation between the top of the soil in tHarmoa (representing the bottom of the
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septic trench) and the top of the water table. Talomns were maintained as control,
and received 200 mL of non-inoculated, sterilizaW each day. The WT in the
control columns was maintained at 30 cm of sepamatFour separate experiments were
conducted in the following orders. In Appendixtlere is a schematic flowchart of the

treatments for ease of understanding.

Experiment 1

Application of wastewater inoculated wiih coli. was continued daily until either
there was a complete breakthrough of microbiala@mimation where the microbial
concentration of the sample collected from tophefwater table was equal to the inflow
AWW concentration or the duration of 65 days, wieltr was less.

Experiment 2

After nine days, the outflow concentration for 8@&cm separation treatment was
equal to the inflow concentration for all five regaltions, indicating complete
breakthrough oE. coli. The WT for all five replications was then lowdr30 cm to
increase the separation distance to 60 cm. Théssaseomplished by lowering the
outflow piezometer approximately 5 cm every houiluhe desired level was achieved.
A one-hundred mL sample was collected from theratgd zone (resembling the ground
water) in each of the five columns as the wateletalas lowered. These samples were
analyzed for bacterial concentrations by the Calpeocedure described earlier. This
treatment simulates a fluctuating WT. When the Wg&s in the soil and then falls, it is

desirable to know if biological contamination tréssevith the WT.

The water table lowering took approximately sixiteoto complete with the drop
of five cm per hour. Although this rate of dropyha quicker than what is observed
under natural conditions, it may resemble the rajpagp of the water table following
ground water mounding after wastewater applicaticendose to a drainfield (e.g., under
a low pressure pipe distribution system in sandlg)soThe second part of the
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experiment was conducted from day 10 to day 63) siplications of AWW to the top
of each column. The same procedure of wastewpgdication, leachate sampling, and
analyzing the samples was continued for all treatethrough the second part of the
experiment. For this part of the study, there wie columns with 60 cm of separation
for the duration of the 65 days, five columns withcm of separation for the duration of
65 days, five columns with 60 cm of separationSérdays (that had been lowered from
30 cm of separation), and two control columns \Bilhcm of separation receiving only

sterilized artificial wastewater.

Experiment 3

On day 65, three of the columns that had 60 ceepération for the entire
duration of the experiment, and three of the colsithiat originally had 30 cm of
separation and the saturated zone was lowered ¢m6@ere selected for the next
treatment. The outlet port for each of these colsimas raised to the same level as the
top of the soil surface in the columns, so the mwis could be saturated. To accomplish
saturation (i.e., bringing the simulated watereabl the surface), approximately 50
mL/hour of tap water (to simulate rain water) waplaed to the surface of the column
and allowed to percolate toward the saturated zohieis was continued until the water
table in the column reached the soil surface (wlhiahk set to be the bottom of the
trenches). This simulation was designed to mingciak WT rise due to a large

precipitation event.

The daily procedure for the application of AWWh@se saturated trench
columns remained the same. In the initial daysrdlfte trench being saturated, 100 mL
samples were collected from the 30 cm port. Ateroli was detected from the 30 cm
port, samples were collected from the 45 cm pArf.0O0 mL sample was collected from
the 30 cm port and a 100 mL sample was collectad the 45 cm port. This was
continued untiE. coli was detected at the 45 cm port. ORceoli had been detected at
the 45 cm port, all three ports were sampled. AhOsample was taken from the 30 cm

port, a 50 mL sample was collected from the 45 om, @nd a 100 mL sample was taken
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from the 60 cm port. The sum of the samples nexeeeded the rate of AWW
application and samples were diluted as needed.

In addition to the above columns in this part & study, there were two columns
with 60 cm of separation and five columns with 4% af separation for 130 days, two
columns with 30 cm of separation for 9 days andr(f separation for 121 days, and
two control columns with 30 cm of separation recejwonly sterilized artificial
wastewater for the duration of the study. Applmatf AWW to these columns and
collection and analysis of the samples from tothefsaturated zone were continued as
before (see Experiment Part 2) for all these rafgis.

Experiment 4

For the final part of the study, application of AWto all columns was ceased on
day 130 and no column received AWW for 30 daysis Tésting period was intended to
mimic an alternating soil treatment area system.d@y 160, application of AWW to all
columns started following the same procedure adioreed in the third part of the study

(see Experiment Part 3), and continued for and@betays.

E. coli and Water Distribution in the Soil Columns

At the termination of the AWW applications (day5)9the columns were
dissected and sampled for determining the disinbstof microbes and water content in
the soil material. To collect samples for deteimgrwater content and microbial
population, the coarse sand that was placed ooftepch column was removed and a 5
cm diameter and 3.5 cm long metal cylinders wasi@disnto the soil. The sampling
cylinder was then carefully excavated from the poluiand the soil material was placed
in a pre-weighed moisture can and weighed for dateng its water content. In addition
to the intact sample, two 1-g soil samples werkectdd with a sterilized scoop from the
0 to 5 cm interval of each column. In a similanmer, one intact and two 1-g samples

were collected from 5 to 10 cm depth interval. Aiddal intact and disturbed samples
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were then collected from 15, 30, 45, and 60 cmvbéhe surface of the soil material in
each column. All the samples collected in thermldirs were immediately placed in pre-
weighed moisture cans and weighed. After dryires¢éhsamples at 105° C for 24 hours,
the water content and bulk density of the sample®walculated by determining the

oven-dried weight of the samples.

For the disturbed samples, the first one gram saofsoil was deposited in a
glass bottle with 99 mL of sterilized distilled wafor a water extraction. The second
one gram sample of soil was deposited in a glagkewoith 99 mL of sterilized nutrient
broth solution (Fisher Scientific #: DFO003-17-8ncentration: 8 g/L). The water
extraction bottles were placed on a table shakegitated for 20 minutes prior to
plating. The water extraction method was to ptaserial dilution on mFC agar.
Dilutions from 10" to 10° were plated in triplicate on mFC agar plates witfsio hours
of sampling. These plates were incubated in a vt at 44.5° C for 24 hours and

enumerated.

The nutrient extraction included incubating thériemt broth bottles with one
gram samples of soil material for 24 hours at 37°A@er this incubation period, the
mixture was agitated on a table shaker for 20 nemptior to plating. Similar to water
extraction method, the nutrient extraction meth@s wo plate a serial dilution on mFC
agar. Dilutions from 18to 10° were plated in triplicate on mFC agar plates wittwo
hours of sampling. These plates were incubatedaatar bath at 44.5° C for 24 hours

and enumerated.

Physical Properties
Saturated Hydraulic Conductivity (k)

In total, six cores (7.6 cm diameter, 7.6 cm hgiglere taken from three
columns. Six cores of the same size were alsogubekth soil material at the same bulk
density of 1.57 g cii Another metal cylinder with a barb installeditsnside was
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attached to the top of the sample cylinder withidewubber band, and the bottom of
each core was cored with cheesecloth to prevergdihérom falling out. The cores were
then placed on a metal screen in a tub. Watertheasadded to the tub to saturate the
cores from the bottom. After saturation, the cavese transferred to a funnel, and a
Mariotte bottle system was attached to the barbdmtain a constant head of water on
top of the soil surface. This setup is shown guiFe 6. Water flowing through each core
was collected with time. Using Darcy’s law, sated hydraulic conductivity was

calculated after the rate of water flow throughesoreached steady-state.

Note: Drawing not
to Scale

Constant Water
Level
Established

Figure 6. Schematic diagram of the setup fgi #easurement using a Mariotte bottle
system

Moisture Release

After Ksatmeasurements, the top metal cylinder and chedbegkre removed,
and each core was placed in a Buchner funnel & fewnnel with a porous plate) and
resaturated from the bottom. After saturatingdbkeimn, the extra water from the
funnel was removed and the top of the funnel watesgefor applying air pressure to the
column. An empty graduated cylinder was placeceutige bottom of the funnel and
parafilm was used to seal the opening to preveaperation of water coming from the

funnel. The saturated cylinders were first allow@drain under gravity for 48 hours
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before a reading was made to simulate gravitatimadtr. Then, air was applied to the
closed Buchner funnels under 10 cm of pressurdl@dutflow was measured after 24
hours. The pressure was then increased to 2804050, and 300 cm in 48-hour periods
and the outflow under each pressure was measuetthe end of this process, the cores
were removed from the funnel and weighed immedjdiefore drying them in an over at
105°C for 24 hours. After calculating the volumetriater content at the end of
measurements (after draining under 300 cm of prejsihe amount of water retained by
the soil at the end of each pressure incrementegmdculated. The data were then used

to construct the soil water characteristics betwi&and 300 cm of pressure head.

Redox Potential

To ensure that the saturated zone in the soihwadubecame anaerobic, one
column was selected to assess the aerobic stathie sbil (i.e., availability of oxygen)
using redox probes. Redox probes, constructed fnetal wire attached to a platinum
tip, were installed through the side of the PVQuaah at depths of 10, 20, 30, 40, 50, and
60 cm below the soil surface and the referencerelde was installed approximately 10
cm below the soil surface. A baseline reading taken with a voltmeter and no WT in
the column was taken on the first day. Once tiselio@e aerobic soil reading was taken,
water table was established at 30 cm below thessdiace in the column using a
Mariotte bottle system attached to the outlet @RNC plate. Once the water table was
established at the correct depth below the sciasar the Mariotte bottle was removed
and the connecting Tygon tubing was clamped ofiilyoreadings of the redox potential
were measured in milliamps with a voltmeter. Cahgnwvere allowed to sit stagnant for
three weeks to become anaerobic. After this tivesk period, the same AWW
inoculated withe. coli was applied to the top of the column and redoxsmesaments
were taken. After two weeks of AWW application amalter table becoming highly
anaerobic, the water table was lowered from 30a80tcm to see how quickly the soil
would reestablish itself as aerobic. Applicatid VW and measurements of redox

potential continued for 22 days. Lastly, the wasdle was brought to the surface to
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observe how quickly the soil became anaerobicentbrst case scenario. Application
of AWW and measurements of redox potential contirfee five days.

Statistical Analysis

Column treatments in all four experiments were jgarad with a non parametric
one way Kruskal-Wallis Test (Hollander and Wolf678). A Kruskal-Wallis Test was
used because it is a non parametric test, orloligion free tests, making no assumptions
about the normality of the data. The Kruskal-Véalést fits these data because of the
high variability involved. The Kruskal-Wallis predure tests greater than two
independent groups of sampled data. In thesetitatithe null hypothesis being tested
is that the samples come from identical populati@rsus the alternative hypothesis that

the samples come from different populations.

The first part of the statistical analysis was pteted using the SAS statistical
program (SAS Institute, 1989; 1994). The NPAR1WRMcedure was used to find if
there was a difference between treatments in theadamns. If there was a statistical
difference between the soil column treatments, @mpn with the Kruskal-Wallis test

was performed (See appendix D-G for SAS output).

A follow-up procedure was used to make pair-wigmparisons between two
treatments at a time. Due to the limits of thedkal-Wallis procedure, the exact
procedure could not be implemented for the multq@eparisons. The conservative
procedure as described in Hollander and Wolfe (18@8Id not be used because of the
large sample sizes. The large sample approxinsattuat they suggest are for equal
sample sizes only. So, the procedure that waswaed modified version as offered by
Dunn (1964) in Hollander and Wolfe (1973). Dunpiscedure was modified for a one-
sided multiple comparison. Initially for all paiise comparisons, a probability (alpha or
a) level of 0.05 was used for initial tests. Be@abthe conservative nature of this
procedure, the probability level was increasedrd &ny potential significant differences

among treatments.

30



RESULTS AND DISCUSSION

Safe drinking water standards for coliform concatndn are less than one
CFU/100 mL (USEPA, 2003). Primary contact watetasignated as water that people
swim in (i.e., swimable water), and the secondamtact water is reserved for fishing
and boating. Since there are no NC state regukfs to ground water concentration of
E. coli or total coliforms, the level for comparison inststudy was arbitrarily set at the
primary contact level of 200 CFU/100 mL. Therefdor all the analyses, the outflow

concentrations will be compared to the standarghfimnary contact water.

Experiment 1

Part one of the study was to evaluate depth temtable for treatment, and assess
duration of saturation for removal of microbes.islvas achieved with 65 days of
continuous AWW application or until there was coetplbreakthrough of microbes in
the water table with outflow concentrations on shene order of magnitude as the inflow
concentrations. The overall results indicate tharobial population declined
significantly with separation distance to water¢ab

Although there was variability among the colummighin the first nine days of
initial application, the number of bacteria detdobve top of water table at 30 cm depth
below the wastewater application surface (assuméeé the bottom of the trenches) was
near the inflow concentration of the artificial wasater for all five columns (Figure 7).
By day two, three out of the five replications ltashcentrations above the threshold
value of 200 CFU/100 mL, and by day six, all fi@wmns had concentrations greater
than this primary contact level. On the 9th daynaentrations of samples taken from the
top of the saturated zone (i.e., simulated watse)aeached approximately 2.2 x°10
while the inflow concentration of the AWW was 3.46f. Comparing the geometric
mean of CFUs passing through 30 cm of unsaturatiétbsthe 200 CFU/100 mL
standard (Figure 8), the 30 cm separation distdittaot provide sufficient removal of
E. coli. This may be a result of not having adequatentiete time in the unsaturated

zone to efficiently filter the contaminants fronetivastewater. As stated earlier,
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according to NC State regulations, sandy soilsegeaired to have 45 cm (18 inches) of
separation distance between the bottom of trenehéshe seasonal high water table for
single family home septic systems. All other sails required to have 30 cm (12 inches)
of separation distance. This Norfolk soil is ciied as a sandy loam, which does not
fall into the sandy textures group. For actualisegystems, a soil similar to the one used

in our study would require only 30 cm of separation

30 cm separation- First 9 days
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Figure 7. Concentration & coli bacteria detected at 30 cm depth in soil colunfies a
passing AWW through 30 cm of unsaturated soil.

Columns simulating 45 cm of separation betweemtditer table and the trench bottom
acted as a marginally effective filter. There wasyever, high variability within this
treatment (Figure 9). Outflow collected from te bf the saturated zone at 45 cm depth
in only one column reached a maximum of 7 X @6U/100 mL in 65 days. During the
same period, the remaining four columns had spikethe order of 10CFU/100 mL.
Evaluating 45 cm of aerobic soil to achieve thenany contact standard, it can be

concluded that this separation distance may hadeiuacies Geometric means of the
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concentrations dk. coli at the top of the water table for all five colunthsing 65 days

of continuous application (Figure 10) shows thatphmary contact standard was
reached or exceeded seven times and was betweemd®@D0 CFU/100 mL four other
occasions. Although no complete breakthrough viseiwvedE. coli concentrations
greater than 200 CFUs/100 mL were observed occa$ran these columns, which may
be a result of inadequate separation betweenghetirbottom and seasonably high water
table to allow physical filtration and adequateengion time for removal of microbes. As
shown by the moisture release curve for this sailemal (Figure 32), soil pores are near
saturated at low tensions. Estimating 90% saturain the moisture release curve
results in a 17 cm capillary fringe. This 17 crpiiary fringe would realistically only
leave 13 cm of truly unsaturated soil in the 30afreeparation between the bottom of the
trench and the WT and result in 28 cm of unsatdritev for the treatments with 45 cm

of separation for the microbes to be eliminated.

30 cm separation- First 9 days
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Figure 8. Geometric mean of the concentratioB.abli bacteria detected at 30 cm
depth in soil columns after passing AWW throughcB0of unsaturated soil.
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45 cm separation
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Figure 9. Concentration &: coli bacteria detected at 45 cm depth in soil colunfies a
passing AWW through 45 cm of unsaturated soil.

45 cm separation
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Figure 10. Geometric mean of the concentratio. @bli bacteria detected at 45 cm
depth in soil columns after passing AWW throughcabof unsaturated soil.
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When the highest value column is removed, the gémnaean does not exceed
the 200 CFU/100 mL standard. Three of the repboatdo not exceed the 200 CFU/100
mL standard and two replications do exceed it. fAigaest value column skews the data
slightly, which is why the non parametric statiatiprocedures were used. These soll
columns were packed in the same way to ensure theuéd be no macropore flow or
interped voids, as there would be under field comas. Despite uniform packing, these

data show the high variability of the treatments.

Sixty cm of separation between the trench bottbmseptic field and the
seasonably high water table may be the criticalezalOne of the five replicates for the
60-cm separation distance treatment showed sligtelyated concentrations of bacteria
(up to 34 CFU/100 mL), one column had detectabteentrations twice (two CFU/100
mL or less), and the other three columns never sdddhe presence & coli (Figure
11). Over 65 days, the primary contact standarsi e violated in this treatment.
Geometric means of concentrations stayed well béh@200 CFU/100 mL standard
applied (Figure 12). It appears that during 65sdafycontinuous wastewater application,
60 cm of separation distance provided sufficidiration and die off under aerobic
conditions to attenuate bacteria contaminants ptesehe artificial wastewater. When
the capillary fringe distance is added to the Wihis treatment, there is still 43 cm of

truly unsaturated flow for the microbes to be efiated.

The differences among the three separation distaratments are statistically
significant. According to the Kruskal-Wallis noanametric test, with two degrees of
freedom, there is a strong statistical evidencertbfall treatments were from the same
population (Appendix D). In other words, there v@astatistical difference between the
three treatment groups. Looking more in deptihese data and doing a pairwise
comparison, there are statistical differences betwseparation distances of 30 cm vs. 60
cm and separation distances of 45 cm vs. 60 chegtrobability level of 0.05. At this

significance level, the CFUs for 30 cm separatiangaeater than 60 cm of separation,
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and the CFUs for 45 cm separation are greater@haim. There seems to be no
statistically significant difference between 30 & dcm treatments even though the
numerical average concentrationeofcoli for 30 cm separation distance is substantially
greater than the 45 cm separation distance. Aprbieability level of 0.075, all three
treatment comparisons are statistically significanlt the shallower separation distance
containing significantly greater CFUs than the ggeaeparation distance.

60 cm Separation
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Figure 11. Concentration & coli bacteria detected at 60 cm depth in soil colunfies a
passing AWW through 60 cm of unsaturated soil ierfirst 65 days of the experiment.

36



Geometric Mean Comparisons
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Figure 12. Comparison of the geometric meansettncentration dt. coli bacteria
detected at 30, 45, and 60 cm depths in soil coduafter passing AWW through 30, 45,
and 60 cm of unsaturated soil, respectively. Node the line for the 30 cm treatment
terminates at day nine as a result of completekkneaugh.

Experiment 2

The second part of this study dealt with microbiahsport with a fluctuating
water table. Assuming that the ground water besornataminated by insufficient
vertical separation distance, does the microbiatammination move with the falling
water table, or does contamination become straimd#iet unsaturated soil and become

eliminated by natural processes?

As indicated earlier, complete breakthrough ofrotital contamination occurred
under 30 cm of unsaturated flow within nine daya\@W application (Figs. 7 and 12).
After E. coli reached the zone of saturation at 30 cm below iM\Rapplication
surface, the WT was lowered to 60 cm in the colyrand AWW application continued.
When the WT was lowered, concentration of bacierthe samples collected from the

top of the saturated zone at 60 cm depth decreadedantially in all five replications
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(Figure 13). In fact, the concentrationsotcoli remained below the 200 CFU/100 mL
standard for 54 days after the water table wasrewe

Based on these results, bacteria do not move thatlfalling WT. This finding
concurs with Stiles and Crohurst (1923) that baaiteontamination in the upper part of
an aquifer is stranded in the unsaturated andlaapfringe when the water table
recedes. This is perhaps because an inhospitabi®emental condition is created for
E. cali and other enteric bacteria to cause their elimronavhen the WT recedes and the

soil becomes unsaturated.

For the columns with water table remaining cortiimly at 60 cm below the
application surface, the maximum concentrationsaieed below 34 CFU/100 mL &.
coli as described before. For the columns that thentable was lowered, however, the
maximum concentrations were slightly higher anatihea 138 CFU/100 mL (Figure 14).
Comparisons of results for the columns with loweseder table with the 45 cm of
separation show that even though the concentrafiamncrobes was extremely high
when the WT was originally at 30 cm, once the WE\wavered, better treatment was

achieved for 60 cm than 45 cm of separation diganc

According to the overall Kruskal-Wallis non paranwestatistical test, there was
at least one treatment taken from a different patpar (Appendix E) meaning that there
was a significant difference among treatments. kirapfurther and using a pairwise
comparison statistical method, the differences apahmicrobial transport for the three
treatments are statistically significant. Treattedhat began with 30 cm of separation
and were lowered to 60 cm of separation had higikéy values than the treatments
when water table remained at 60 cm of separafisaatments with 45 cm of separation
had greater values of CFUs than both of the otieatrnents after day 10.
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30 cm separation-Drop
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Figure 13. Concentration & coli bacteria detected at 60 cm depth in soil colunfies a
lowering the water table from 30 cm to 60 cm.

Geometric Mean Comparisons
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Figure 14. Geometric mean for the microbial cdon@ll treatments during the first 64
days of the study.
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Experiment 3

The third part of the study was to duplicate a Wwoase scenario, in which the
soil under the trench bottom may become saturatddrextreme events. Briefly, this
condition was replicated by raising the WT to tbé surface in three of the columns
with WT originally at 60 cm of separation and thodéhe columns that had a WT
originally at 30 cm and lowered to 60 cm. The VT svo of the columns with 60 cm of
separation and two of the columns that began an8and were lowered to 60 cm
remained at the same depth (60 cm). Also, thedolemns with 45 cm of separation
between the top of the soil and the WT continuetth tie same treatment. Application
of wastewater was continued while collecting 100 saimples from the 30, 45 and 60 cm
depths.

Microbial population through 30 cm of saturatemlflremained above an
acceptable level, indicating little to no treatm@figure 15). The inflow concentrations
over the time period for this part of the study evepproximately 1.78 x £@FU/100
mL and the average concentration of samples taiem the 30 cm sampling port for the
same period was approximately 8.0 X OFU/100 mL (Fig. 16). The results show that
there was little to no treatment of AWW through 8tecm of saturated flow regardless
of their prior water table depth. Three of theutohs were on the same order of
magnitude as the inflow concentration, showingreatment, but three columns provided
some treatment. The concentration&ogoli for all six replicates remained above the
200 CFU/100 mL for the duration of the treatment.
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30 cm port Saturated Trench
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Figure 15. Concentration & coli bacteria detected at 30 cm depth in soil colunfies a
passing AWW through 30 cm of saturated soil whenW&E raised to soil surface in the
columns. The 60-1, 60-2, and 60-3 refers to theetleolumns for the 60-cm treatment
and 30-1, 30-2, and 30-3 refer to the three colummghich water table was originally at
30 cm.

One surprising observation was that concentrafiomsng through 30 cm of
saturated flow were less than 30 cm of unsaturidded(compare Figures 12 and 16).
This may be a result of slower pore water veloaitger saturated flow. Under saturated
flow, pore water velocity was 2.475 cm/day. Undesaturated conditions, pore water
velocity was calculated to be 3.65 cm/day, basedvemage water content in the top 30
cm. Unsaturated pore water velocity was 1.5 tigreater than under saturated
conditions, so there may be less time for filtratemd treatment. Under slower pore
water velocity, bacteria may have more time andbabdity to be trapped in smaller
pores and die off naturally. Also, under saturatealditions, dilution may be more of a
factor. Concentrations of microbes per 100 mL dampay be less because instead of
sampling at the top of a saturated zone, samples taken 30 cm below the surface of

the saturated zone, leading to more dilution.
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Geometric Mean Comparisons
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Figure 16. Geometric mean for the microbial cdongll saturated trench treatments
during days 66-130 of the study.

Colony forming units oE. coli decreased through 45 cm of saturated flow. The
average concentrations of the outflow samples cigteat the 45 cm sampling port were
approximately 2.13 x f0CFU/100 mL, while the average inflow concentratiemained
at 1.78 x 18 CFU/100 mL (Figure 17). This is equivalent to tarder of magnitude
reduction. Four out of the six treatment replmad, all three treatments that originally
had 60 cm of separation and one of the replicatioasbegan at 30 cm of separation and
was lowered to 60 cm of aerobic soil, exceede®@eCFU/100 mL standard. Overall,
the geometric mean of the replications show thexs wadequate treatment in the 45 cm

of saturated flow (Figure 16).
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45 cm port Saturated Trench
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Figure 17. Concentration & coli bacteria detected at 45 cm depth in soil colunfies a
passing AWW through 45 cm of saturated soil whenW&E raised to soil surface.

For the most part, concentrationstotoli after 60 cm of saturated flow were
reduced to less than 200 CFU/100 mL, taken to kecaaptable level in this study, with
five of the six replications did not exceed the ZIFIJ/100 mL standard (Figure 18).
One replication, however, exceeded this standaddemained above it for the duration
of the experiment. Average concentration&afoli collected from the 60 cm sampling
port after 60 cm of saturated flow were 42 CFU/hflQ a five fold reduction in the

microbial count of the AWW applied to the top oétbolumn (see Figure 16).
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60 cm port Saturated Trench
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Figure 18. Concentration & coli bacteria detected at 60 cm depth in soil colunfies a
passing AWW through 60 cm of saturated soil whenW&E raised to soil surface.

Although there was some treatment, 60 cm of sedrfow did not treat bacterial
concentrations to the same level as 60 cm of uregatliflow (Figure 19). Unsaturated
flow through 60 cm of soil in days 66 through 13Minued to provide adequate
treatment, even though colony forming units samfiech the top of the WT were
elevated at some points (Figure 20). However, eotmations oE. coli never exceeded
the standard of 200 CFU/100 mL and the geometrigmuod these values remained below

the arbitrary value assigned for success (Figuje 21
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60 cm port Saturated vs. Unsaturated
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Figure 19. Comparison of 60 cm of saturated andtunated flow ork. coli removal.
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Figure 20. Geometric mean of the concentratioB. @bli bacteria detected at 60 cm
depth in soil columns after passing AWW througlc0of unsaturated soil for days 60-
135.
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Geometric Mean Comparisons

10000000 -

1000000 p

100000 -

10000

—— Art. WW

—— =200 CFU/100 mL
1000 30 to 60 cm Geo Mean
—&—45 cm Geo Mean
—&—60 cm Geo Mean

CFU/100 mL

100 +

10

0.1

65 75 85 95 105 115 125
Time (Days)

Figure 21. Geometric mean for the microbial cdonll unsaturated trench treatments
during days 66-130 of the study.

Concentrations dE. coli reaching the WT during this time period (days 6613
through 45 cm of unsaturated flow were highly valea(Figure 22). One replication of
this treatment was consistently above the 200 CEWML limit for this time period.
Two of the other replications were close to thiofuvith values above and below the
threshold value. The remaining two replicatiora/st below the critical value for this
time period. As a result of the high variabilithe geometric mean is very useful in
predicting whether this amount of unsaturated fleould be an effective distance for
removal. A shown in Fig. 21, the geometric meathefCFUs passing through 45 cm of
unsaturated flow remains below 200 CFU/100 mL lier éntire time period during
experiment 3. At the end of this treatment pertbd,concentrations &. coli
approached the 200 CFU/100 mL standard.
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45 cm separation
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Figure 22. Concentrations Bf coli bacteria detected at 45 cm depth in soil columns
after passing AWW through 45 cm of unsaturatedfsoitlays 65 through 130.

Concentrations dk. coli flowing through columns with the treatment of
originally 30 cm of separation lowered to 60 cnseparation are given in Figure 23.
One replication of the treatment remains on thewood 1Gto 16 CFU/100 mL. The
other replication in this treatment has concerdgretiof 1 to 10 CFUs/100 mL. The
geometric means (Figure 21) of these concentratibtiss treatment are greater than

concentrations in the treatment that was originladlg 60 cm of separation.

Testing the hypothesis that all treatments wektertdrom the same population
versus the alternative hypothesis that there wheaat one treatment taken from a
different population, there is strong statisticablence that there was at least one
treatment taken from a different population (Appgrig). Trends can be established
from examining all 15 pair wise comparisons. Atadpha level of 0.05, CFUs for 30 cm
of saturated flow are statistically greater thard€For column treatments of 30 cm

lowered to 60 cm of separation, 45 cm of separaB6rcm of separation, and 60 cm of
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saturated flow. Also proving to be significantlais level 60 cm of unsaturated flow was
more effective at removing. coli than 45 cm of saturated flow and 60 cm of satdrate

flow was more effective than 30 cm of saturatewflo
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Figure 23. Concentration & coli bacteria detected at 60 cm depth in soil colunfies a
passing AWW through 60 cm of unsaturated soil Wh8nwas lowered from 30 cm to
60 cm.

Experiment 4

The final part of the study was to mimic an alegimg soil treatment area system
in which wastewater application is alternated betwivo drainfields allowing one soill
treatment area to rest for a period of time, wthike other receives all the wastewater
from the dwelling. When no STE is applied to slod, does the soil rejuvenate enough

in 30 days to improve treatment of STE?
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Overall, after stopping application of AWW for 8@ys, treatment was improved
initially. However, 30 days after restarting washder application, CFUs in the WT were
elevated to the same level as before the 30-dakbr€his leads to the conclusion that
although there is some immediate benefit in someséor resting the soil treatment

area, there may not be any positive long term tffec

After the 30-day break, all six replications foettreatment with 30 cm of
saturated flows had a lower concentratioizodoli (Figure 24). Two of the replications
went from 16to the lower detection limit with the first measmnent after this break on
day 165. Fifteen days later, on day 180, all béadteneasurements had increased. With
the third and final measurement, on day 194, alteatrations had closely mimicked the
concentration oE. coli in the WT before the 30-day break had commenctétier 30
cm of saturated flow following a 30-day break, tneant is not sufficient as
demonstrated by the geometric mean in Figure 25.
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Figure 24. Concentration & coli bacteria detected at 30 cm depth in soil colunfies a
passing AWW through 30 cm of saturated soil follogva 30-day break.
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Geometric Mean Comparison
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Figure 25. Geometric mean for the microbial cdontll saturated trench treatments
following a 30-day break.

Forty-five centimeters of saturated flow showeel same trends as 30 cm of
saturated flow after a 30-day break from AWW apien. After an initial decrease in
CFU in the water table after the break, the comaéinh ofE. coli returned to pre-break
levels within 30 days of AWW application (Figure)2@efore the 30-day break, coli
concentrations for four of the six replications evgreater the 200 CFU/100 mL standard
and two replications were below this standardthinfirst sampling period after the 30-
day break all six replication concentrations hacredased and four of the replications
were below the 200 CFU/100 mL limit. Thirty day#eathe break, however, four of the
replicates were above the 200 CFU/100 mL limit. @etic means of the CFU/100 mL
measurements from the top of the water table shaw45 cm of saturated flow is
insufficient, even after the 30-day break (Figusg. 2The geometric mean of CFU taken
from the 45 cm sampling port remained above the@®0/100 mL limit for the duration

of application of AWW.
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45 cm port Saturated Trench
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Figure 26. Concentration & coli bacteria detected at 45 cm depth in soil colunfies a
passing AWW through 45 cm of saturated soil follogva 30-day break.

Sixty centimeters of saturated flow did not shbe same trends as 30 and 45 cm
of saturated flow after a 30-day break from AWW laggtion. After the 30-day break,
concentrations dE. coli under 60 cm of saturated flow increased (Figuje Zhe 30-
day break had a perceived negative effect on teattnBefore the 30-day break,
concentrations dE. coli in five of the six replications were below the 206U/100 mL
standard. Following the 30-day break, the firshging period showed two of the six
replicates above the standard. Within 30 dayb®términation of the break, four of the
six replicates exceeded the 200 CFU/100 mL stand&iné geometric mean of CFU/100
mL in the samples taken after 60 cm of saturatad §how that there was adequate
treatment when compared to the 200 CFU/100 mL limids Sampling on day 180
showed that the geometric mean exceeded the limigl this time, but returned below
the cutoff point by day 195, on the last day of pling (Figure 25).

51



60 cm port Saturated Trench
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Figure 27. Concentration & coli bacteria detected at 60 cm depth in soil colunfies a
passing AWW through 60 cm of saturated soil follogva 30-day break.

Forty five cm of unsaturated flow showed the saaerns as 60 cm of saturated
flow after a 30-day break. In the treatments thaintained 45 cm of unsaturated flow
there were two replications above the standard6f@FU/100 mL before the break and
three replications above the standard of 200 CRWMD after the break (Figure 28).
The 30-day break had a negative impact on treatthemigh 45 cm of unsaturated flow.
The geometric mean of the data also demonstratss tiesults (Figure 29). Before the
30-day break, there was marginally adequate treat(d@6 CFU/100 mL) through 45
cm of unsaturated soil. After the break, the ggamenean was greater than 200
CFU/100 mL and it remained above this concentrdonhe remainder of the

experiment.
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45 cm separation 30 day break
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Figure 28. Concentration & coli bacteria detected at 45 cm depth in soil colunfies a
passing AWW through 45 cm of unsaturated soil feilg a 30-day break.

Geometric Mean Comparison
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Figure 29. Geometric mean for the microbial cdonll unsaturated flow treatments
following a 30-day break.
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Treatments that had the WT remain at 60 cm bet@sbil surface throughout
the experiment show an overall decrease in CFUMD@fter the 30-day break (Figure
30). Throughout the treatment, concentrations neached the 200 CFU/100 mL limit
before or after the break. The geometric mean shbat the concentrations decreased

after the break, as well (Figure 29).
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Figure 30. Concentration & coli bacteria detected at 60 cm depth in soil colunfies a
passing AWW through 60 cm of unsaturated soil feitay a 30-day break.

Treatments that had the WT originally at 30 crotethe soil surface and then
lowered to 60 cm below the soil surface at the ti@gg of the experiment showed an
overall decrease in CFU/100 mL after the 30-dayki&igure 31). Before the break,
one replicate was above the 200 CFU/100 mL markosedvas below. After the break,
both treatments eventually dropped below the stahaiad stayed below this level for the

last sampling period on day 195. This is the npposhounced decrease in all six
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treatments in this portion of the experiment. ghemetric mean stays well below pre-
break CFU levels in the top of the water tableratfie break (Figure 29).

30 cm separation

e N Ly Ay
At N

100000 +

10000
A —®&—Rep. 1
1000 —®—Rep.2

—&— Art. WW
= = = 200 CFU/100 mL

CFU/100 mL
N

100 +

10

0.1

T T T T T
80 100 120 140 160 180
Time (Days)

Figure 31. Concentration & coli bacteria detected at 60 cm depth in soil colunfies a
passing AWW through 60 cm of unsaturated soil fellg a 30-day break.

According to the overall Kruskal-Wallis non paranwestatistical test, there is
statistical evidence that there was at least aragrtrent taken from a different population
(Appendix G). Fewer pair wise statistical contsasin be deemed significant in
comparing these treatments. At 0.05, the only comparison that is statistically
significant is that 30 cm of saturated flow hadh@gconcentrations &. coli than 60 cm
of saturated flow. The lack of statistical sigogince for this part of the experiment may
be due to the fact that this procedure is very eoraive or that there is a high variability

with these data.
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Ksat Measurement

Saturated hydraulic conductivity measured by thestant head method was
relatively high and showed that this soil had aepoal for rapid soil water velocity.
Saturated hydraulic conductivity was approximatelly7 cm/hour, with calculations

shown in Appendix H.

Moisture Release

The moisture release curve for this repackedmatkerial is shown in Figure 32.
From this graph, it can be approximated that thmlleay fringe, where the pressure
potential is negative but pores are nearly satdrgt®0%), is approximately 17 cm in
height. This value can be determined by the mmstelease curve (Figure 32). At
saturation, all pores are filled with water and ttaikes up approximately 44% of the bulk
volume. At 17 cm of pressure head, 40% of the bolkme (90% saturation) is still

occupied by water, and is near saturation, whia@ssimed to be the capillary fringe.
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Figure 32. Soil characteristic curve for repackiedfolk sandy loam soil material.
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Redox Potential

To ensure that the saturated zone in the soihwadubecame anaerobic, one
column was selected to assess the aerobic statiis sbil (i.e., availability of oxygen)
using redox probes. Redox probes were installedithh the side of the PVC column at
depths of 10, 20, 30, 40, 50, and 60 cm below d¢hlesarface and the reference electrode
was installed approximately 10 cm below the saifate. The baseline reading with no
WT in the column taken on the first day showed #ibsix redox probes indicated
aerobic conditions because they were all more ipeditan the 0.169 mV needed for
anaerobic conditions (Figure 33). After saturatimg columns to 30 cm depth below the
surface, the soil at 50 and 60 cm below the sofbse became anaerobic quickly, in five
days. Forty cm depth became anaerobic by day d 3rentop of the WT at 30 cm
became anaerobic by day 20, while the 10 and 26:diox probes showed aerobic
conditions throughout the first period of sampl{fggure 34). When AWW was applied
to the column, starting on day 21, redox potena&ak0, 50, and 60 cm below the soil
surface stayed anaerobic. The 30 cm redox prolasumed aerobic for one day (day 28),
but stayed anaerobic for the duration of measuré&neilso, the redox probes at 10 and
20 cm below the soil surface stayed aerobic fodilmation of measurements (Figures
33-36). When the WT was dropped from 30 cm of s to 60 cm of separation, as
was practiced for the 2nd part of the study, ther@Gsampling probe showed aerobic
conditions were reestablished within two days dr@d40 cm sampling probe showed
aerobic conditions were reached within six daydropping the WT. The 50 and 60 cm
probes showed that these depths never reaeratesiegped anaerobic, while the 10 and
20 cm redox probes stayed aerobic (Figure 35). VitheWT was brought to the surface,
the 50 and 60 cm probes showed conditions stayaerabic. On the'8day after
bringing the WT to the surface, the 20, 30, and¢0edox probes showed anaerobic
conditions formed, while 10 cm below the soil sugaever became anaerobic (Figure
36)
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Redox Potential- First 20 Days
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Figure 33. Redox potential at varying depths ingbi column when allowed to remain
stagnant for 20 days.
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Figure 34. Redox potential at varying depths eghil column when AWW was applied
daily.
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Redox Potential- WT Drop
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Figure 35. Redox potential at varying depths eghil column when WT is lowered
from 30 cm to 60 cm below the soil surface and AW&plication continues.
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Figure 36. Redox potential at varying depths &ghil column when WT is brought to
the soil surface and AWW application continues.
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Moisture and Microbial Distribution in Soil Columns

Moisture content in the soil material in the cohswalidated assumptions made
about saturation in the columns. It was assumaiitie soil above the WT was
unsaturated. It was also assumed that soil be¢leWMT was saturated, where all the
pore spaces were filled with water, leading to anlaie conditions. Distribution of water
in the treatment with 60 cm of separation betwé&entop of the soil and the top of the
WT shows that saturation was not reached abov@/fhé¢Figure 37). Water content
increased with depth, but a measurement was neht&ow the water table.
Distribution of water in the 45 cm of separatiogatiment showed that saturation was not
reached above the WT as well (Figure 38). Satumasi reached in the measurement of
water content at 45 and 55 cm below the soil setfacthe saturated zone. For the
treatment with the WT at the surface, the entiddileris very close to saturated or is

saturated (Figure 39).
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Figure 37. Moisture content profile for 60 cm opaeation between the top of the water
table and the top of the soil.
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45 cm water content profile
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Figure 38. Moisture content profile for 45 cm eparation between the top of the water
table and the top of the soil.
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Figure 39. Moisture content profile for treatmewtth water table at the soil surface.
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Microbial distribution concurred with results fro@erba et al. (1975) and
Wollum and Cassel (1978). Both studies statedrthiatobial populations are highest
within the first few cm of application in the saoilaterial. Results from this study showed
the same outcome where microbial populations,Hemhost part, were highest in the top
5 to 15 cm for most of the treatments and theilicappons as shown in Figure 40, Figure
41, and Figure 42.

60 cm- Microbial Distribution

CFU/gram soil
0.1 1 10 100 1000 10000 100000

20

30 +

Depth (cm)

40

50

60

70

Figure 40. Microbial distribution profile for trement with 60 cm of separation between
the soil surface and the top of the WT.
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45 cm- Microbial Distribution
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Figure 41. Microbial distribution profile for treaent with 45 cm of separation between
the soil surface and the top of the WT.
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Figure 42. Microbial distribution profile for treaent with WT at the surface of the soil.
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SUMMARY AND CONCLUSIONS

The purpose of this study was to ascertain theedatl transport of enteric bacteria
from septic tank effluent applied to soils undemnrg soil moisture regimes. The study

was conducted through four different experiments.

The results of the first part of this study showlest longer distances of
unsaturated flow is more effective at removing aobie bacteria from AWW in soll
columns. Sixty centimeters of unsaturated flow wase efficient at removing. coli
than both 30 and 45 cm of unsaturated flow, andM®f unsaturated flow was more

efficient at removinge. coli than 30 cm of unsaturated flow.

North Carolina’s regulation (15 A NCAC 18A .19Q@ws and Rules for Sewage
Treatment and Disposal Systems) requires 30 cmfaigof separation between the
bottom of the trench and the seasonal high walde thut this separation distance may
not be sufficient for the effective removal of entédacteria from AWW. In the first
nine days of AWW application with 30 cm of unsatachflow, there was a complete
breakthrough of bacterial concentration indicaimgufficient treatment. Concentrations
of E. cali in samples collected from top of the saturatecezam., water table) located 30
cm below the surface where wastewater was applexd wn the same order of
magnitude as the inflow concentration of AWW. Thigical distance of unsaturated
flow in this column experiment was 60 cm. In tifeddn of unsaturated flovi. coli

concentrations were reduced to an acceptable develg the study period.

The second part of the study showed that micramatamination does not travel
with a receding water table. Although microbesheal the top of the saturated zone at
30 cm depth below the surface of the soil in tHerma (simulating the bottom of the
trenches), they did not travel with the recedingengable when the saturated zone was
lowered from 30 to 60 cm. In dropping the watéldéathe concentrations &t coli in
the top of the WT dropped from 4 10 within one day.
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Increasing the length of unsaturated flow pathdwering the WT increased the
efficiency of the soil to treat AWW for bacteriadrtamination. Treatments that had less
unsaturated flow for the first nine days of theerkment (30 cm of unsaturated flow) had
slightly higher concentrations & coli than when the WT was never above 60 cm depth.
This may be a result of the previously saturateldesting as a source of contamination.
Aerobic bacteria may have been eliminated by the&ated and anaerobic conditions and

were not effectively removing introduced bactecahtamination.

In the worst case scenario when the bottom opaicsench is saturated, there is
insufficient treatment of enteric bacteria undéussted flow. Through 30 cm of
saturated flow when the trench was saturated, cdraten in effluent was equal to or
slightly less than the concentrationtfcoli in the AWW applied to the column
throughout the duration of the experiment. At4becm sampling port (i.e., after 45 cm
of saturated flow), there was also inadequatertreat for the duration of the experiment.
The geometric mean of the concentratiofcofoli in effluent after 45 cm of saturated
flow was above the 200 CFU/100 mL standard fordiimation of this experiment.

During this time, 45 cm of unsaturated flow main&d concentration d&. coli below
this same standard. Sixty cm of saturated flowéwer, appeared to be sufficient to
decrease concentrationstfcoli in effluent below the 200 CFU/100 mL level.

It appears that a 30-day break improves treatwfdnacteria in AWW for a short
period of time. Under 30 and 60 cm of saturated/ fand 60 cm of unsaturated flow,
concentrations were decreased immediately followleg30-day stoppage of AWW
application to the soil columns. However, withih@ays of application after this break,
concentrations of bacteria contained in the sampége at the same order of magnitude
as before the break. Under 45 cm of saturated dloav45 cm of unsaturated flow,
concentrations dE. coli were actually greater than pre-break concentratidi. coli,
following the break. The only case where it seetodoe advantageous to cease
application of AWW for a period of time was theamment that had 30 cm of unsaturated

flow originally, but the water table was lowereda® cm. For this treatment
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concentrations dE. coli in the top of the WT were lower than pre-brealels\and
stayed that way throughout the 30 day applicatenog after the break. From these
data, it is difficult to distinguish whether thasea significant effect of a stoppage of

AWW application to the soil.

Thirty cm of separation distance between the ot a septic trench and the top
of the WT is not sufficient for the removal Bf coli contamination in AWW. Forty five
cm of unsaturated flow is marginally efficient tmacterial removal. Sixty cm of
separation between the trench bottom and WT mdkéeritical value for removal of
bacteria from AWW.

The capillary fringe (CF) has a major role in tegtical transport of microbes in
soil. The CF is near saturated (>90% saturated Xfz@refore has more of the larger
pores available for transport. In these soil calanthe CF was calculated to be
approximately 17 cm, so when there was 30 cm o$éturated conditions” in the
columns, there was 13 cm of truly unsaturated fl@wis remains true for 45 cm of
separation only being 28 cm of unsaturated flove. aXxesult, 60 cm of unsaturated flow
was the best in removal of microbes because therGFextended to 43 cm below the

soil surface.

Microbial contamination that reaches the WT doatstravel with the descending
WT. Microbial counts were elevated in the treattaemth a falling WT as a result of
microbial contamination only having to move 30 cMicrobes applied to the surface of

the soil must move the entire 60 cm length of wrsééd soil.

Preliminary results indicated that 30 cm of saeadlow may be marginally
more effective than 30 cm of unsaturated flow. sTihay be a result of the saturated flow
having a slower pore water velocity, allocating entme for attenuation and removal of

microbes.
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Resting the soil treatment area has a positiveente on treatment of bacterial
contamination in the short term, but would not Beasible way to regenerate failed soil

treatment areas.
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APPENDIX A
15A NCAC 18A .1942 SOIL WETNESS CONDITIONS

(a) Soil wetness conditions caused by seasonahlvabr table, perched water table,
tidal water, seasonally saturated soil or by laterter movement shall be determined by
field evaluation for soil wetness colors and fieloservations, and may be assessed by
well monitoring, computer modeling, or a combinatiof monitoring and modeling as
required by this Rule. All sites shall be evaluatad an Authorized Agent of the
Department using Basic Field Evaluation Procedmasuant to Paragraph (b) of this
Rule.

(b) Basic Field Evaluation Procedures:
(1) A soil wetness condition shall be determinedtly indication of colors of
chroma 2 or less (Munsell Color Charts)>@% of soil volume in mottles or
matrix of a horizon or horizon subdivision. Howeyveolors of chroma 2 or less
which are relic from minerals of the parent maieshall not be considered
indicative of a soil wetness condition.

(2) A Soil wetness condition shall also be deteedirby the periodic direct
observation or indication of saturated soils orescped water table, or lateral
water movement flowing into a bore hole, monitoringll, or open excavation
above a less permeable horizon or horizon subdivighat may occur without
the presence of colors of chroma 2 or less. A wetiness condition caused by
saturated soils or a perched water table shallopérmed to extend for at least
three consecutive days. The shallowest depth tavebness condition determined
by Subparagraph (b)(1) or (b)(2) of this Rule steite precedence.

(c) Site Suitability as to Soil Wetness: Initiaitability of the site as to soil wetness shall
be determined based upon the findings of the Basid Evaluation Procedures made
pursuant to Paragraph (b) of this Rule. Sites wheilevetness conditions are greater
than 48 inches below the naturally occurring saiface shall be considered SUITABLE
with respect to soil wetness. Sites where soil egdrconditions are between 36 and 48
inches below the naturally occurring soil surfalsallsbe considered PROVISIONALLY
SUITABLE with respect to soil wetness. Sites whesé wetness conditions are less than
36 inches below the naturally occurring soil suefaball be considered UNSUITABLE
with respect to soil wetness. Sites where a sdih@ss condition is determined based
upon the observation or indication of lateral watevement within 48 inches of the
naturally occurring soil surface shall be considdo®NSUITABLE, except when such
water can be intercepted in accordance with 15A RARA .1956(4).
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APPENDIX B

NORFOLK SERIES

LOCATION NORFOLK NC+AL AR FL GA SC VA
Established Series

CMO/Rev. JAK

11/2005

MLRAC(s): 133A-Southern Coastal Plain, 153A-AtlanGoast Flatwoods, 153B-
Tidewater Area

MLRA Office Responsible: Raleigh, North Carolina

Depth Class: Very deep

Drainage Class (Agricultural): Well drained

Internal Free Water Occurrence: Deep, transitoryeoy deep

Index Surface Runoff: Negligible to medium

Permeability: Moderate (Saturated Hydraulic Conahitgt Moderately high)
Landscape: Lower, middle, or upper coastal plain

Landform: Uplands or marine terraces

Geomorphic Component: Interfluve, side slopes

Hillslope Profile Position: Summits, shoulders, k&lopes

Parent Material: Marine deposits or fluviomarin@aosits

Slope: 0 to 10 percent

Elevation (type location): Unknown

Mean Annual Air Temperature (type location): 62 &g F.

Mean Annual Precipitation (type location): 49 inshe

TAXONOMIC CLASS: Fine-loamy, kaolinitic, thermic Pyc Kandiudults

TYPICAL PEDON: Norfolk loamy sand--cultivated. (@o$ are for moist soil unless
otherwise indicated.)

Ap--0 to 9 inches; grayish brown (10YR 5/2) loanayd; weak fine and medium
granular structure; very friable; nonsticky, norgpie; few fine and medium roots; darker-
colored material in old root channels; stronglydaciear smooth boundary. (3 to 10
inches thick)

E--9 to 14 inches; light yellowish brown (10YR 6ldamy sand; weak medium granular

structure; very friable; nonsticky, nonplastic; féme and medium roots; darker-colored
material in old root channels; strongly acid; clsarooth boundary. (0 to 10 inches thick)
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Bt1--14 to 17 inches; yellowish brown (10YR 5/6hdg loam; weak medium subangular
blocky structure; friable; slightly sticky, sligktplastic; few fine and medium roots; few
faint clay films on faces of peds; strongly aciltac wavy boundary.

Bt2--17 to 38 inches; yellowish brown (10YR 5/6hdg clay loam; weak medium
subangular blocky structure; friable; slightly &ycslightly plastic; many fine and
medium pores; few faint clay films on faces of pesieongly acid; gradual wavy
boundary.

Bt3--38 to 58 inches; yellowish brown (10YR 5/6hdg clay loam; weak medium
subangular blocky structure; friable; slightly &fi¢slightly plastic; few faint clay films
on faces of peds; few fine faint strong brown (754/6) and few prominent yellowish
red (5YR 5/8) masses of oxidized iron and few fiisinct pale brown (10YR 6/3) iron
depletions; strongly acid; gradual wavy boundary.

Bt4--58 to 70 inches; yellowish brown (10YR 5/6hdg clay loam; weak medium
subangular blocky structure; friable; slightly &ficslightly plastic; few faint clay films
on faces of peds; common medium distinct yellowesh(5YR 5/8) masses of oxidized
iron and pale brown (10YR 6/3) and light brownishyg(10YR 6/2) iron depletions; 1
percent, firm yellowish red plinthite nodules; stgty acid; gradual wavy boundary.
(Combined thickness of Bt horizon is 40 to morentB@ inches.)

BC--70 to 82 inches; variegated brownish yellowR06/6), strong brown (7.5YR 5/6),
and yellowish red (5YR 5/6) sandy clay loam; weadimm subangular blocky structure;
friable; slightly sticky, slightly plastic; 5 pensefirm, brittle plinthite nodules; strongly
acid; gradual wavy boundary. (0 to more than 1&éscthick)

C--82 to 100 inches; variegated red (2.5YR 4/8hrgj brown (7.5YR 5/8), brownish
yellow (10YR 6/8) and gray (10YR 5/1) sandy clagrtg massive; friable; slightly
sticky, slightly plastic; strongly acid.

TYPELOCATION: Robeson County, North Carolina; 1.25 miles sotitharkton; 300
feet west of State Road 1724 and 60 feet soutarof foad.

RANGE IN CHARACTERISTICS:

Thickness of the sandy surface and subsurfacedagd¢o 19 inches

Depth to top of the Argillic horizon: 3 to 19 inche

Depth to the base of the Argillic horizon: 60 tomathan 80 inches

Depth to top of the Kandic horizon: 3 to 19 inches

Depth to bedrock: Greater than 80 inches

Depth to Seasonal High Water Table: 40 to 72 inchasuary to March

Soil Reaction: Extremely acid to strongly acidotighout except where limed

Rock Fragment Content: 0 to 5 percent, by volumeutshout; mostly quartz pebbles or
ironstone nodules
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Plinthite Content: 0 to 4 percent to a depth ofr@hes and 0 to 10 percent or more
below 60 inches

RANGE OF INDIVIDUAL HORIZONS

Ap horizon or A horizon (where present):

Color--hue of 10YR or 2.5Y, value of 4 to 7, chroofdl to 4

Texture--loamy sand, sandy loam, fine sandy loangamy fine sand. Some pedons are
fine sand or sand.

E horizon:

Color--hue of 10YR or 2.5Y, value of 4 to 7, chroofé to 6

Texture--loamy sand, sandy loam, fine sandy loangamy fine sand. Some pedons are
fine sand or sand.

BE horizon (where present):
Color--hue of 10YR or 2.5Y, value of 4 to 6, chroofée8 to 8
Texture--sandy loam or fine sandy loam

Bt horizon (upper):

Color--hue of 7.5YR to 2.5Y, value of 5 to 8, chwf 3 to 8

Texture--sandy loam, fine sandy loam, sandy claynpor clay loam
Redoximorphic features (where present)--massexidized iron in shades of red,
yellow, or brown and iron depletions in shadesrofim, yellow, or olive

Bt horizon (lower):

Color--hue of 7.5YR to 2.5Y, value of 5 to 8, chramwf 3 to 8

Texture--sandy loam, fine sandy loam, sandy claynoclay loam, sandy clay, or clay
Redoximorphic features--masses of oxidized iroshiades of red, yellow, or brown and
iron depletions in shades of brown, yellow, oligegray

BC horizon or BCt horizon (where present):

Color--hue of 5YR to 2.5Y, value of 4 to 7, chroofe to 8, or variegated in shades of
these colors

Texture--sandy loam, fine sandy loam, sandy clayloclay loam, sandy clay, or clay
Redoximorphic features--masses of oxidized iroshiades of red, yellow, or brown and
iron depletions in shades of brown, yellow, oligegray

C horizon:

Color--hue of 2.5YR to 5Y, value of 4 to 8, chroofe3 to 8, or is variegated in shades of
these colors

Texture--loamy coarse sand, loamy sand, loamydarel, coarse sandy loam, sandy
loam, fine sandy loam, sandy clay loam, clay loansandy clay. Some pedons have
layers of coarser or finer textured materials.

Redoximorphic features--masses of oxidized in shadeed, yellow, or brown and iron
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APPENDIX C

Schematic Flowchart for Column Treatments

Treatment 2: Treatment 1: Treatment 3: )

45 cm 30 cm 60 cm Experiment 1
IIIII IIIII IIIII R
Treatment 2: Treatment 1: Tr%%tmem 3

45 cm Lowered WT to 60 cm cm

Experiment 2
Days 9-65

+ Treatment 4: 30 cm saturated *

Treatment 5: 45 cm saturated
Treatment 6: 60 cm saturated

[
v

Treatment Treatment Treatment 3
45 cm WT to surface 60 cm .
Experiment 3

WT to surface
i - 1M g M s
v \ v v

30 Day Break

v v v v

Treatment Treatment Treatment 3 ;
45 cm WT to surface WT to surface 60 cm Experiment 4

11 O 11111 [ | I

Treatment 4: 30 cm saturated
Treatment 5: 45 cm saturated

I = Column Replication
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APPENDIX D

Experiment 1

The SAS System
The NPAR1WAY Procedure

Wilcoxon Scores (Rank Sums) for Variable CFU
Classified by Variable treatment

Sum of  [Exped Std Dev Mean
treatment N Scores Under HQJnder HO Score
30cm 9 199.00 126.0 18.943235 22.111111
45 cm 9 129.50 126.0 18.943235 14.388889
60 cm 9 49.50 126.0 18.943235 5.500000

Average scoresevased for ties.

Kruskal-Walligst
Chi-Square 20.7954
DF 2
Pr > Chi-Sgea <.0001

At alpha=0.05 there is strong statistical evidetacil to accept the null hypothesis.
From these data, we can conclude that there gnifisant difference between treatments

In this section, ni=1,2,3, is number of samples taken in eachrreat
r, i= 1,2,3, is average rank of data
N is total number of samples in sample period
k is number of treatments
a is the probability level

85



Dunn- Experiment 1
Treatment 1- 30 cm
Treatment 2- 45 cm
Treatment 3- 60 cm

Probability level= 0.05
k(k-1)=6
2A/k(k-1)=0.167
z-score=2.13

N=27

Probability Level= 0.05
Treatment 1 vs. Treatment 2
Critical Value= 7.970
Calculated Statistic= 7.722

Treatment 1 vs. Treatment 3
Critical Value= 7.970
Calculated Statistic= 16.611

Probability Level= 0.075
Treatment 1 vs. Treatment 2*
Critical Value= 7.333
Calculated Statistic= 7.7222

Treatment 1 vs. Treatment 3
Calculated Value=7.333
Calculated Statistic 16.611

(Significance shown with *“*”)

19

n=9

=9
1¥22.111
p= 14.389
KL=5.5

Treatment 2 vs. Treatmernt 3

Critical Value= 7.970
Calculated Statis8389

Treatment 2 vs. Treatmerit 3

Critical Value= 7.333

Calculated Statis8®88
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Experiment 2

APPENDIX E

The SAS System
The NPAR1WAY Procedure

Wilcoxon Scores (Rank Sums) for Variable CFU

Classified by Variable Treatment

Sum of Expected Std Dev Mean
Treatment N Scores Undér Under HO Score
30to60cm 23 722.0 805.0 78.534119 31.391304
45 cm 23 1323.0 805.0 78.534119 57.521739
60 cm 23 370.0 805. 78.534119 16.086957

Average scoresevased for ties.

Kruskal-WallT est

Chi-Square 50.2019
DF 2
Pr > Chi-Sgea <.0001

At alpha= 0.05 there is strong statistical evidetackil to accept the null hypothesis.
From these data we can conclude there is a differbrtween treatments.

In this section,

hi=1,2,3, is number of samples taken in eacktrreat
r, i= 1,2,3, is average rank of data
N is total number of samples in sample period
k is number of treatments
a is the probability level
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Dunn- Experiment 2

Treatment 1- 30 cm lowered to 60 cm

Treatment 2- 45 cm
Treatment 3- 60 cm

Probability level= 0.05
k(k-1)=6
2A/k(k-1)=0.167
z-score=2.13

N=69

Probability Level= 0.05
Treatment 1 vs. Treatment 2*
Critical Value= 4.985
Calculated Statistic= 26.130

Treatment 1 vs. Treatment 3
Critical Value= 4.985
Calculated Statistic= 15.304

(Significance shown with “*”)

1¥ 31.391
b= 57.522
K= 16.087

Treatment 2 vs. Treatmertt 3

Critical Value= 4.985
Calculated Statrstit.434
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APPENDIX F

Experiment 3

The SAS System
The NPAR1WAY Procedure

Wilcoxon Scores (Rank Sums) for Variable CFU
Classified by Variable treatment

Sum o Expected Std Dev Mean
treatment N Scores nder HO Under HO Score
30 to 60 cm 6 164.00 5520 57.575745 27.333333
45 cm 7 200.00 297.50 61.788980 28.571429
60 cm 6 40.50 255.00 57.575745 6.750000
30cms 22 1533.00935.00 98.293280 69.681818
45cms 22 1213.00935.00 98.293280 55.136364
60cms 21 419.50 892.50 96.804727 19.976190

Average scores weged for ties.

Kruskal-Walllest
Chi-Square 68.6191
DF 5
Pr > Chi-Square<.0001

At alpha= 0.05 there is strong statistical evidetockil to accept the null hypothesis.
From these data we can conclude there is a differbatween treatments.

In this section, ni=1,2,3, is number of samples taken in eachrreat
ri, i= 1,2,3, is average rank of data
N is total number of samples in sample period
k is number of treatments
a is the probability level
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Dunn- Experiment 3

Treatment 1- 30 cm lowered to 60 cm

Treatment 2- 45 cm
Treatment 3- 60 cm

Probability level= 0.05
k(k-1)=30
2A/k(k-1)=.003
Z-score=2.72

N=84

Probability Level= 0.05
Treatment 1 vs. Treatment 2
Critical Value= 36.913
Calculated Statistic= 1.238

Treatment 1 vs. Treatment 4
Critical Value= 30.558
Calculated Statistic= 42.348

Treatment 1 vs. Treatment 6
Critical Value=30.713
Calculated Statistic=7.357

Treatment 2 vs. Treatment 4*
Critical Value= 28.792
Calculated Statistic=41.110

Treatment 2 vs. Treatment 6
Critical Value= 28.957
Calculated Statistic= 8.595

Treatment 3 vs. Treatment 5
Critical Value= 30.560
Calculated Statistic= 48.390

Treatment 4 vs. Treatment 5
Critical Value= 20.005
Calculated Statistic= 14.545

Treatment 5 vs. Treatmernt 6
Critical Value=20.2
Calculated Statistic= 35.2
(Significance shown with “*")

Treatment 4erBGaturated trench
Treatment 5- 45 cm saturaesth
Treatment 6- 60 cm saturaesth

¥ 6 n=27.333
n=7 L= 28.6
R=6 KL= 6.75
iF 22 L= 69.7
R= 22 E=55.14
ne= 21 k= 20

Treatment 1 vs. Treatment 3
Critical Value= 38.306
Calculated Statisfi6583

Treatment 1 vs. Treatment 5
Critical Value= 30.558
Calculated Statis#ié-803

Treatment 2 vs. Treatment 3
Critical Value= 36.913
Calculated Statistic821

Treatment 2 vs. Treatment 5
Critical Value= 28.792
Calculated Statis#i6=565

Treatment 3 vs. Treatment 4*
Critical Value= 30.600
Calculated Statis62-900

Treatment 3 vs. Treatment 6
Critical Value= 30.713
Calculated Statisti8=226

Treatment 4 vs. Treatment 6*
Critical Value= 20.241
Calculated Statistie=06

90



APPENDIX G
Experiment 4

The SAS System
The NPAR1WAY Procedure

Wilcoxon Scores (Rank Sums) for Variable CFU

Classified by Variable treatment

Sum o Expected Std Dev Mean
treatment N Scores nder HO Under HO Score
30 to 60 cm 3 18.50 28.50 8.432256 6.166667
45 cm 3 36.00 28.50 8.432256 12.000000
60 cm 3 1450 28.50 8.432256 4.833333
30cms 3 50.00 28.50 8.432256 16.666667
45cm s 3 39.00 28.50 8.432256 13.000000
60cms 3 13.00 28.50 8.432256 4,333333

Average scores weged for ties.

Kruskal-Walllest
Chi-Square 13.6539
DF 5
Pr > Chi-Square).0180

At alpha=0.05 there is strong statistical evidetockil to accept the null hypothesis.
From these data, we can conclude that there gnéfisant difference between
treatments.

In this section, hi=1,2,3, is number of samples taken in eacktrreat
r, i= 1,2,3, is average rank of data

N is total number of samples in sample period

k is number of treatments

a is the probability level
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Dunn- Experiment 4

Treatment 1- 30 cm lowered to 60 cm
Treatment 2- 45 cm

Treatment 3- 60 cm

Probability Level= 0.05
k(k-1)=30
2A/k(k-1)=.003
Z-score=2.72

N= 18

Probability Level= 0.05
Treatment 1 vs. Treatment 2
Critical Value= 11.856
Calculated Statistic= 5.833

Treatment 1 vs. Treatment 4
Critical Value= 11.856
Calculated Statistic= 10.500

Treatment 1 vs. Treatment 6
Critical Value= 11.856
Calculated Statistic= 1.833

Treatment 2 vs. Treatment 4
Critical Value= 11.856
Calculated Statistic= 4.667

Treatment 2 vs. Treatment 6
Critical Value= 11.856
Calculated Statistic= 7.667

Treatment 3 vs. Treatment 5
Critical Value= 11.856
Calculated Statistic= 8.167

Treatment 4 vs. Treatment 5
Critical Value= 11.856
Calculated Statistic= 3.667

Treatment 5 vs. Treatment 6
Critical Value=20.2
Calculated Statistic= 8.667
(Significance shown with “*")

Treatment 4erBGaturated trench
Treatment 5- 45 cm saturaesth
Treatment 6- 60 cm saturaesth

i+ 3 n=6.167
=3 L=12

R= 3 L= 4.833
4F 3 = 16.667
n=3 =13
ne= 3 = 4.33

Treatment 1 vs. Treatment 3

Critical Value= 11.856
Calculated Statisfic333

Treatment 1 vs. Treatment 5

Critical Value= 11.856
Calculated Statis€6B33

Treatment 2 vs. Treatment 3

Critical Value= 11.856
Calculated Statistick67

Treatment 2 vs. Treatment 5

Critical Value= 11.856
Calculated Statisfid300

Treatment 3 vs. Treatment 4

Critical Value= 11.856
Calculated Statisfit=837

Treatment 3 vs. Treatment 6

Critical Value= 11.856
Calculated Statisds00

Treatment 4 vs. Treatment 6*

Critical Value= 11.856
Calculated Statisfi2=334
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APPENDIX H

Calculations and data forslgmeasurement
Rep. 1 Rep.2 Rep.3 Rep. 4
Ax (cm) 7.60 7.60 7.60 7.60
AH (cm) 12.70 13.25 13.35 13.50
Vol H20 (mL) 16.46 42.77 28.00 59.60
Time (mins) 68.00 68.00 240.00 240.00

Q (cm/hour) 14.52 37.74 7.00 14.90
i=AH /AXx 1.67 1.74 1.76 1.78
Area (cm2) 45.36 45.36 45.36 45.36
Ksat
(cm/hour) 0.19 0.48 0.09 0.18

Rep. 5
7.60
13.15
3.25
68.00
2.87
1.73
45.36

0.04

Rep. 6
7.60
13.60
12.72
240.00
3.18
1.79
45.36

0.04

Average
0.17 cm/h
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