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ABSTRACT

The reduction of viruses and other pathogenic microorganisms has been

demonstrated by Soil Aquifer Treatment (SAT) (Wilson et al., 1995). The capability

of the process to remove Cryptosporidium parvum oocyst has not been documented.

This project attempted to assess the effectiveness of the SAT process in the removal of

C. pcirviun oocyst in secondary effluent. Water samples were collected from

monitoring wells at the Sweetwater Recharge Facility and analyzed for the presence of

C. parvum and the potential indicator species . C. parvum was found in the surface

water samples but was not present in the monitoring well water samples. Clostridium

perfi-ingens was used as an indicator species because of its comparable characteristics.

Clostridium perfringens was found in one monitoring well water sample but not in the

surface water samples. The results of this study suggest the effectiveness of the SAT

process.
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CHAPTER 1

INTRODUCTION

Tucson. Arizona is one of the largest cities in the southwestern United States

dependent upon groundwater as a sole drinking water source. Tucson also has a large

fluctuating population of winter visitors who come mainly from the northern section of

the country vn here surface water is the main source of drinking water. To conserve

groundwater in the Tucson basin, Tucson Water is permitted by the Arizona

Department of Environmental Quality to recharge 6,500 acre-feet of secondary effluent

per year from the Roger Road Wastewater Treatment Plant (RRWTP) into a series of

recharge basins along the west side of the Santa Cruz River. The recharge of the

treated effluent is a natural process and a means of achieving additional and natural

treatment and storage of the water for future use. The recharge site is known as the

Sweetwater Underaround Storage and Recovery Facility (US&R). Recovered

groundwater fromia the facility is used for turf grass irrigation. During recharge,

effluent undergoes soil aquifer treatment (SAT), promoting additional renovation of

effluent by physical, chemical, and biological processes in the vadose zone.

Significant improvements in water quality have been obtained from the SAT process

for municipal wastewater (Navarro, 1996). Previous studies at the site (e.g., Wilson et

al., 1995) showed that SAT effectively reduces trace organics (measured as dissolved

organic carbon. DOC) and nitrogen species in source water during SAT. The treated
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water infiltrates into the ground from the spreading basin, percolates through the

Vadose or Lnsaturated Zone. and over time combines with the native groundwater.

Dissolved organics and pathogens present in the effluent are removed (or transformed)

during the percolation process. Removal of the organics and pathogens are

accomplished by a combination of biological, chemical, and physical processes. Of

these \ adose zone processes. biodegradation and sorption are the most important

(Navarro. 1996). A biological layer develops on the surface of the basin during the

flooding cycle. This layer is known as the Schmutzdecke. Schmutzdecke is composed

of algal urowth, and bacteria in the soil pores and may be referred to as a clogging

layer because water is retained for only a short period of time (Navarro, 1996).

Enteroviruses and Giardia were not detected in groundwater beneath the site.

Crypto.sporidium was observed in well samples, but the source appears to have been

flood water and not effluent. Otherwise, Cryptosporidium was absent in groundwater

samples (Wilson et al.. 1995). What is unclear is whether cryptosporidium is removed

in the perching layer or below the perching layer.

This thesis focuses on the SAT process as an effective method for parasite

removal. SAT has been proven as an economically sound and effective process for the

recharge or reclaimed water. As indicated by the studies reported by Wilson et al.

(1995). SAT has also proven very effective in removing pathogens by physical and

electrical mechanisms including physical trapping, adsorption, and ion exchange

(Bitton & Harvey. 1992). These processes have also been called hydrophobicity and

sorption in and of the soil matrix (Doyle & Rosenberg, 1990).
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The specific aim of this study is to investigate the potential movement of

0:ipto.sporicilunt oocvsts from the treated wastewater effluent and the potential for the

oocysts to distribute themselves in the perching layer in the vadose zone beneath the

site. The rechante basins are filled on a rotating basis depending_ on algae growth. the

amount of effluent available to recharge. and environmental conditions at the time of

rechante.

A literature search for current technical journals and text was conducted

throuLth The Lniversitv of Arizona Science Library and the Internet. The literature

search revealed a limited number of current scientific journals on the subject matter

and the global impact of C parvum on drinking water supplies.

Statement of The Problem

As the population of the world increases and the amount of open spaces

decreases from development pressure on previously open spaces, organisms that until

recently have not presented a health problem have been discharged into the

environment. Increased analytical technology can now identify organisms once

unknown. These organisms are present in the surface water and thereby impact the

drinking water supply of most cities. C. parvum is one of these organisms. Little was

known about the significance of this pathogen until the Milwaukee outbreak in 1984

(Chadwick, 1997). The pathogen C parvum, made its way into Milwaukee's potable

drinking ater supply and 400,000 people became ill and more than 100 died

(Chadwick, 1997). The city of Las Vegas, Nevada experienced an epidemic, with the
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prevalence of protozoa raising questions concerning the effectiveness of drinking water

treatment plants to prevent the movement of parasites into the public water system

(Roefer. Monscritz.	 Rexing. 1996).

The ability of C. purvum to resist disinfection treatment has presented a

significant problem to water treatment facilities across the country and internationally.

It is now known that C. parvum is resistant to most chemical treatment available in a

modern water treatment facility (American Waterworks association [AWWA], 1995).

Conventional \\ Liter treatment practices are generally considered inadequate for the

control of C. purvum. A multi-barrier approach is recommended for surface water

sources for potable water supplies (Venczel, Arrowood, Hurd, & Sobsey, 1997). Most

studies to date have focused on surface water or the transport to wells located in close

proximity to the surface water source. The ability of C. parvum to travel through soil

matrix is not well understood. The SAT treatment process has been documented as an

effective process in the removal of viruses (Bales et al., 1995) but not C parvum.

Objective

This thesis focused on C. parvum because of its ability to infect humans

through potable drinking water systems. The objective of this study was to examine

Cryptosporiclium's ability to infiltrate into the groundwater of an effluent recharge

basin and to understand the fate of Cryptosporidium during the wet and dry cycles of

the effluent recharge process as conducted at the Sweetwater Underground Storage and
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Recovery liSSLR) facility in Tucson. Arizona. This facility is operated by Tucson

Water.

Overview of Methodology

Secondary effluent is wastewater that has undergone physical and biological

treatment to remove most of the organic constituents. Treated secondary effluent

water from the Roger Road Wastewater Reclamation plant is pumped under the Santa

Cruz River and into the Sweetwater US&R facility. The recovered groundwater is

used for turf-grass irrigation. The recharge facility consist of four recharge basins

occupying a total of 14 acres. This study focused on Basin 1 located on the south end

of the facility (see Figure 1).

The recharge operation is generally conducted on a seven-day wet (Figures 2

and 3) and five-day dry cycle (Figures 4 and 5), which are alternated between the

basins. weather permitting. Basin 1 has two-inch polyvinyl chloride (PVC) vadose

zone monitoring wells in place at depths of approximately 20 to 30 feet below the

surface. Sampling was conducted during the wet cycles to ensure that the perched

zone was in existence. The perched zone is a temporary saturated zone underlain by

an unsaturated zone which develops due to the high rate of infiltration from the

recharge basin. The perched zone is the low permeable layer above which the perched

water is present. The perched zone develops above the
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Fi2ure	 site Location MLin

Source: USGS Topographical Map labeled Tucson. Az. 1992



Figure 2.

The photograph above displays the headworks and Monitoring Well

1 in the flooded cycle at Basin 1.
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Figure 3.

The photograph above displays the monitoring wells and Well
199A in the flooded cycle.
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Figure 4.

The photograph above displays the headworks and the amount of

vegetation growth on the surface of Basin 1, during the dry cycle.
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Figure 5.

The photograph above displays the catwalk and Monitoring Well 7

in Basin 1 during the dry cycle.
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interface between the channel deposit and the basin fill geological layers underlying

the recharge basin.

A Grunfloss Redi-Flow II submersible pump with an approximate 3/4 inch

polypropylene hose. a flow meter. and a sampling apparatus were used to collect the

water samples from Monitoring Well 7 (Figure 6 and 7). Surface water samples were

collected using a gasoline powered pump. flow meter, and a single stage sampling

apparatus (Figures 8 and 9). Surface water samples were collected in close proximity

to the monitoring wells and inlet of the basin. The surface samples were used to

determine the presence of C parvum in the basin water.

Cryptosporidium General Information

Found in almost all surface waters in the United States, Cryptosporidium is a

coccidian protozoan parasite that has been clinically important to humans and animals.

This microscopic parasite infects wild animals, household pets, and humans, and cross-

species transfer of the parasite does occur (Mawdsley, Brooks, & Merry. 1994).

Crypto.sporidium is a single-cell parasite that lives in the intestinal tract (gut) of

the host animal. Entry into the host by the parasite is in the form of a protective cyst,

known as an oocyst. The oocyst ranges in size from one to three microns. Each

oocyst contains one to four sporozites that develop into the adult parasite.
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The photograph above displays the single-stage sampling filter

apparatus the flow meter and the connection to Well 199A.

Figure 6.
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Figure 7.

The photograph above shows the well purging process and the collection

of water samples by Tucson Water.
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Figure 8.

The photograph above displays the sampling materials used to
sample Well 7. The hose from Well 7 is connected to the 30-gallon
containers.
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Figure 9.

The photograph above displays the single-stage filter apparatus, a
gasoline pump, and the flow meter used in the collection of water
samples for C. pcirvum.
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Cryptosporidium reproduces within the epithelial cells of the hosts digestive system.

Inside the host intestinal tract, the oocyst excysts and undergoes both sexual and

asexual reproduction in great numbers. As the population of oocyst and adults

increase in the host. they are shed through feces into water or to another host. The

host can become infected through ingestion of contaminated water, sexual contact.

human-to-human route, human-to-pet orally, animal-to-human via drinking water

supply, and ingestion of food prepared with contaminated water (Center for Disease

Control [CDC), 1995). Outbreaks linked to drinking water are generally believed to

be caused from agricultural sources for example runoff from feedlots or manure piles

(Mawdsley. Bard2ett, Merry, Pain and Theodorou, 1993).

Epidemiologists generally link the presence of Cryptosporidium with some form

of agricultural discharge with surface water (Craun, 1996). The presence of

Ciyptosporiclium in groundwater is generally linked with a surface water source that

has been impacted by an agricultural source of the parasite. As many as 1 10 9/gram

are discarded from infected animals (Mawdsley, et al., 1994) per event. This is

significant because it can take as few as 10 oocysts to cause infection of the host and

as few as one to 10 oocysts in an individual (CDC, 1995).

Life Cycle

There are several species of Cryptosporidium. C. meleagridis and C. baileyi

infect birds. C 1711,Irt.S', infects rodents, C. serpentis infects reptiles, and C. nasorum

infects fish. None of the other species are generally considered to be infectious to



humans Dubev. Ungar. Speer 8,-. Fayer. 1990). C. parvum is capable of infecting all

mammals including humans (Fayer,& Kenes, 1986). There is Medical evidence shows

direct transmission from calves to humans (Miron. 1991). Because of the cross species

ability of C. pcu -vum, the life cycle is very important.

Cryptasporidiztin is monoxenous. spending its full life cycle in one host. The

mature oocyst is shed from the infected host and contaminates either drinking water

sources or food ingested by another suitable host in the ileum or the jejunum of the

host's intestinal tract. Sporozoite excyst from the oocysts and enter the epithelial cells.

The life-cycle state of the parasites is intracellular (see Figure 10.). They surround

themselves with the host membrane and a thin layer of host cytoplasm. They attach

themselves with an organelle called a "feeder organelle" which interfaces between the

parasite cell and host cytoplasm. Trophozoites are differentiated from the sporozite.

Asexual reproduction occurs forming meronts. There are two types of meronts. Type

I generally contains six to eight nuclei and develops six to eight merozites. Each of

the merozite has the capability to infect a new host. Once the merozites infects the

new host. it develops into a Type II meront which contains four merozoites. This time

reproduction is sexual. developing into male (microgametocyte) or female

(macrog,anont). After fertilization of the macrogamont (zygote), it undergoes meiosis

and develops into an oocyst. Each oocyst has infectious sporozites that are shed

through the feces of the host animal.



Figure 10 Life Cycle
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Source: LeChevallier et 1990



Sources of Cryptosporidium

Although Cryptosporidium contamination of water sources has several origins.

this investigation focuses on humans. The main source of the parasite would, therefore

be the Roger Road Wastewater Treatment Plant (RRWTP), located in Tucson, Arizona.

RRWTP is an approximately 30-million gallon-per-day wastewater treatment facility.

RRWTP is responsible for the treatment of wastewater for both the city of Tucson and

Pima County with a population of approximately 500,000 during the summer months

and 800.000 during the winter months. The winter months are the most active for

recharge due to the low demand for effluent irrigation. During the summer months,

the wastewater effluent is the main source of irrigation water for golf courses, school

yards. and non-consumable agriculture.

Indicator Organism

One of the most important attributes of groundwater is that it be free of

pathogenic organisms. Wastewater used in the recharge process has the potential to

continue the disease cycle if the pathogen is allowed to be discharged into the system.

Testing for the presence of individual pathogens is a very difficult, time-consuming,

costly. and impractical task.

The practice of using an indicator organism has been in use since the early

1900s ( Bitton & Harvey, 1992). The advantages of this process are mainly cost and

time. The cost savings come from having less sophisticated equipment and staffing for

the analysis. The concentration of pathogenic organisms may be found in such small
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amounts that they have the potential to escape detection. resulting in testing of very

large volume samples to compensate for the low concentration of the organism , which

makes the procedure costly and impractical. A more reliable and practical approach

would be to test for a single species that would indicate the possible presence of

another organism with relatively the same physical and chemical characteristics. If the

indicator species is present in the water sample, it can be assumed that related

organism are also present. Then, specific sampling can be performed for specific

organisms. resulting in a time and cost savings. An example of an indicator species is

Eschericsiu Coli. If E-coui is present in a water sample, it can be safely assumed that

the water is contaminated with fecal material. For a successful indicator, one must

look for an organism that is the same or very close to the physical and chemical

characteristics of the elusive species.

Criteria for an ideal indicator organism for C. parvum would have many of the

same characteristics such as cyst forming. Clostridium perfringens is thought to be a

potential indicator organism for C. parvum. Like C. parvum, the bacteria C.

perfringens is found in soil, and wastewater and can be found in the guts of warm-

blooded animals. C. perfringens is found in greater numbers and is resistant to the

disinfectant chlorine. As a strict anaerobe, C. perfringens would not replicate without

a specific environment, and the methods for analysis are considerably less expensive

than that for C. parvum.
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Treatment Technology

The most common method of water treatment is a mixed media consisting of

sand carbon for filtration combined with chemical treatment in a typical treatment

facility (AWWA. 1995). Filtration is an effective method if the filter has the

capability of removing particles 0.1 to 1 micron in size or employs nano-filtration or

reverse osmosis (depending on media type). The use of sand filtration is not 100%

efficient for the removal of oocysts (AWWA, 1995). Filtration studies have

demonstrated that diatomaceous earth filtration is far more effective for the removal of

C. parvum oocysts (Ongerth & Hutton, 1997). The most common chemical treatment

in use for drinking water supplies is chlorine. Chlorine is used mainly because of its

cost and availability. Studies have shown that Cryptosporidium is 240,000 times more

resistant to chlorinating than Giardia (AWWA, 1995). Cryptosporidium oocysts are

not affected by chlorination with contact times as high as 18 hours. Cryptosporidium

is also resistant to chlorine dioxide and monochloramines, chemicals commonly used

for residual chlorinization of drinking water supplies (AWWA, 1995).

Monochloramines have a greater residual than that of chlorine (Rose, Dickson,

Farrah. & Carnahan. 1996). Water treatment studies have shown that contact with

ozone for five minutes in a concentration of at least 1 ppm is effective for an

approximate 90% inactivation of the oocysts (AWWA, 1995). The most effective

treatment process for the elimination of the oocyst is a step filtration process where the

pore size decreases from five to one micron to .01 micron followed by reverse osmosis

(Ongerth,& Hutton, 1997). A dual media filtration system consisting of silica sand
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and anthracite coal is employed by RRWTP for the filtration of the secondary effluent

used in this study.

In the arid Southwest, water and wastewater reuse is a realistic and necessary

consideration in public water supply. By allowing the wastewater effluent to be

recharged in basins naturally. the soil acts as a treatment process reducing unwanted

constituents from the wastewater. SAT is one technology that is being investigated in

the Tucson area. The Sweetwater S&R facility collects the chlorinated effluent from

the RRWTP and recharges it in a series of basins. The effectiveness of this system

must be monitored to ensure that pathogenic organisms such as Cryptosporidium do

not inoculate the aquifer and present a regional hazard. Waterborne hypothese cannot

be proven in all instances because epidemiological investigations have been incomplete

or conducted long after the outbreak subsided. The likelihood of an outbreak coming

to the attention of health authorities varies considerably from one locale to another.

depending upon consumers awareness. physician interest, and disease surveillance by

state and local health and environmental agencies (Gerba,& Goyal, 1985).

Soil studies in the United Kingdom (UK) using packed soil cores consisting of

clay loam, silty loam, and loamy sand soils indicated that the distribution of oocysts in

the cores were similar, with 72.8% of oocysts being present in the top two centimeters

of the soil and decreasing amounts of oocysts with increasing depth and time

(Mawdsley, et al.. 1994). Vertical transport of Cryptosporidium oocyst would be

expected with percolating water due to the size of the organism. Adsorption would

play a major role influencing the transport of the oocyst because of the overall
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negati\ e charge of the species (Mawdsley. et al.. 1994). Therefore. it would seem

logical that clay and organic matter would also affect the adsorption of the oocyst due

to the electrical charges associated with the clay and organic matter. Debye and

Huckel (1923) explained adsorption to soil surfaces and this theory has been applied in

the study of virus (Gerba. & Goyal, 1985).

This theory is based on the idea that particles in solution will develop a layer

of oppositely charged ions on their surface. called the Stern layer. which is generally

composed of positive ions resulting from the negative charge associated with soil

particles. In a second layer, termed the diffuse layer that forms around the Stern layer,

the diffuse layer has a varied ionic composition and is dominated by negative charged

ions due to the positively charged Stern layer that it is contacting. The thickness of

this diffuse layer will be a function of the ionic strength of the solution. A high ionic

strength results in a compact layer. Much like viruses, oocysts are encased with a

protein polypeptide coat which has an electrical charge that is associated with the

acidic or basic groups of the amino acids associated with it. The surface charge has

been shown to be a strong function of the pH of suspending solutions (Gerba, &

Goyal. 1985). Oocyst adsorption to soil would, therefore, be a function of the pH and

ionic strength of the solution. The effectiveness of SAT would also be dependent

upon the quality of the effluent being discharged in association with the characteristics

of the soil matrix. Fine textured soil generally retains microorganisms more

effectively than sandy soils; clay mineral soil displays a higher sorptive capacity

toward viruses due to surface area and ion-exchange capacity (Gerba, & Goyal, 1985).



CHAPTER 2

STUDY SITE

The recharge facility is located on the west bank of the Santa Cruz River,

approximately one-quarter mile from the treatment facility across the Santa Cruz

River. The water source is chlorinated secondary effluent from Tucson Water's

Wastew ater Reclamation Plant. Secondary treatment is a biological process used to

convert dissolved or suspended organic material into a form more readily separated

from the treated water. Tertiary treatment is typically a chemical treatment and

pressure filtration. Tertiary treatment is used to upgrade the treated water to meet

specific requirements. The recharge facility consists of four recharge (spreading)

basins. Basin 1 is the focus of this study (see Figure 11.). There are eight, two-inch

diameter PVC vadose zone monitoring wells in the basin.

Effluent from the RRWTP and TWRF is spread in the four basins at the

Sweetwater facility. Scheduling for the spreading operation is dependent upon the

availability of e ffl uent and environmental conditions (temperature, pH , alga blooms,

etc.). The basins are operated on a wet-dry basis. Inspection of the basins is

conducted daily for alga blooms, pH, and temperature. The operation strives for five-

day wet and seven-day dry cycles during the cooler months. In the hotter months, the

operation strives for two-day wet and four-day dry cycles depending on

33
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availability of effluent. weather conditions and vegetative growth. A five-day wet and

seven-day dry cycle is preferred because of the geological characteristics for the

recharge site and process but is not always possible due to varying demands for the

effluent in irrigation of turf-grass.

Effluent enters the basin from the north end and is spread toward the southern-

most end. The basin is bordered by the Santa Cruz River on the east side. On the

west and south sides of the basin is a golf course. To the north of Basin 1 are the

other three recharge basins. Basin 1 is approximately 480 feet in length with a width

of 240 feet at the north end and 360 feet at the south. It is approximately 12 feet deep,

sloping downward to the north. The effluent water enters the basin on the north side.

This area has been designated the inlet/headwaters. Basin 1 had an average infiltration

rate for fiscal year 1997 of 1.4 ft/day with an average flow rate of 6.27 acre-feet.

A biological layer consisting of algae, moss, fungi, and bacteria develops on

the surface of the recharge basin. This layer is generally referred to as

"schmutzdecke. - This biological layer is thought to be responsible for the degradation

of viruses, bacteria. and protozoan (Tim, Mustaghimi, & Dallha„ 1988).

Decomposition of organics may occur when exposed to ultra-violet irradiation,

oxidation. or reduction agents. Plants in the schmutzdecke conduct direct uptake of

organics. nitrogen. phosphorous, and heavy metals. BOD and colloidal solids can be

removed by indigenous bacteria living in the schmutzdecke (Nokes, 1998). In a soil

environment such as a recharge basin, bacteria are expected to the organisms

responsible for most of the biotransformation process that occurs in the schmutzdecke
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and in the \ adose. Bacteria in the schmutzdecke sustain themselves by using sources

of carbon and nutrients from the surrounding environment. Heterotrophic bacteria

utilize organic carbon as a source of energy for biosynthetic reactions. Autotrophic

bacteria utilize CO 2 as a carbon source for energy (Quanrud. 1996).

Geology

Approximately 3.05 m (10 ft.) of over burden was removed from the basin to

expose the permeable Santa Cruz alluvium unit. To a depth of approximately 5.2 m

(17 ft.) below the floor of the basin, the geology consists of cobbles, gravely sand with

variation of silt. and clay sediment. Underlying the Santa Cruz, alluvium is a fine-

grained basin fill unit known as the Fort Lowell Formation. Subsurface samples were

collected in an 80-foot profile in Basin 1 during installation of suction samplers for

previous SAT studies (Wilson et al., 1995). The distribution of fine and coarse-sized

sediments varied throughout the 80-ft. profile. The percentage of fines was fairly

high in the upper six feet below land surface (bis), grading into coarser deposits. The

highest gravel content ( 91 %) occurred from 4.5 to 6.0 feet bls. The percentage of

fines (27 %) vas also fairly high at this depth, indicating that the gravel contained a

fine-grained matrix. Based on the silt plus clay-sized fraction, there appeared to be a

trend in finer-grained sediments below 17.0 bls (i.e., within the basin fill unit). The

highest percentage of fines, 50%, was found in samples from 75 to 76 feet bls. A

perched groundwater table develops during the recharge operation above the interface

of the surfical deposits and the basin fill unit. The water table underlying the floor of



the basin is approximately 37 m (120 ft) (Wilson et al., 1995). The subsurface of

Basin 1 is characterized in Table 1 to the depth of the monitoring wells, and the

Vadose zone is characterized in Table 2 to a depth of 81.5 feet.

Table I. Geology of Monitoring Wells
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Depth 

0 to 2 feet

2 to 9 feet

9 to 15 feet

15 to 20 feet

Description

gravelly sand with clay lenses

poorly sorted coarse sand

sandy gravel

basin fill 

A prominent clay layer exists at the interface between the alluvial channel

deposits and the basin fill unit at approximately 15 below land surface (Hs). Water

contacts the interface between the alluvial channel deposits and the basin fill which is

less permeable causing the water to move slower. This slower water movement results

in a mounding effect which creates the perched zone to the land surface (see Figure

12).



Depth Bulk Density Gravel Sand Hydro Silt Hydro , Clay Hydro Sat Plus Clay
(Feet) (gm/cm3 (wt %) j (%) (%) (%) (°/0)
0-1.5 1.83	 '_ 75.3 ' NSS NSS NSS NSS

1 .5-3.0 1.4 65.8 --.-69.6 16.6 13.8 30.4

3.0-4.5 1.52 76 82.3 9.5 8.2 177

4.5-6.0 1.77 90.9 73.4 15.5 11.1 26.6
6.0-7.5 182 49.9 95 113.9' 5
7.5-9_0 1.81	 , 68.8 90 4.6 54 10

970-10.5 1.85 66.9 88.7 4 7 6 6 11 3

11.5-13.0 1 92 509 91.2 34 5.4 8.8
13.0-13 5 1 61 498 83.9 7 2 8 9 16 1
140-145 178 685 88.7 4 7 6.6 11.3
17.0-18.5 213 64.1 732 16 1 107 268

19.0 2.1	 , 66.5 69.4 17 13.6 30.6
230-245 216 673 68.7 22.8 8 6 31.4

24.5-26.0 2 02 65.2 665 22 11 5 33.5
26.0-275 2 64.3 663 22.6 11	 1	 ' 33.7
27.5-29.0 153 68.2 72.8 15 122 27.2
29.0-30.5 195 68.3 69.1 17.3 13.6 309
40.0-405 1 47 69 4 694 19.4 113 307
430-460 204 53 58.8 22.2 19 412
5-0. -0 --50.5 1 99 71.7 80.8 135 5.7 192
55.0-56 0 1 55 60.5 75.4 16.4 8.2 24 6
60-60.5 1 67 54.9 r. 51 26.3 22.8 49 1

70.0-71.5 14T 62.9 70.2 18.7 111 298
75 0-76 0 1 69 56 9 49 7 26.1 24 2 50 3
80.0-81.5 1 88 538 80.7 11	 3 8 193

not sufficient sample

Table 2 Vadose Zone Geology for Basin 1, Sweetwater Facility
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Transport in Soil

The physical effects of filtration and sedimentation would also play a major

role in the restriction of movement of the oocysts. Factors other than adsorption and

microspore size may also influence their movement. This reflects the results of the

UK study where transport was greater in the silty loam and the clay loam than in the

loamy soil (Mawdsley al.. 1994). The rapid flow created by the head pressure of

water through macropores may thereby have a greater effect on the adsorption of the

oocysts in certain soil types. This would greatly increase the risk of transport of the

pathogenic oocysts into the groundwater. Studies conducted in the U.S. suggest that

straining of bacteria at the soil surface is a major factor influencing the transport

(Gerba.	 Goyal, 1985). Clostridium perfringens cysts range in size from 0.2 to 5.0

microns and are found in fecal contaminated water (Bergey, 1986). Given the

comparative size of bacteria cysts to that of Cryptosporidium oocyst,(3 to 5 microns

and I to 3 microns respectively) it is understandable that the filtering effect might be

the same for Ciztptosporiditim as for bacteria.

It is unlikely that one single physical event is responsible for the retention of

oocysts in the upper surface of soil. It is more likely that a combination of factors

such as soil type and charge, natural filtering effect, head pressure of the system,

porosity, and inoculation concentration all play a role in the retention of oocysts in the

upper surface of the soils.
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Transport in Groundwater

Darcy - s law can be used to calculate the specific discharge through a porous

media. Darcy s law does have limitations that will affect the calculations; however,

the equation Q = -K A dh/dl can yield a rough estimate of the flow direction and time

of a substance in porous media. To obtain specific discharge, divide the equation by

total area to obtain q = -K dh/dl or q = -K i , where i is the hydraulic gradient. K is

the hydraulic conductivity, and q is the specific discharge. Once specific discharge is

known. the travel time can be calculated using the porosity and velocity. To calculate

the velocity. use the equation v = q/n, where n is the porosity of the media, and v is

the velocity. We can then calculate the travel time by using the equation t = d/v,

where t is time, and d is distance.

This type of calculation can be used to determine whether the transport of

Cryptosporidium through the perched water zone has the potential to impact

surrounding drinking water wells and how long it would take for the impact to occur.

Limitations to this approach would include the irregular flow pattern of the

recharge basin and heterogeneity of the surrounding geology. Because it is believed

that Darcy 's equation is valid for both saturated and unsaturated and steady-state and

transient flow (Freeze & Cherry, 1979), it is understandable that this type of

calculation is a good starting point.



CHAPTER 3

SAMPLING AND ANALYSIS

Sampling materials for this project were obtained from a variety of sources.

The Grunfloss Redi-Flow II submersible pump was made available from Saguaro

Environmental by Mr. Gary Hix, R.G. All other materials were made available from

the Microbiology Laboratory at The University of Arizona. Department of

Microbiology.

Sampling Materials and Collection

Two separate organisms were sampled for in the field. The first was for

C.parvum and the second was for the indicator species of Clostridium perfringens.

The sampling for C. parvum was conducted in May and September of 1997 while

Basin I was flooded. The second sampling for Clostridium perfringens was

conducted in March of 1998 over a four-day flooding period at Basin 1. Clostridium

perfringens was sampled as a surrogate for C. parvum.

Water samples were collected from Monitoring Well 7 and from two surface

water sites (headworks and west end of basin) (see Figure 13). Monitoring Well 7

was sounded before sampling and the depth of the well recorded to be 19.2 ft. bls, and

the depth of water was at the ground surface. A Grunfloss Redi-Flow II submersible

pump (Serial #A91175004) was lowered into the two-inch PVC monitoring wells

during the flooding stage of the recharge basin for the purpose of
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collecting a water sample from the perched zone. Fifty-feet of two-inch

plastic tubing was connected to the submersible pump and three 30-

gallon plastic containers (Figure 8 and 9). Water from the plastic

containers was pumped through a single-stage, one-micron wound filter

(Figure 9) using a gasoline-powered positive displacement pump. A

flow meter was connected to the pumping system to report total flow

through the filler. The perched water was pumped out of the

monitoring wells and into the 30-gallon containers by the submersible

pump and from the 30-gallon containers through the single-stage

filtration unit using the gasoline-powered positive displacement pump.

This method was employed due to the long distance from the

monitoring wells and the side of the basin. The basin was flooded at

the time the samples for C. parvum was taken and this system decreased

the potential for contamination from the surface water. The submersible

pump was decontaminated using a 5% chlorine and water solution

between sampling sites. Sodiumthiosulfate was added to each sampling

container to neutralize residual chlorine. The sampling filters were

double-bagged in large zip-lock plastic bags. The sampling bags were

labeled as to the location, time, date, and volume and placed in an ice-

chest for transport.

A Grunfloss Redi-Flow II submersible pump (Serial #A91175004) was used to

collect the water sample from Monitoring Well 7. Water pumped from the well was
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collected in a 30-gallon plastic container. Water from the plastic container was

pumped through the single-stave, yarn-wound filtration system usina the gasoline

pump. The yarn-wound filter has a pore size of 1 to 0.1 micron in size.

The first sample was collected from the deep groundwater well (Well

199A) .which is an approximately 200-ft. deep, six-inch diameter well. This sample

was collected in conjunction with Tucson Water which provided the pumping

equipment. The well was pumped approximately one hour prior to the sampling at a

rate of 45 gallons per minute. The sample was collected using a single-stage filtration

system.

On May 30, 1997, samples were collected from the perched zone. Monitoring

well 7 was pumped for a total volume of 536 gallons of water through a single-stage

filtration system (see Figure 5). The sample was double-bagged in the field and

placed in an ice chest at approximately 4 °C. A chain of custody was maintained in

the field and relinquished to the Microbiology Department at The University of

Arizona.

On September 9,1997, three samples were collected at Recharge Basin 1, one

from Monitoring Well 7, one from the surface water at the head works, and one from

the surface water over Monitoring Well 7.

Samples for C. perfringens were collected by pumping three volumes from the

monitoring well using an electric submersible pump (Serial # 3EKNA97) (see Figure

6). Monitoring Wells 8, 6, and 1 were sounded before sampling and depths of 19.9
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ft.. 19..4 ft.. and 20.2 ft. bis were recorded respectively. The depth of water was at the

around surface for each monitoring well.

A. clean disposable Teflon bailer was used to collect five-gallon samples from

the monitoring wells. Sodiumthiosulfate was added to each sample container upon



Figure 14 Basin Sampling Map for C. perfringens
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collection. The samples were labeled and transported to The University

of Arizona Microbiology Laboratory for analysis within one hour of

collection. The water samples for C. perfringens were filtered usina a

0.45-micron glass filter (made by Gelman Science of Ann Arbor

Michigan). The filters were placed on Modified mCP, which was

prepared following ICR methodology (U.S. Environmental Protection

Agency [ICR], 1996). The agar plates were labeled by date, monitoring

well, and volume of sample filtered. The plates were then placed into

an anaerobic jar and accompanied by a CO, indicator and a CO 2 packet

to produce the anaerobic environment. A control plate was streaked

with a known sample of C. perfringens and placed into the anaerobic jar

with the sample culture plates.

Samples

The one-micron normal porosity Filterite polypropylene cartridge (UlAlou;

Filterite Corporation. Timonium, Maryland.) was eluted within 24 hours of receipt of

the samplers. Two four-liter beakers were used for the three-liter eluting. The filters

were removed from the bag with the residual sample water being contained in a

beaker. The bag was rinsed with the eluting solution, and the rinse was poured into a

beaker. The filter was cut into lengthwise strips and divided between the two beakers

while keeping the outer filter in the same beaker. The inner plastic core of the filter

was rinsed into a beaker, and the core of the filter was discarded as biohazardous. The
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filter fibers w ere washed by hand for a total washing time of 30 minutes. The liquid

was separated from the fibers using a wringing action and discarded as biohazard

material. The eluting solution was poured into a centrifuge bottle. balanced, and

centrifuged for 10 minutes. The supernatant was aspirated and discarded. and the

bottles were rinsed with the eluting solution. This step was repeated until a pellet was

combined into a 50-ml centrifuge tube. The centrifuge tube was then centrifuged for

10 minutes. The supernatant was discarded and re-suspended in an equal volume of

10% formalin. The sample was then stored until floatation in a refrigerator in Room

408 of the Microbiology Building. A flat-bottomed centrifuge tube was used for the

floatation of the sample. The sample pellet was vortexed in a sufficient volume of

eluting solution to make a final volume of 20-mls. A 50-ml syringe and a 14-gauge

cannula underlay the suspension particles with 30-ml Percoll-sucrose (made by Sigma

of St. Louis, Missouri.) floatation solution. The suspension was then centrifuged for

10 minutes. A 25-ml pipette was used to draw off the top 20 ml particulate

suspension layer. Additional eluting solution was added to the centrifuge tube to make

a final volume of 50-ml and centrifuged for 10-minutes. The supernatant was again

discarded to approximately five ml with the pellet. The sample was re-suspended by

vortexing and stained using a fluorescent antibody reagent (Fout, & Schaefer, 1996).

Groundwater samples for C. parvum and C. perfringens were collected from

Well 199A by the City of Tucson Water Department and The University of Arizona

Microbiology Department. Analytical results indicated that the groundwater displayed

levels of no-detection for C. parvum and C. perfringens.
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Water samples were collected from Monitoring Wells 1. 6. and 8 from Basin 1

at the Sweetwater facility for Clostridium perfi-ingens. A five-gallon sample was

collected usinLI a disposable Teflon bailer. Two hundred fifty -mis of 20%

sodiumthiosulfate was added to each five-gallon sample to neutralize residual chlorine

in the water samples (JCR. 1996). The water samples were transported to the

Microbiology Laboratory for analysis. Each five-gallon sample was filtered and the

filter placed on an agar plate. The sample plates were incubated in anaerobic jars for

36 hours. .1 -he culture plates were removed and placed over a petri dish with gauze

soaked in ammonia hydroxide. Plates that were positive for Clostridium perfringens

displayed red colonies whereas plates that were negative did not (Bergey, 1986).

Sample Analysis

Microscopic examination of the samples were conducted in the Microbiology

Laboratory at The University of Arizona.

Both negative and positive Immunofluorescent Antibodies (IFA) controls

(Strate2ic Diagnostics of Neward. Delaware) were performed before the analysis of the

subject samples. Each slide was scanned using a systematic fashion starting at one

edge of the slide and covering the entire cover-slip. An up-and-down scanning method

was used. Epifitiorescence was used to scan the entire cover-slip of each sample slide

at a magnification of 1000X. The slides were scanned for a brilliant apple-green ovoid

or spherical-shaped object with brightly highlighted edges in the viewing area. When

encountered, the microscope was switched to Direct Interface Contrast (D.I.C.) optics,



57

and morphological characteristics of Cryptosporidium oocyst were determined.

Morphological characteristics include spikes, appendages, spores. one or two large

nuclei fillina the cell, red fluorescing chloroplast, crystals, pores. etc. If these

characteristics were not observed, then the object was classified as an empty

Crypiwporidittin oocyst. The number of oocysts and sporozoites was confirmed by a

senior analyst. The number of sporozites and oocysts were totaled. and this sum was

reported as the total Cryptosporidium for the sample. A sample calculation follows:

X I	 = (TC, EC. AC, or CWS)(100)/ FVR

Where:

volume(liters) of original sample

eluate packed pellet volume

fraction of eluate packed pellet volume

% of floated sediment examined

Total Crypto oocyst counted

Count of empty oocysts

Count of oocysts with amorphous internal structure

CWS =	 Count of oocysts with internal structure

Example: If no cysts or oocyst are detected, one would calculate the detection limits as

<X/100L = (<1)(100)/ FVR.

V =

P =

F =

R =

IC =

EC =

AC =
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CHAPTER 4

RESULTS

The analytical results indicated that Cryptosporidium was present in the effluent

surface water. C. purvum was not identified in the perching layer or in Well 199A.

There was no analytical evidence to indicate the presence of Cryptosporidium in the

perched water table of the recharge basin during the time of the sample collection (see

Table 3).

Water samples collected for C. perfringens were from three monitoring wells,

8. 6. and 1. and the surface water of the headworks. Table 4 displays the results of

the water samples for C. perfringens.

The results of the culture test for the presence of C. perfringens indicated that

C. perfringen.s• was only present in Monitoring Well 6 and only on the last sampling

day. All other monitoring wells displayed levels of no-detection for C. perfringens.

The controls in each sampling batch were positive for the presence of C. pefringens.

Removal

No cysts were detected in the perched groundwater: therefore, it is not possible

to calculate the rate of removal. From the analysis, one would have to assume

removal of the cysts from the effluent water. Additional studies may be required to

determine the overall removal efficiency of the SAT system.



Table 3 Crypto.sporidium Results from Perched and Surface Water Samples

4/4/98	 Plate 1 Plate 2 Plate 3 Plate 4 Plate 5

Sample Location

,	 0Monitoring Well #1	 0 0 0
Monitoring Well #2	 0 0 0 0 0

Monitoring Well #3 0 0 0 0

Effleuent 0 O 0 0
Control Pos

I

4/5/98 Plate 1 Plate 2 Plate 3 Plate 4 Plate 5

Sample Location
Monitoring Well #1 0 0 0 0
Monitoring Well #2	 0 0 0

0
0 0

Monitoring Well #3	 0 0 0

Effieuent 0 0 0 --- 0
Control Pos
4/6/98 Plate 1 Plate 2 	i Plate 3 Plate 4 Plate 5

Sample Location ,
-1

Monitoring Well #1 0
0
0

0
Monitoring Well #2 	0 0 0
Monitoring Well #3	 0 0 0 0

Effleuent 0 	r 0 0
Control Pos i .	 1

417/98	 Plate 1 Plate 2 Plate 3	 , Plate 4 Plate 5
Sample Location
Monitoring Well #1	 0 0 0 0 0

Monitoring Well #2	 28 16 18 22 25

Monitoring Well #3	 0 0 0 0 0
Effleuent	 0 0 0	 1 0
Control	 ,	 Pos

ND = no-detection
	

(*) Count per 100-L sample
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Discussion

Well 7 displayed a level of no-detection (ND) for Cryptosporidium oocysts.

This would indicate that 0-ypto.sporidium was not present in the perched groundwater

of Recharge Basin 1 or was below the limits of detection from the analytical method.

The concentration of oocysts entering the basin was of 819 and 264 per hundred liter

sample of ooc n st from the headworks and the surface water. respectively.

Although the Crypto.sporidium oocysts are present in the effluent surface water,

analytical results did not indicate movement of C. parvum oocyst into the groundwater

or the perched layer of water that develops during the recharge process. This would

indicate that the Crypto.sporidium oocysts are not being allowed to move into the water

table.

Crypto.sporidium is a potential problem because oocystsare not completely

removed during the treatment process and the oocysts are resistant to the levels of

chlorine typically used in water treatment disinfection process (U.S. Environmental

Protection Agency [EPA], 1991). Sand filtration is noted as being the most effective

technique for the removal of oocysts in potable water (Rose, DeLeon, & Gerba. 1989).

Diatomaceous Earth (DE) has approximately six logs of reduction over conventional

sand filtration methods (Ongerth, & Hutton, 1997). SAT systems, such as the

Sweetwater site. are more widely used for groundwater recharge due to their low

maintenance and economical factors (USEPA, 1991). The SAT system, which

depends on the soil type for the percolation of treated wastewater through the vadose

zone. results in an increase in the quality of the treated water. One potential
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mechanism for the removal of the oocysts has been referred to as hydrophobicity.

Hydrophobicity at first seems to be a contradictory term. Cell surface hydrophobicity

has been implicated in a broad variety of adhesion phenomena (Doyle, & Rosenberg,

1990.) What is referred to as hydrophobicity is the interaction of the cell's surface

with the more negatively charged soil matrix. This study refers to the interaction

between the oocyst and the soil as sorption." The oocyst is attracted to the more

neuativek charged soil particles. For this reason, the dry cycle of the recharge basin

becomes very important in enabling the degradation of the oocysts through a land

application system where the soil will act as a living filter through which biological

organisms degrade microbial contamination (Tim et al., 1988). The rate of

degradation and biotransformation is specific to the soil environment, including

chemical properties. the soil's physical conditions, and microbial factors. The

environmental conditions of the soil (e.g., soil moisture, temperature, pH, dissolved

carbon. nutrients, and trace elements) control uptake of chemical compounds into

metabolic pathways. Microbial chemical factors include enzyme ubiquity and

specificity, enzyme regulation, and competition (Richard & Shieh, 1986). The

interaction between the oocysts and the soil matrix is dependent upon the pH and

conductivity of the effluent water. Data collected from the site indicate that the pH

and the conductivity remained relatively the same throughout the study (see Figure

15). The conductance. however, did increase in the warmer months. This could be

due to evaporation.
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FiLture 16 shows that the specific conductance varied from 850 to 950 during

the sampling time. This can be attributed to the treatment process. The relatively

constant characteristics of the effluent water make it easier to evaluate the SAT

process. It would be interesting to see how changes in the effluent characteristics

relate to removal capabilities of the SAT process.

N/licrobiolouy sampling for the indicator species C. perfringens was negative for

the presence of C. pelfringens except on the last sampling day for Monitoring Well 6,

which w as positive for the presence of C. perfringens. Monitoring Well 6 is the only

uncapped monitoring well in this facility. The potential for contamination from an

outside source such as animal vectors, therefore is greater for Monitoring Well 6.
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chemical and biological constituents hazardous to public health as the water moves

downward toward the aquifer. With the proper management of the SAT facility,

including periodic drying to reduce clogging, the facility should be sustainable

indefinitely. Clo2gimg is an inevitable side effect of the SAT-type operation.

Howe\ er. cloLluing can be controlled by periodic drying which oxidizes the

accumulated organic materials and restores infiltration capacities. Physical

manatlement of a SAT-type facility would also include scraping, raking, or grading the

clogged layers in the recharge basin. Analytical results in this study indicate that the

upper layers of the SAT facility are removing the Cryptosporidium oocysts, because

none \\ ere detected in the water samples of the monitoring wells.

With the exception of Monitoring Well 6 the presence of C. perfringens was

not detected. It is believed that Monitoring Well 6 was contaminated from an outside

source. The water samples contained large amounts of silt. Dilution of the water

samples from Wells 8 and 1 may help in the detection method because the silt clogged

the 0.45 micron filter paper in the laboratory. The silt-plugged filters may have

displaced the organisms resulting in unreliable results.

Recommendations For Further Research

It is unclear whether Cryptosporidium oocysts present a direct health effect on

the surroundinu water wells at this time. Additional studies should be conducted to

trace the path of the oocysts and to determine the viability of the oocysts in transport.
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Dilution of the microbiological samples for C. perfringens may help in the

detection of indicator organisms. Laboratory studies of packed soil cells usina labeled

C. po:fringens samples would be helpful in determining the physical or chemical

mechanism of removal by soil particles.



APPENDIX A

LABORATORY RESULT
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