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Abstract

This study set out to evaluate the biological , chemical and agronomic effects of

reclaimed water for irrigation on two golf courses (KGC and LGC) located over a potable

aquifer in Central Oahu. Percolate water and grass samples were collected on two soils at

background sites (potable water irrigation) and pilot -scale test plots (reclaimed water

irrigation) at both golf courses with different managements during the two-year pilot

scale study. The variations in chemical characteristics of percolate samples and the

relationships of these changes to soil characteristics (pH, CEC, clay content, etc) and the

golf course managements were determined in a general way based on the results of this

study.

Great differences in soil water content were observed between the soil at LGC

(wet) and the soil at KGC (dry), and between the two years of the pilot-test. Fecal

colifom was measured in grass and percolate samples. However, whether or not fecal

contamination will be caused due to reclaimed water irrigation is still in doubt after this

study. Significant percolate chloride and sodium concentration increases were found at

the LGC test plot but not at the KGC test plot. Nitrate leaching was found to mainly

relate to fertilization, irrigation method (amount and schedule), and soil pH. All the

percolate samples with nitrate concentrations higher 20 mg/l were found at background

sites with high pH. High and constant irrigation rates caused a similar degree leaching at

the LGC test plot using reclaimed water as that at the background sites with fertilization

and historic irrigation methods. TDS in percolates is not expected to increase

significantly with the reclaimed water using the irrigation method applied at the test plots

of both golf courses in this study. However, whether or not harmful agronomic effects
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will occur cannot be determined in this study without samples from the dry season and at

the soil surface layer.

Suction lysimeters are good for monitoring most of chemical parameters

measured and work best at high soil water content, but are not suitable for bacteria

monitoring.
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Introduction

In many respects, water is like land. There is only so much of it and nature is not

making new supplies, only recycling a portion it. More than 99 percent of the world's

water supply is unavailable for man's uses of water - drinking, manufacturing, sanitation,

recreation, and irrigation - because it is tied up in the oceans and in the polar ice caps.

On the contrary to water resources, human populations have grown massively during the

last century. These vast masses have been extremely demanding on water resources. As

population increases, we can expect a corresponding increase in the demand for fresh

water for all purposes. Here, it is necessary to point out that agriculture uses in excess of

80 percent of the fresh water consumed in the U.S. (Watson, 1994). The situation is

similar in many other areas of the World.

Not only do humans use large quantities of water per capita, but they also deposit

their wastes into it, polluting freshwater resources, and the oceans. The pollution usually

is destructive to the environment.

Where will the water for future expanding populations come from? How can

water use be friendlier toward the environment? One answer is water reuse. People have

already realized the advantages of reclaimed water as a water resource. It is available on

demand rather than rationed based on stochastic rainfall. Pollution can be alleviated by

using a natural filtration system (e.g., Soil Aquifer Treatment) for effluent disposal,

which is more desirable than surface water or ocean dumping or deep well injection

(Page et al, 1986). Reclaimed water also contains nutrients for plants. However,

reclaimed water can have some potential disadvantages, which include: (a) deficiency or

excess supply (b) proper site design for a recycled water irrigation system (c) surface and



groundwater contamination (d) human health concerns and (e) harmful effects on soil and

plants.

There are many successful cases to support reclaimed water use. Around the

world, effluents are used in irrigation, industry where there is a severe water shortage,

and ultimately for potable reuse in extreme cases.

In fact, many communities unknowingly drink reclaimed water indirectly. One

case is where groundwater is recharged with wastewater effluent and is subsequently

withdrawn for potable reuse. Another case is where an upstream community discharges

wastewater into a river that a downstream community uses for potable water supply.

These reuse scenarios have been going on successfully for decades in many places,

including Hawaii. Purified sewage effluents have been used for irrigation in South Africa

for many years without any obvious harmful effects on crops or the soil. The fraction of

all secondary effluents reused for irrigation by 17 cities amounted to 24 percent

(Department of Water Affairs, 1986). Israel has a national policy of full reuse of its

wastewater. It reuses about 70 percent of its wastewater and plans to increase that to 80

percent (Kelly, 1994). Israel's experience with groundwater recharge demonstrates

advantages of "low tech" processes , psychological acceptance, and reliability of

performance. In the Unites States, agricultural and landscape irrigation are the most

common reuse applications. It is dominant in the states of Arizona, Colorado,

Californian and Texas. In California, the Grand Canyon National park first installed an

engineered reclamation treatment plant in 1925 (Kumagai, 1995), and there were 313

sites of water reuse for a variety of purposes (Kelly, 1994). In 1978, four golf

organizations joined together to sponsor the first national symposium concerning the use
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of effluent water for golf course irrigation (Snow , 1994). There were more than 150 golf

courses irrigated with reclaimed water in Califironia and Flordia alone (California State

Water Resources Control Board, 1990; Florida Dept. of Environmental Regulation,

1990). In 2000, there were 19 golf courses in Hawaii using reclaimed water.

Experience with direct potable reuse shows that health risks are controllable to

acceptable levels. Continuous health monitoring (Grabow, 1986; Grabow et al., 1991),

bioassays (Grabow et al., 1985) and epidemiological studies (Isaacson et al., 1987)

conducted in South Africa have showed that the reclaimed water was safe with respect to

all known health hazards that could be found in reclaimed water. There are no problems

ever epidemiologically with the areas in Winhoek, Africa receiving the greater portions

of reclaimed water compared with those receiving water mainly from surface supplies

(Vanleeuwen, 1996). Anything less than drinking reclaimed water should incur an even

lesser risk to public health, such as irrigating food crops and other plants.

However, the potential problems of reclaimed water reuse may retard or prevent

its full application in some places. Acceptance of water reclamation is a local decision

based on local circumstances.

In Hawaii, nearly 100 percent of the population's - drinking water is supplied by

groundwater. The total water demand that has been allocated is rapidly approaching the

best estimates of long-term sustainable yield of the aquifers on Oahu (415 million gallons

per day)(U.S. Army Groundwater Modeling Technological Support Center, 1999).

Nearly all other water users (agriculture, golf course, industry, etc) also use the same

potable groundwater resources, and use more than 70 percent of the total water supply.

At present, Oahu generates more than 110 million gallons ofwastewater per day. Of that
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amount, golf courses and a sugar plantation reclaim and reuse less than 3 percent for

irrigation. The remainder becomes waste and goes to ocean outfalls or deep well

injection (Kumagai, 1995). According to the Hawai 'i Water Environment Association

(HWEA, from http://www.hwea.org/watreuse/wrhono.htm). the golf courses that use

reclaimed water include the Experience at Koele, Ka'anapali Golf Course, Hawai'i Kai

Golf Course, Kaua'i Lagoons and Waikaloa Resort. Agricultural uses include seed com

irrigation on Maui and Kaua'i and at Hawai'i ReserveslBrigham Young University on

Oahu where bananas, papayas, and ornamental plants are grown. Landscape irrigation

projects include Kalama Park and the Kibei Public Library on Maui, Mauna Loa

Highway beautification on Moloka'i and the Brigham Young University-Hawai'i campus

on Oahu.

The Honolulu Board of Water Supply (BWS), and the State of Hawaii

Department of Health Wastewater Branch (DOH) are very cautious regarding the use of

reclaimed water. DOH possibly has the most stringent regulations in the United States

for the use of reclaimed water concerning pathogens. It prohibits irrigation of food crops

with reclaimed water because of pathogen concerns. BWS also objects to reuse water

over potable aquifers due to potential groundwater pollution (Kumagai, 1995).

During the 1970's, a series of highly publicized chemical spills led to the detection of

toxic chemicals in the groundwater (Lau and Mink, 1987). DOH has determined that

nonpoint source pollutants as have "the most detrimental effects" on the groundwater

(DOH , 1994). Recently, a small but significant rise in nitrate levels in wells located in the
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Pearl Harbor area has been detected (El-Kadi, 1996). These facts alerted the public and

stated institutions to the vulnerability of the groundwater.

In practice, even for well-designed and well-managed irrigation systems, about 20

percent of irrigation water passes through the root zone and down to underlying aquifers

as "deep percolation" (Bouwer et al, 1998). Constituents of reclaimed water used for

irrigation will remain in the field regardless of application rates. Heavy rain can transport

these constituents down into the soil and could ultimately reach and contaminate the

underlying groundwater. Also, the interaction of reclaimed water with soils and plants

must be understood for successful reclaimed water reuse.

DOH divides Hawaii's groundwater into two zones through the use of an

Underground Injection Control (UTC) line commonly referred to as the "no pass" line.

Waster disposal is prohibited inland from this line to limit waste disposal to coastal areas

and therefore protect potable aquifers.

In this paper, a study is carried out to assess the feasibility of using proposed

reclaimed water on Leilehua and Kalakaua Golf Courses, which lie within the "no pass"

zone some 600 feet over a very important potable aquifer in Central Oahu.
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Chapter I: BACKGROUND

Land application of reclaimed water may serve as a viable method for disposing

of wastewater and forimplementling sustainable water resource management in regions

experiencing shortages in fresh water. However, use of reclaimed water on arable lands

involves risks from both environmental and agricultural aspects. The contaminants in

reclaimed wastewaters that are of public health significance and of concern for soil and

plants include both microbiological and chemical agents.

Biological concerns

Domestic wastewater contains bacteria, viruses, protozoa, and helminths that are

pathogenic to humans (Burge and Marsh, 1978). Pathogens are widely distributed and

commonly present in high numbers in many wastes; and thus embody a significant

potential health hazard. Nutrient removal, both biological and chemical, incorporated into

sewage treatment, now make it possible to remove 90-99% of all organic pollutents,

nitrogen and phosphorous (van Leeuwen, 1996). However, a potential health risk still

exists for the effluent because effluent quality varies greatly depending on the source and

the efficiency of treatment, and certain organisms can survive treatment. One example is

Helminths. Helminths are parasites, intestinal nematodes or worms, which can escape

detection by conventional microbiology and may survive conventional treatment. Howard

(1992) reported finding live human parasitic worms in sprinkler head filters at private

golf courses in Arizona. There is considerable evidence that human pathogens can

survive the wastewater treatment process (Frankenberger, 1985). Rose and Gerba (1990)

found 14 percent of secondary or post-secondary treated wastewater to be positive for

enteroviruses in Arizona and Florida.
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Contact inhalation or ingestion of contaminated water can cause human illness .

An epidemiological study indicated that wastewater workers in Singapore have an

increased occupational risk of acquiring hepatitis A virus (HAV) infection (Heng et aI.,

1994). Pathogenic organisms give rise to the greatest health concern in agricultural use

of wastewater, yet few epidemiological studies have established definitive adverse health

impacts attributable to the practice (Pescod, 1997). Shuval et aI. (1985) reported on one

of the earliest evidences connecting agricultural wastewater reuse with the occurrence of

disease. There is strong evidence to support that diseases caused by eating uncooked

crops or vegetables irrigated with raw sewage (Shuval et aI., 1985, 1986). Bryan (1977),

in a review of wastewater-contaminated foods, reported on outbreaks occurred over a

span of more than 70 years since 1894. Only 14 were associated with wastewater

irrigation of vegetables, fruits or grass. Either parasites or bacteria caused all outbreaks ,

and in all but two, untreated wastewater was utilized . Bacteria and viruses have been

demonstrated in aerosols emitted by treatment facilities and sprinkler irrigation systems

(Camann et aI., 1985; Fannin et aI., 1985). However, there is yet no conclusive evidence.

The potential disease may be transmitted through spray irrigation of treated wastewater

(Camann et aI., 1985).

Several examples were described to show how different countries have been

adapting World Health Organization (WHO) guidelines to their situations to produce

national standards for the use of treated wastewater for crop irrigation, and for the

drinking water quality (Hespanhol and Prost, 1994). The potential risk of Salmonella

infection from exposure to compost wastewater sludge-based products was evaluated

(Constantina and Yanko, 1994). Theoretical risk calculations suggested that the risk of
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Salmonella was low and limited to a small portion of the marketed product. WHO

concluded that viruses were not the major problem of the use of wastewater in agriculture

and aquaculture, and health risks were greater with helminths rather than bacteria or

viruses (WHO, 1989).

Elevated concentrations of indicator orgamsms (fecal and total coliform) for

pathogens are sometimes found in groundwater (Gallegos et al., 1999, Farid et al., 1993)

due to irrigation with raw to primary treated wastewater.

Chemical Concerns

Groundwater comprises more than 98 percent of the world 's liquid freshwater

resources (Bouwer, 1978). Surface water in streams and lakes comprises less than 2

percent and is often fed by groundwater, as in the base flow in streams.

There are many different organic or inorganic chemicals in reclaimed water that can be a

serious threat to groundwater quality . The chemicals of groundwater concern include

salts, nitrate, pesticide residues, and disinfection by-products (DBPs) and their precursors

(Bouwer et al., 1999).

Among many different chemical elements, nitrate has the greatest potential to

migrate to groundwater and posses a human health concern. The U.S . Environmental

Protection Agency (EPA) has established a limit of l Oppm N03~(the maximum

contaminant level, MeL) in drinking water based on Walton's report in 1951(Mirvish,

1991). At concentrations greater than 45 mg/l N03-, nitrate has been known to induce a

potentially lethal condition known as methemoglobinemia ('blue baby' syndrome) in

infants . A worldwide survey completed in 1962 stated that 1060 cases had been reported.

A recent outbreak in Hungary resulted in 1353 reported from 1976 to 1982 (Addiscott et
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aI., 1991) . There is a strong geographical correlation between nitrate intake and gastric

cancer (Hartmann, 1983). Japan has the highest gastric cancer incidence and nitrate

intake per person per day, while the U. S. has the lowest. Nitrate reactions in the stomach

have been linked to stomach cancer in humans but without conclusive evidence (Mirvish,

1991; Forman, 1991; Addiscott et al, 1991).

Research over the last few decades indicates that groundwater resources in areas

under intensive agriculture often exhibit levels of nitrate in excess of (MCL) set by the

EPA. Data gathered at the state level show that over 20% of all private wells in the

agriculturally - intensive grain belt of the mid western states exhibit nitrate levels in

excess of the MCL. While nitrate contamination of groundwater resources due to high

intensity agricultural practices is an established phenomenon in the continental U.S, there

is potential groundwater contamination from water reuse because the water often has high

nitrate concentration.

One study in the sandy area northeast of Cairo , Egypt showed that the nitrate-N

concentration sometimes exceeds 10ppm in groundwater (Farid et aI., 1993) after 75

years irrigation with raw to primary treated wastewater. A study in New Zealand showed

that about up to half of soil nitrate was readily leached beyond the topsoil, and nitrate-N

concentration in drainage water almost reached 10ppm (Magesan et aI., 1998) after 4

years of land application of tertiary effluent (average N concentration: 11.2 g/m" ), The

soils were very coarse-textured and porous .

On Oahu, nitrate concentrations in the groundwater are relatively low because of

nitrate adsorption by acid soils with positive charges. It was found that 5000 sugarcane

field soil samples had higher than normal nitrate concentrations compared to other

9



tropical soils ( Ling et al, 1996). Harding Lawson Associates (HLA, 1997) conducted a

preliminary analysis of nitrate migration to the groundwater from effluent reuse between

Schofield Barracks and Waialua. They predicted little nitrate migration even under worst

case assumptions .

Phosphate, as the most practical limiting nutrient, is sometimes limited to 0.1 or 1

mg/l as P in an attempt to avoid eutrophication of surface waters (van Leeuwen, 1996).

Affordable technology to reduce phosphates to below 0.1 mg/l hardly exists, and it is

already costly even to achieve this level. Phosphorous leaching can also result in the

contamination of groundwater. However, phosphorous has a small leaching potential to

migrate down to the water table and occur in significant concentrations, because it binds

very tightly with irons and aluminum hydroxides abundant in Hawaiian soils (Green,

1981).

The Dan Region Sewage Reclamation Project in Israel showed, after 16 years of

recharge operation, the presence of a distinct saline plume (up to 400 mg/l CI), extending

1600m downgradient in the Coastal Plain aquifer (Vengosh and Keren, 1996). The

recorded electrolyte composition of groundwater in the vicinity of the recharge area

reflected variations in the composition of the applied effluents.

Effects of wastewater irrigation on aqueous geochemistry were studied near Paris,

Texas (Tedaldi and Loehr, 1992). The system had been operation for over 25 years. The

development of a slightly saline, semiconfined aquifer was strongly suggested by the

study.

Farid et al (1993) found that sewage effluent for irrigation with lower TDS clearly

had and probably still acts to decrease the salinity of brackish groundwater in Egypt.
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The orgainc matter in water often is measured as total organic carbon (TOC) ,

chemical oxygen demand (COD), or dissolved organic carbon (DOC). The unidentified

bulk of residual TOC in reclaimed water, also designated as effluent organic matter, has

often been characterized as humic and fulvic acids (Amy et al., 1987).

Indirect potable or potable reuse issues for residual orginc compounds (ROC)

originate from their perserverance with regard to both sorption and biodegradation during

wastewater treatment and subsequent soi1-aquifer-treatment (SAT). This behavior might

cause health concerns (Asano, 1998). Three groups of ROC of concern are: (a) synthetic

organic compounds (SOC) and disinfection by products (DBPs) generated during

chlorination of water and wastewater,(b) natural organic matter(NOM) in drinking water,

and (c) soluble microbial products (SMP) generated during the wastewater treatment

process (Nejzlar and Chudoba, 1986; Link et al., 1989; Murthy and Novak, 1998).

Attenuation Factors (AP) was used to assess the relative leaching likehood of various

pesticides (Green, 1994; Rao et., al., 1985).

The concentrations of trace elements in wastewater may not be high enough to

cause short-term effects, but can accumulate in soil and may eventually leach into

groundwater (Shainberg and Oster, 1978; Pettygrove and Asano, 1985).

Agronomic Concerns

Wastewater can provide a readily available source of nutrients, such as nitrogen

and phosphorous to plants, thus reducing fertilizer use. Excess use of nitrogen and

phosphorous will have adverse affects on the quality of plants and/or soils.

The pH of treated domestic wastewater is usually between 6.5 and 8.4, which is a

good range for most plant growth. Since soil is usually a buffered system, the pH of
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irrigation water probably will not significantly affect the pH of the soil in the root zone

(Bouwer et al., 1987).

High concentrations of dissolved orgaruc substances in effluents used for

irrigation could deplete the available oxygen in the plant zone, thus, adversely affecting

plant growth. However, no major problems of this type are shown to exist for this kind of

practice around the world (Bouwer et aI., 1987).

Some trace elements including boron are essential nutrients for plant growth, but

excessive concentrations of most trace elements are toxic to plants. Trace elements are

not normally included in routine analysis of regular irrigation water, but attention should

be paid to them when using sewage effluents, particularly if contamination with industrial

wastewater is suspected (Pescon, 1997).

Reclaimed water may be high III salts (Total Dissolved Solid), and may

concei vably lead to soil salt levels intolerable to some or most plants, especially in

cohesive soils. This is usually referred to as a salinity problem. Salinity problems

primarily manifest themselves in three ways: (1) osmotic effects, (2) accumulation of

specific ions, and (3) effects on soil physical conditions (Oster and Rhoades, 1985).

Boron and chloride in reclaimed irrigation waters are toxic to plants at

concentrations above threshold values. These elements are not likely retained by soils

because they are anions. The concentration of boron in wastewater usually is <0.1 to 2.5

mg/l (Page and Chang, 1984). Some studies reported that boron concentration in leachate

of effluent - irrigated soils are equal to that of concentrations in the wastewater (Anderson

et aI., 1981b; Pepper et aI., 1981; Mancino and Pepper, 1989). Boron toxicity does not
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seem to pose a problem for turfgrass because of the fact that boron accumulates in leaf

tips , and is removed by frequent mowing (Oertli, et aI., 1961).

Chloride toxicity is the most common toxicity occurring from irrigation because it

moves readily in the transpirational stream of plants (Ayers and Westcott, 1985). Crop

sensitivity may occur when Chloride levels exceed 5 meq L-1 in soil solution and 3.3 meq

L-1 in irrigation water. Turfgrasses, however, have been classified as being relatively

chloride tolerant even though grasses readily accumulate chloride (Cordukes and

Parupes, 1971; Cordukes, 1970). Chloride is often used to model the leaching loss of

nitrate. Soil chloride levels in a study in Chandler, Arizona were about 550 mg kg" soil

in the top meter of soil, which nearly match that of the wastewater (360 to 550 mg L-1
)

(Mancion and Pepper, 1994).

Effects on soil structure due to water reuse are probably the most senous

agronomic concern. Among the potential risks associated with using reclaimed water are

degradation of aggregate stability, a decrease in soil hydraulic conductivity (Tarchtzky et

aI., 1998), surface sealing, runoff and soil erosion problems , soil compaction and a

decrease in soil aeration.

Generally, reclaimed water can affect soil structure by physical, chemical and

biological clogging.

Physical clogging is due to the suspended solids in reclaimed water, which can

accumulate in and then block the pores of the soil, thus reducing water infiltration and

soil aeration. This might not be a serious problem for secondary effluents which usually

have relatively low suspended solids.
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Biological clogging occurs when bacterial growth or its byproducts reduce the

pore diameter. Biological clogging usually is associated with anaerobic conditions and at

surface, but it can occur at any depth (McGauhey et al., 1967; Jones , 1965). Conflicting

evidence for biological clogging is provided by Raiders et al (1986), and Vandevivere

and Baveye (1992).

Adverse effects on soil are possibly more due to chemical clogging, which mainly

due to cation exchange between dissolved salts in the water and the soil, thus resulting in

decreased permeability. In soils containing appreciable amounts of clay, an appreciable

substitution of monovalent ions (sodium) for divalent ions, particularly calcium, is

characterized by dispersion of clay particles, which may result in appreciable reduction of

soil permeability. Ion exchange capacity may be indicative of a soil's potential for taking

up or releasing cations and therefore represents a measure of the stability of soil

aggregates.

Sodium concentrations in wastewater can be high because of the use of water

softeners. Researches have shown that soil sodium content increases with wastewater

irrigation (Anderson et al., 1981a, 1981.b; Hayes et al., 1990; Mancino et al., 1989). The

adverse effects of sodic and saline conditions of soils have been studied extensively and

been summarized in numerous reviews (U.S. Salinity Laboratory, 1954; Shainberg and

Levy, 1992) . The negative effect is dependent on the sodium ion concentration relative to

the concentration of calcium and magnesium ions, which is commonly referred as the

sodium adsorption ratio (SAR). For a given total salt concentration, an increase in SAR

will decrease soil permeability, For a given SAR, an increase in total salt concentration is

likely to increase soil permeability. Thus, SAR is used to classify irrigation water. The
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typical range of sodium in wastewater is 50 to 250 mgl," , and 4.5 to 7.9 for SAR values

(Feigin et aI., 1991). Most turfgrass are sodium tolerant. SAR values of lower than 3, 3 to

9, and higher than 9 suggest none , slight to moderate, and severe restriction on water use,

respecti vely (Harivandi, 1994).

It is generally assumed that the inhibition of good plant growth in soils with high

sodium results not from the direct toxicity of sodium to the plants, but instead from the

negative effect of sodium on soil quality, especially permeability.

Reduced soil permeability also can occur when the salt content of irrigation water

is low (below 0.5 dS m", which is equal to about 320 mg L-I TDS) (Ayers and Westcot,

1985;Broadbent and Reisenauer, 1984). Water with minimal salt content reduces alkaline

soil permeability by dissolving calcium and other soluble particles. The most generally

accepted view for deflocculation of Na-clay is that OH ions, formed by hydrolysis , cause

dispersion of the soil particles.

A study (Levy et aI., 1999) showed that use of secondary effluent on three

different texture soils with high organic matter is detrimental to soil hydraulic

conductivity; for low organic matter, the inorganic phase, rather than organic matter, pose

a hazard to soil hydraulic properties. The low organic matter load was characterized as

low COD (53 mg/l, unfiltered) and low TSS (6.0 mg/l , filtered with 1.2um filter). The

high organic matter load was characterized as high COD (313 mg/l, unfiltered) and high

TSS (116 mg/l, filtered with 1.2um filter). The study also suggested that long term

reclaimed water irrigation could cause sodicity (high percentage of exchangeable Na+)

problem. Sodicity related degradation in soil hydraulic conductivity will become apparent

not during the irrigation season, but during the subsequent rainy season, and fine textured
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soils are expected to show a greater sensitivity to these phenomena than coarse textured

soils . Mathan (1994) studied the influence of sewage effluent irrigation on soil physical

properties in India and found that, after 10-15 years of irrigation, the bulk density was

decreased, hydraulic conductivity and porosity were increased, and stability index and

aggregated stabilities were also improved by sewage irrigation compared with well water.

The soil in that study was a sandy loam. The sodium concentration and SAR of sewage

are 3 meq L-1 and 2 respectively.

Over time, phosphate precipitation could decrease soil pore size, and, hence, the

soil hydraulic conductivity (as in caliche layers) (Bouwer et aI., 1998).

Biofilter-Soil and Vegetation System

Soil is a very complex mixture of inorganic and organic components in which

varying physical, chemical and biological processes occur. It not only provides a medium

for plant growth, but also contributes actively to wastewater effluent treatment processes .

It is a generally held belief that when wastewater is applied to the land, it undergoes

purification as it flows through the soil of the unsaturated zone and into the underlying

aquifer. In many cases this process , which is known as soil aquifer treatment (SAT) or

geopurification, is very effective for the preservation of groundwater quality. Thus, in

areas of wastewater irrigation, groundwater protection is determined primarily by the soil

quality and the subsurface geology, although other factors such as the irrigation method

and its management (e.g. non-uniform irrigation or continued irrigation at times of

reduced crop), nutrient uptake, climate (e.g. rainfall,) and soil moisture content can also

influence the risk of contamination of groundwater. As with common freshwater

irrigation and fertilization practices, some pollution of the aquifer is probably

16



unavoidable when using reclaimed wastewater for irrigation, even when properly

managed (Wallach, 1994).

Microbiological

Most removal of the microbial constituents in wastewater usually occur in the top

2m (Wallach, 1994), or even the top 2-6mrn(Gerba and Bitton, 1984), of the vadose zone,

with fewer and fewer organisms of surface origin found deeper in the subsurface. The

main removal mechanisms for the microbial contaminants are thought to be filtration,

adsorption onto the soil matrix, predation, and natural die-off (Gerba and Bitton, 1984;

Zelikson, 1994). At least 90 percent removal of MS-2 and 99 percent of PRD-l could be

achieved after 15 ft movement of applied sewage in soil (Gerba et aI., 1991). The same

study also shows 150ft of horizontal transport of the viruses. The turf-soil system can

remove 99 percent of poliovirus type 1, echovirus type 5, and Coxsackie B3 virus and

E.Coli (Pepper et aI., 1981; Gerba et aI., 1974; Donsel et aI., 1967) despite repeated

pathogen seeding by wastewater irrigation. It was reported that higher soil Cation

Exchange Capacity (CEC) resulted in greater virus removal. The survival of pathogens in

the field depends on the number and type of organism, soil organic matter content,

temperature, humidity, rainfall, sunlight, and predation or competition (Pettygrove and

Asano, 1985). As fecal bacteria are used as indicator organism for pathogens, it is

assumed that the only source for the indicators is human or warm-blooded animals. Also,

the indicators are assumed not to survive and multiply in natural environments. However,

fecal bacteria have often been found in agricultural soils under grazing animals (Faust,

1982; Jawson et al, 1982). In Hawaii, fecal bacteria are readily recoverable from soil

even in the absence of any sewage of fecal matter contamination. The widespread
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occurrence of fecal bacteria in Hawaii 's soil environment suggest that these bacteria have

been established in the soils and are part of the natural soil biota (Hardina and Fujioka;

1991; Fujioka et aI., 1995). There is evidence that the soil environment can provide

sufficient moisture, nutrients and temperature for fecal bacteria, and thus can support the

growth ofE.Coli (Byappanahalli and Fujioka, 1998). In his study on the fate of reclaimed

water constituents at a golf course in Hawaii, Murakami (1999) found it difficult to make

conclusions regarding all fecal coliform analysis due to the presence and growth of fecal

coliform.

Chemical

Most removal of the chemical constituents in wastewater, like the microbiological

constituents, is thought to occur in the top 2m of the vadose zone. The key removal

mechanisms include volatilization, chemical and biological conversion reactions,

precipitation and sorption within the soil matrix (Wallach , 1994).

During SAT, dissolved organic matter, measured as dissolved organic carbon

(DOC), present in wastewater effluent is removed by a combination of biological,

chemical and physical processes (biodegradation and adsorption) in the vadose zone and

subsequently in the aquifer. Most treatment benefits are attained during percolation

through the vadose zone and by biodegradation.

Konopka and Turco (1991) studied the biodegradation of organic compounds in

the vadose zone and aquifer sediment of a typical Midwest agricultural soil. No pesticides

were found in the samples, and biodegradation of pesticides (atrazine and metolachlor)

was not detected in a slurry incubation of up to 128 days. The sorption of the pesticides
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was correlated with the clay content of the sediments. The low availability of water may

limit microbial activity in the profile.

Bouwer et aI.(1974) reported a 73 percent reduction of TOC during passage of

secondary effluent through 3.3m of unsaturated sediment at the Flushing Meadows

project in Phoenix, Arizona. Bouwer and Rice (1984) reported 70-71 percent reduction

of TOe across an 18-m profile of mixed sand and gravel layers using secondary effluent

at the 23rd Avenue rapid-infiltration project, also in Phoenix, Arizona. Idelovitch and

Michai (1984) measured an 82 percent reduction in DOC in a 25m sediment column

composed of find sands at the Dan Region Project, Israel, using effluent treated

sequentially in oxidation ponds and a two-stage high lime-magnesium reactor-clarifier. A

percolation study at a test basin in Whittier Narrows, California, produced a 66%

reduction of TOC through a 2.4-m profile consisting of medium to find sands (Nellor et

aI., 1984). Pilot-scale studies (Amy, 1993) found 50 and 40 percent reduction for DOC

and total organic halides , respectively in the Sweetwater Underground Storage and

Recovery Facility in Tucson, Arizona. Subsequent field studies (Wilson et aI., 1994)

showed reduction of 90 to 80 percent for DOC and TOC, respectively through 37m of

vadose zone, but the majority were removed within 1m of the surface. Total organic

carbon DOC, ultraviolet absorbance at 254nm (UVA 254), and adsorbable organic halide

(AOX) are used as water quality parameters in a study (David et al. 1996) at the same

place. Since volatile organics are essentially eliminated from effluent during biological

wastewater treatment, nonpurgable DOC comprises all the DOC. UVA254 is a measure

of humic-like constituents with an aromatic character (both humic and fulvic acids).

Humic substances, generally resist biodegradation, and are of concern because they can
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combine with free chlorine during disir~.fection to produce harmful disinfection by

products (DBPs) such as trihalomethanes and haolacetic acids. Singer et al. (1984)

concluded that adsorption UVA at 254nm is a good surrogate paramenter for organic

halide precursors. David et al (1996) found that 44 percent reduction of DOC, which was

primarily due to biodegradation, and 57% of UVA at 254nm attenuation occurred in the

top 8 em of soil.

Three main forms of nitrogen in the soil are nitrate, ammonia, and organic N.

Nitrate is the easiest one to be leached to groundwater because of nitrate repulsion due to

negative charges on soil surfaces. Nitrogen removal can be achieved by nitrification and

denitrification, which are difficult to occur in the same system because most of the

organic carbon is consumed in the oxidative environment required for nitrification.

However, these two processes were achieved in the same soil profile by alternating the

flooding and drying cycles (Bouwer et al., 1974; Lance and Whisler, 1972). Eighty

percent removal of the nitrogen from secondary effluent can be achieved (Lance, et al.,

1976) without an external energy source during soil filtration of sewage water. Carbon

addition can increase denitrification capacity (Myrold and Tiedje , 1985;Gilbert et al.,

1978). On Oahu, the movement of nitrates to the groundwater was found limited by

adsorption of nitrates onto the soils. Black and Waring (1979) found that soils high in

hydroxy aluminum and iron oxide, which is typical in humid tropics, adsorbed

appreciable quantities of nitrate while soils high in smectitic minerals adsorbed negligible

amounts of nitrate. They also reported a significant negative correlation between pH and

nitrate adsorption . Soil column studies (Deenik, 1997) showed that nitrates mobility can

be increased by changes in soil pH due to adding lime and gypsum to the soils of. Oahu.
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The studies also showed that increasing levels of chloride significantly reduced nitrate

adsorption. When nitrate and chloride concentration were equal, nitrate adsorption

decreased by 3 percent. Increasing chloride concentration to 10 and 100 times greater

than the nitrate concentration caused 22 and 73 percent reduction in nitrate adsorption

respectively.

Sidle and Johnson (1972) found that a turf soil system was able to remove at least

90 percent of the nitrogen delivered by the wastewater, even when water was applied at

rates resulting in a 41 percent leaching fraction. A study (Andersion et aI., 1981 a) showed

that nitrogen loss was primarily in the nitrate form and increased as irrigation rates

increased in a turf-soil' system irrigated by secondary effluent. Nitrate leachate

concentration increased as nitrate levels were highest and turf growth was slowest during

December, January, February, June and July (pepper et aI., 1981). Bermuda grass is

excellent utilizer of sewage effluent applied nitrogen with periodic cutting and harvesting

(WRRC, 1974). A groundwater recharge study in the Ewa Plain (WRRC, 1989) showed

that the soil -vegetation system (3 feet of fairly permeable soil -Califomia grass) works as

a "living filter", and removes 78 percent of the total nitrogen from the effluent applied.

The nitrogen found in the groundwater was almost entirely in the form of nitrate.

The Dan Region Sewage Reclamation Project (Vengosh and Keren, 1996) In

Israel showed that the original effluent composition was modified, particularly in the

unsaturated zone, by cation exchange and adsorption reactions. The modification was

limited by soil sorption capacity. The studies also showed that monitoring the efficiency

of the vadose zone to retain contaminants is essential for evaluating groundwater quality

because organic compounds behave almost conservatively once the effluents enter and
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flow within the saturated zone. Another study (Kanarek et al., 1993) on the Dan Region

Project showed that a very high quality ofreclaimed water is obtained after SAT which is

suitable for a variety of non-potable uses such as unrestricted agricultural uses, industrial

uses , non-potable municipal uses and recreational uses. The soil-aquifer system can

remove organics efficiently and reliably. Coliform bacteria, E. coli, Sfaecalis and

enteroviruses were not detected in the reclaimed water. The salinity of the reclaimed

water was acceptable for unrestricted irrigation of all crops . SA..~ (sodium adsorption

ratio) in the reclaimed water is similar to that of the recharge effluents (about 4.6), which

was also acceptable for unrestricted irrigation. Sodium concentrations in the reclaimed

water was similar to that of the recharge effluent suggesting that the cation exchange

process must be exhausted in the area surrounding the recharge basins. This process

(adsorption of sodium and release of calcium and magnesium) was still acting in areas

further away from the recharge basins. Potassium, which was found in relatively low

concentration in the recharge effluent, was still removed (30%) by SAT.

Lysimeters

Lysimeters have long been used for collecting soil water samples, however all

lysimeters have limitations (Kohnke et al, 1940). Typically lysimeters fall into two major

categories- weighting and drainage (nonweighting). Weighting lysirneters -essentially

soil tanks resting on scales - are valuable tools for evapotranspiration and have various

designs. Drainage lysimeters are used to determine the downward movement of solutes in

the soil profiles . Tension or suction lysimeters are one kind of drainage lysimeter, and

widely used to sample percolate because they are relatively inexpensive and easy to

install. During sampling, a vacuum is applied to the interior of a porous ceramic cup and

soil water is pulled into the cup and held until collection. Wade (2000) reviewed
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lysimeter applications. He pointed out that lysimeter installation methods and sampling

techniques may be lead to inaccurate descriptions of the real world environment.

Lysimeters can be installed by disturbed or undisturbed soil filling techniques. Water and

solute transport are affected by the disturbances . The undisturbed technique is preferable

in this respect, but construction is difficult and expensive. Preferential bypassing of flow

around the sides of lysimters can sometimes occur. Corewin and LeMert (1994)) tried to

prevent the bypass flow by installation of annular rings as well as by horizontal insertion

of test and sample equipment.

Krejsl et.al (1994) found that vertically aligned lysimeters are unable to collect

any water samples. This may due to the lack of static head in the vadose zone to drive

water into lysimeters.

The analytes measured in lysimeter samples might not be accurate because many

lysimeters use vacuum to collect sample. Barbee and Brown (1986) showed that the

solution collected by free-drainage soil solution lysimeters were generally large and more

consistently represented actual soil solutions than those from porous ceramic suction

lysimeters. Heinrichs et al.(1996) compared the data on the chemical composition of soil

pore fluids that have been obtained by high-pressure squeezing techniques with that by

suction lysimeter. A critical question is what portions of the soil solution the high

pressure squeezing technique and suction lysimeters are sampling. The suction lysimeter

presumably collects a greater component of macropore water, which results in lower

concentrations of major ions compared to those of the squeezed pore fluids. Lysimeter

and centrifugation were compared (Zaboaski and Ugolini, 1990) as variable -tension and

low-tension soil -solution collection methods. Results of the study suggest that both the
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methodology used for obtaining soil solutions and the time of sampling can influence

solution composition.

Sampling of water for microbiological properties in unsaturated soil is particularly

difficult. Successful water sampling devices should collect large amounts of percolating

water with minimal change in biological properties of the water. Krejsl et al (1994)

compared different lysimeter types in collecting microbial constituents from sewage

effluent. A constant source of vacuum (0.0 1 Mpa) was applied to an devices to collect

water samples . High-flow ceramic tension lysimeters collected adequate volumes of

water (0.340 I after 6 hours) but excessive filtering led to underestimation of bacterial

numbers (only 6% of total coliform, 2.2% of fecal coliform , and no (0%) fecal

streptococcus were recovered). Perforated-tube wells did not collect any water under

partially saturated soil conditions; collection occurred only below the water table. Sand

filled lysimeters showed the best combination of volume collection with good estimation

of microbial numbers (90%) for total coliform, 83% for fecal coliform, and 45% for fecal

streptococcus.

The materials of which lysimeters are constructed can affect the composition of

the samples also, especially for suction lysimeters. Hansen and Harris (1975) determined

that samples collected in porous ceramic lysimeters might inadequately represent soil

solution concentrations. There are problems associated with sampling an undesirable

fraction of soil solution or with adsorption -desorption of soluble species to the lysimeter

material (Angle et aI., 1991). Cation contribution by the ceramic cup material could be

very important if the concentrations in the percolate are low. The problem could be

corrected by washing the cups with 0.1 N HCI (Silkworth and Grigal, 1981; Grover and
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Lamborn, 1970). Hundreds of studies use suction lysimeter to study nitrate movement in

soil. Nitrate does not react with the ceramic cup. However, sample variance could

happen due to nitrogen transformation if the percolate was allowed to remain in the

lysimeters for a long period (Hansen and Harris, 1975). Numerous attempts have been

made to analyses phosphorus by suction lysimter, but up to 100mg can be absorbed very

tightly to the ceramic cup. Most metals were reduced by 5 to 10 percent, allowing the

percolate to remain in the cup may further reduce the concentrations of metals by

precipitation, ion pairing reactions and chelation (Morrison et aI., 1981). Angle (1991)

recommended that suction lysimeter should not be used for phosphorus when P is the

nutrient of interest. He concluded that suction lysimeter could be useful tools for analysis

of contaminant leaching through the soil by proper installation, using uniform techniques

in the collection of samples , and recognizing limitations in data interpretation.

Regulations

While water reclamation and reuse regulations clearly are needed to protect public

health, they also provide consistency of regulatory decisions and requirements for all

projects. The public acceptance of water reuse is based, in part, on the safety of the

reclaimed water. There are three main considerations in a regulation or guideline: water

quality, treatment reliability, and conveyance and distribution facilities .

The applicability of reclaimed water for irrigation depends on its physical,

chemical and microbiological quality. The effects of physical and chemical parameters

are well understood for the most part, and recommended criteria have been established by

the U.S. EPA and others. Health-related microbiological limits are more difficult to

quantify, as evidenced by the widely varying stated standards and guidelines (Crook,
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1994). There are two mam sets of microorganism regulations for reclaimed water

irrigation: the stringent California requirement, which basically requires tertiary treatment

to produce pathogen -free effluent, and the WHO guidelines which require a fecal

coliform count of less than 1000 per 100 ml and not more than 1 helminth egg per liter

(Asano, 1998;Bouwer, 1993; World Health Organization, 1989; US EPA, 1992). Both

requirements apply to unrestricted irrigation, which includes fruit and vegetables eaten

raw.

There are no federal standards governing water reuse in the U.S., and regulations

that do exist have been developed at the state level. In water short states, such as Arizona,

California, Florida, and Texas, well -developed, comprehensive water reuse regulations

have been established. Arizona is the only state having water reuse criteria that include

limits for viruses and parasites (State of Arizona, 1987). California has a long history of

reuse and first developed reuse regulations in 1918, which have been modified and

expanded through the years. The regulations establish acceptable levels of constituents

within the reclaimed water to ensure that the use of reclaimed water for the specified

purposes does not impose undue risks to health (State of California, 1978). At the time

the regulations were developed, the California Department of Health Services concluded

that epidemiological studies of the exposed population at water reuse sites would be of

limited value, and that it was not possible to ascribe numerical risk estimates to reclaimed

water with any confidence.

In Honolulu, Hawaii, the following agencies are responsible for water reuse: (a)

Department of Wastewater Management, City and County of Honolulu, (b) Board of

Water Supply (BWS), City and County of Honolulu, and (c) DOH, State of Hawaii. DOH
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prohibited irrigation of food crops because of potential pathogen presence (Kumagai ,

1995). BWS objects to reuse water over potable aquifers due to potential groundwater

contamination. These restrictions and related water quality standards will discourage

reclamation because the cost to comply with the standards is significant. He criticized the

philosophy of DOH's guideline because it focuses on the presence of viruses, and deals

with the potential risks rather than the probability of the pathogen presence. There are 3

classifications of reclaimed water based on DOH regulatory definitions (DOH, 1993).

The classifications indicate treatment requirement, minimum levels of purity, and

monitoring requirement. Water is not recycled if it does not meet the required level of

quality. R-l water is the highest quality reclaimed water. This water has gone through

oxidation, filtration and disinfection that makes the water safe for use on lawns, golf

courses, parks, and other places that people frequent. R-2 water is slightly lower quality

reclaimed water, which is secondary (biologically) treated wastewater and disinfected. Its

use requires more caution and restrictive controls than R-l water. R-3 water is the least

pure class of reclaimed water, which has been treated to the secondary level without

disinfection. It can only be used for irrigation at places where people rarely go. The DOH

guidelines include a monitoring plan with a loading limitation or maximum value in

lysimeter percolate for nitrate , total phosphorus, pH, TDS and heavy metals.

Objectives

The literature research indicates that reclaimed water has become a valuable water

resource in different areas of the world. Contact inhalation or ingestion of contaminated

water, such as raw or primary sewage, are the main reasons that cause human diseases.

The use ofR-l water quality for golf course irrigation is unlikely to cause human illness.
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However, some pathogenic orgamsms E.coli can survive treatment. Thus, biological

concern needs to be addressed to protect public health and promote reclaimed water use.

The potentials of groundwater contamination and soil degradation from reclaimed

water use are variable and largely dependent upon particular soil-vegetation system. Due

to the unique characteristics of soils, reclaimed water irrigation may not threaten

groundwater quality on Oahu. Yet, the remedial capacity of soils is finite, and reclaimed

water could affect the soils in some way, thus increasing the adverse potentials. For

example, the nitrate adsorption by acid soils could be desorbed due to pH increase and

other anion competition for adsorbed points at soil surface.

In order to protect a valuable and finite water resource, and assure successful use

of reclaimed water, research is needed to determine the fate of reclaimed water

constituents. There were four objectives in this research:

(1) Assess remedial effects of soils on the reclaimed water constituents.

(2) Ascertain in a general manner the effects of the reclaimed water constituents on soil 

grass system. variations in chemical characteristics of

(3) Assess whether the reclaimed water irrigation can enhance the growth of pathogens in

the soils and grass.

(4) Recommendations for the golf courses to mitigate the problems if found.
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Chapter II Environmental Setting of Research Site

Location and Topography

The research site consists of the two golf courses (Kalakaua and Leilehua)

proposed for the use of R-l quality reclaimed water from Schofield Army Barracks

Wastewater Treatment Plant (SBWWTP). The location of SBWWTP is shown in Figure

2-1. The Kalakaua Golf Course (KGC) is along KoleKole Ave with the location shown

in Figure 2-2. The Leilehua Golf Course (LGC) is on the edge of the East Range with the

location shown in Figure 2-3. The topography of the golf courses is such that the grades

are less than 15 percent as specified in the Effluent Reuse Guidelines . The existing

topography is flat enough so that the volume of irrigation of reclaimed water will not be

enough to create runoff from the golf courses.

Vegetative Cover

The vegetative cover on both golf courses is made up of Bermuda grass that has

been in place for many years. It is presently irrigated with potable well water to maintain

the cover. The Bermuda grass is mowed as dictated by the golf course manager. The

Bermuda hybrid grass is maintained by applying fertilizer and water. The buffer zone

vegetative cover is unirrigated Bermuda hybrid.

Hydrology

Schofield Army Barracks is in the physiographic province known as the Schofield

Plateau, which is bounded on the east by the Koolau Mountain Range and on the West by

the Waianae Mountains (Figure 2-4). The surface topography ranges from nearly flat near

the central portion of Schofield Barracks around Wheeler Airfield to steeply sloping

dissected terrain rising up to the mountain ranges east and west of the installation (Figure
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2-5). Surface material at Schofield Barracks consists of soil formed by in-situ

decomposition of the basaltic bedrock. With depth, the residual soil grades from

structureless soils in the upper 3 feet into saprolite. Typicall y, the saprolite is silt and clay

that extends for 75 to 100 feet in depth , which then grades into basaltic bedrock.

On the island of Oahu average annual rainfall ranges from approximately 275

inche_sper year near the crest of the Koolau Mountain range, and approximately 80

inches near the crest of the Waianae Mountain Range to approximately 40 inches per year

on the Schofield Plateau. Thus, the distribution of potential recharge to groundwater is

concentrated in the higher elevation areas. Recharging precipitation flows from the

mountains into dike-impounded groundwater bodies and then into basal groundwater

bodies. Figure 2-4 shows the various groundwater systems on the island of Oahu.

The primary source of recharge to the Schofield high-level water body IS

underflow from the higher elevations in the eastern part of the Schofield Plateau, the

upper slopes of the Koolau mountain range, and the upper slopes of the Waianae

mountain range. Of these, recharge from the Koolau mountain range is considered to be

the major source of recharge. Discharge from the Schofield high-level water body flows

south into the Pearl Harbor basal aquifer and into the Waialua basal water body to the

north.

The groundwater beneath the golf courses is contained within the Schofield high

level water body. This body of water has a potentiometric surface at an elevation of

approximately 275 feet above sea level. This is an intermediate level between dike

impounded water bodies in the Koolau and Waianae mountain ranges that have much
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higher water levels, and the Pear Harbor basal aquifer that has potentiometric surface

elevations of less than 50 feet.

Soil

Both golf courses are located in the Schofield Plateau area with Helemano

Wahiawa association of soils. The soils extend about 2 to 5 feet below the ground

surface. These soils are thick, nearly level to moderately sloping and are described as

well drained. In places, roots penetrate to a depth of 5 feet or more.

The soil type at the LGC is classified in the Wahiawa silty clay (WaA), Wahiawa

Series, Clayey, kaolinitic, isohyperthermic Family, Tropeptic Eutrustox Group, Oxisols

Order (SCS, 1972). Rainfall amounts to 40 to 60 inches annually and most of it occurs

between November and April. The soils are used for pineapple, pasture, homesites, and

formerly sugarcane.

In most areas, the surface layer is very dusky red silty clay about 12 inches thick .

The subsoil, about 48 inches thick, is dark reddish-brown silty clay that has subangular

blocky structure. The material below the clay is saprolite. The soil is described as

medium acid in the surface layer and medium acid to neutral in the subsoil. The

permeability is described as moderately rapid, with slow runoff. The water capacity is

about 13 inches per foot in the surface layer and about 14 inches per foot in the subsoil.

This results in a residual moisture content for the shallow soil of 0.1.

On the KGC, the shallow soil is the Kunia silty clay (KyA), Kunia series, Fine,

kaolinitic, isohyperthermic Family, Ustoic Humitropepts Group, Incepisols Order (SCS,

1972). The mean annual rainfall amounts to 30 - 40 inches, and most of it occurs from

November to April. The soils are used for pineapple, homesites, and military
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reservations. In a representative profile , the surface layer is dark reddish brown silty clay

about 22 inches deep. The subsoil, 40 to 71 inches thick, is dark reddish brown silty clay

and silty clay loam with a subangular blocky structure. Manganese concretions occur

throughout the profile. The surface layer is medium acid to extremely acid, and the

subsoil is slightly acid to strong acid. Permeability is described as moderate , with slow

runoff. The available water capacity is 17 inches per foot of soil, which gives a residual

moisture content of 0.14.

The parameters of the soil, such as soil texture, soil structure, and cation exchange

capacity (CEC) can have impacts on the amounts of Total Dissolved Solid (TDS),

nitrates, phosphorus, and potassium that is either retained or leached out of the soil. Both

Oxisols and Inceptisols have rather featureless profiles. In contrast with the Inceptisols,

Oxisols have a low CEC and consist almost entirely of kaolin minerals and crystalline

oxides of silica, iron, aluminum, and titanium, all of which are resistant to weathering.

The pH values of soil in central Oahu typically vary from 4.0 to 7.3. Hydrolysis

of aluminum clays and subsequent ionization of exchangeable aluminum, which releases

hydrogen ions, contributes to the acidity of most Hawaii soils. This variation in the soil

pH value has an impact on the amount of nitrate absorbed by the soils. Black and Waring

(1979) found that soils high in hydroxy aluminum and iron oxide adsorbed appreciable

quantities of nitrate while soils high in smectitic minerals adsorbed negligible amounts of

nitrate. They also reported a significant negative correlation between pH and nitrate

adsorption.

The permeability values of Oxisols soils typically range from lAx 10-3 to 4Ax 10-3

em/sec (Green et al, 1982; Oki et al, 1990). Green et al. (1982) reported porosity values
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of 0.4 78 to 0.706 and bulk densities of 860 to 1530 kg/rrr' for Central Oahu soils. Miller

(1987) found porosity for the soil samples varying from 0.455 to 0.723 with bulk

densities of 850 to 1630 kg/rrr', Miller also found that the percent of saturation was

generally high for field conditions, varying from 70 to 100 percent.

Golf Course Management

Fertilizer

The typical standard approved fertilizer programs have been used to maintain the

turfgrass growth on golf courses in Hawaii. Normally, fertilizers are applied to golf

courses to supply essential and macronutrients such as nitrogen (N) , phosphorus (P), and

potassium (K). Fertilizers are normally applied only to the greens, fairways, and part of

the roughs of a golf course. Turfgrasses use much more N than other elements. It has

been shown that the turfgrasses grown in Hawaii use about twice as much N as K and

about four times as much N as P (Murdoch and Green, 1989). The table below shows

nitrogen fertilizer use on KGC and LGC.

Table 2-1 Approximate fertilizer use rates for different areas of KGC and LGC
Type of Area Fertilizer Application Total annual

turf (acres) amount frequency application
(lb /1000 ft2) (tons N)

Greens
KGC LGC KGC LGC KGC LGC KGC
3 3 05 05 3weeks 3weeks 566

LGC
566

Tees 3

Fairways 75

3

60

1

1

1

1

4weeks 4weeks 85

16weeks 10weeks 531

85

680

Roughs o 30 o I
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Pesticides

There are a number of weed, insect, and disease pests of turfgrasses in Hawaii.

Thus, it is necessary to use pesticides to maintain a high-quality turf. Pesticides only are

cautiously applied in response to outbreaks of pests. All pesticides used on golf courses

must be approved by USEPA and the Hawaii State Department of Agriculture. A typical

pesticide program for golf courses in Hawaii can found in the study of Murdoch and

Green (1989) .

Irrigation

Because rainfall is not evenly distributed throughout the year, irrigation is needed

to supplement rainfall. Potable water is used by the two golf courses for irrigation. The

amount of estimated irrigation application annually is about 21 inches for KGC and 23

inches for LGC. These values were calculated from long-term average use provided by

the KGC and LGC Manager (US Army Groundwater Modeling Technical Support

Center, 1999). The actual amount of irrigation is dictated on a day-to-day basis by the

Manager. Pop-up sprinklers are used on both golf courses. Irrigation at KGC is done

with electromechanical clocks set by hand, while at LGC is done with a centrally

controlled computer.

Schofield Army Barracks Wastewater Treatment Plant (SBWWTP)

SBWWTP is owned and operated by the Directorate of Public Works, US Army

Garrison-Hawaii, US Department of the Army. A variety of contractors and

subcontractors assist with operation and maintenance of the Plant. Figure 2-1 shows the

location of the plant. The plant treats wastewater from the following facilities in Central

Oahu: US Army's Schofield Barracks Military Reservation, 'Wheeler Army Air Field,
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Camp Stover Housing Area, Helemano Military Reservation, US Navy's Field Station

Kunia, and the private Helmano Plantation Development. The plant is designed to treat

an average flow of 42 million gallons per day (MGD). The current average flow of the

SBWWTP is approximately 2.7 MGD.

The plant produces R-2 water using the conventional activated sludge process

plus chlorine disinfection. At present, the treated effluent is discharged to an irrigation

ditch operated by the Dole Foods Company (DFC), and mixed with water drawn from the

Wahiawa reservoir and used for irrigation of diversified crops in the Waialua area. An

existing easement allowing discharge into the DFC irrigation system expires in December

2001. Average water quality parameters from January 1999 to December 2000 for the

effluent are given in Table 2-2.

Table 2-2 Water Quality of Secondary Effluent from SB\VWTP( 1999-2000)
Parameters Average Range

Tot Coli (Mf-Endo)(CFU/lOOml) 328 1-10000

Fecal Coli (MFC)(CFU/1OOml) 84 1-1100

BODS (mg/l) 2.2 7-15.8

TSS (mg/I) 7.4 1-40.1

Total Nitrogen N (mg/l) 4.3 1-111

Total P Wet (mg/l) 3.55 23-53

Ch residual(mg/l) 2.29 0.7-46

pH field 6.43 5.5-7.0

Temp 27 24-29

This effluent does not consistently meet R-2 standards for coliform bacteria. The

Army made efforts to meet the requirements of their National Pollution Discharge

Elimination System (NPDES) permit by planning to install a scum removal system,
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providing upstream chlorination for better mixing, installing a dechlorination system to

allow for higher chlorine dosages, and installation of a chlorine contact tank sediment

removal system.

The overall plan of the Army is to upgrade SBWWTP to produce R-l water

instead of R-2 water that it presently discharges. R-l water will be produced by sand

filtration and ultraviolet (UV) disinfection of effluent from the secondary clarifiers.

Discharge of R-l water instead of R-2 water will reduce the concentrations of bacteria

and viruses. R-l water will be used for irrigation at KGC and LGC. If the effluent is not

in compliance with the State 's reuse guidelines for R-l water, or effluent quantities

exceed reuse requirements, or the DFC irrigation system is not in use, SBWWTP effluent

will be discharged into the Wahiawa Reservoir (Towill , 1998), assuming that a proposed

pipeline to do so is built.
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Chapter III Monitoring Program

An elaborate field study is being conducted to characterize the water quality

parameters of leachate samples from test plots where reclaimed water is used for

irrigation, and from background sites where potable water is used.

Monitoring Parameters

Samples, monitoring parameters and sample frequency are shown in Table 3-1.

Sample

Reclaimed Water (Rl
and R2 water), Potable
Water, and Soil Water

Soil

Grass

Sampies and Monitoring Parameters
Parameters Measured

TDS , Ammonium, Sodium, Potassium,
Calcium, Magnesium, Chloride, Nitrate ,
Total Phosphorous, COD, DOC, fecal
coliform, Turbidity, pH

CEC, exchangeable Sodium, Potassium,
Calcium, Magnesium, pH, Particle size
distribution, Total Nitrogen, Total
Phosphorous, Total Potassium

Fecal coliform

Frequency

Every Month,
or more often

Variable

Variable

Not all the parameters were analyzed for all samples. For soil pore water samples,

it was dependent on the volume of sample available.

Analytical Methods

Analytical methods used are shown in Table 3-2.
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Table 3-2 Analytical Methods
Parameters Method Preservation/hold

time/Note
PH Std.Mtd* 4500-H+B Analysis as soon as

possible, 2h/stat

Nitrate Std.Mtd.4500-N03D 4°C/2 d

TDS Std.Mtd 4°C/7 d
2540C

Turbidity Std.Mtd.2l30 4°C/2 d

Total Phosphorous Std.Mtd.4500-E H2S04 to pH<2, 4°C/28 d

Sodium, Potassium, Std.Mtd.4110C 4°C/7 d
Calcium, Magnesium (non-standard for cations)

Chloride Std.Method 4500-Cl /411OC None/28 d

Alkalinity Sta.Mtd.2320

Fecal coliform Std.Mtd 9222D None/6hr

COD Std.Mtd. 5220D H2S04 to pH<2, 4°C/28 d

DOC Std.Mtd. 531OB

Air-dry samplepH in Water (Thomas, 1996)

and Unbuffered Salt Extraction Air-dry sample
Method (Sumner &Miller, 1996),
and Std.Mtd. 411OC

Soil CEC
exchangeable
Sodium, Potassium,
Calcium, Magnesium
Soil pH

Soil total Phosphorus, ICP (Thermo Jarrell Ash
Soil total Potassium Corp., 1995)
Soil total Nitrogen Bremner (1996)
Soil particle size Sieve and Hydrometer
distribution Method (Gowland, 1981)

Air-dry sample

Air dry sample
Oven dry sample
(103°C)

*Std.Mtd: EPA approved standard method.

Methods were selected dependent upon laboratory equipment and sample volume

available . The method used for cations is reliable from past experience in our lab.
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The CEC of a soil depends rather critically on the manner and conditions (such as

concentration, pH, nature and valence of ions, and buffer capacity of the extracting

solutions) in which it is determined (Sumner & Miller, 1996). The magnitude of the error

incurred in the CEC measurement depends on the difference in pH values between the

soil and exchangeable solution. For estimation of CEC under field conditions, unbuffered

salt extraction instead of a buffered solution with a particular pH value should be used.

The selected method enabled the measurement of the CEC of a soil at its "field pH"

value. The CEC values obtained by this method are similar to those obtained by several

other methods also.

Probably the most important step in particle size distribution analysis is dispersion

of the soil. The selected method (Gowland, 1981) was developed in light of tropical soils

high in free oxides. The oxides are important tropical soil aggregating agents that require

special treatment for their dispersion.

Soil pH measurement is affected by the ratio of water to soil salt content of the

soil solution. However, the increase in pH by l O-times increasing water content is only

about 0.4. In addition, the use of salts of one kind or another to correct for variable salts

in the soil does not, in general, lead to better interpretation of soil pH. In summary, a soil

water suspension gives pH values which can be used with considerable confidence, if not

precision, for making practical field decisions (Thomas, 1996).

Pilot-scale Test

A 10-ft by 10-ft test plot irrigated with reclaimed water was designed for each of

two golf courses in Central Oahu. These are the U.S. Army owned LGC and KGC. The

location of the pilot scale test site on each of the golf course is shown in Figure 2-1 and
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2-2. The sites are selected so that the management of the golf course and the test would

not affect each other. Irrigation, fertilizer and pesticides are not applied by the golf course

personnel in the test areas. The locations also had the same turfgrass as the fairways, and

provide easy access for vehicles to fill effluent storage tanks.

Suction lysimeters (Model 1920Fl 2-Bar suction lysimeter, Soilmoisture

Equipment Corp.) were used to capture soil-water percolate (excess irrigation water)

within the vadose zone of the near surface soils for monitoring analysis. A total of 14

lysimeters were installed at the golf courses in January and February 1999. Each test plot

contained 2 lysimeters at depths of 24 inches and one at depth of 48 inches. Four other

lysimeters at depths of24 inches were distributed throughout each golf course in fairways

where irrigation is with drinking water to serve as baseline controls. A total of 4

additionallysimeters were installed at a depth of 12 inches in May 2000. Three lysimters,

two at the test plot, and 1 in a fairway were installed at KGC, and one lysimeter was

installed at LGC test plot. The locations of the lysimeters are shown in Figure 3-1 and 3

2. The locations were selected based on the following considerations: (a) the soil pore

water samples should represent normal golf course management, (b) the appropriate

volume of soil water samples can be collected to meet analytical requirements, and (c)

minimal impact on the golf course management.

Pilot-scale Irrigation System

At the KGC test plot, R-l quality water is used and at the LGC, R-2 quality water

is applied. The field irrigation system is shown in Figure 3-3. The system us~s a solar

panel to charge the battery to operate the timer and the pump. The timer controls when

and how long the pump will provide water for irrigation. The pump delivers 3.2 gallons
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per minute, which can be adjusted by a valve. The irrigation system can deliver any

desired amount of irrigation water to a single pop-up lawn sprinkler. Suction lysimeters

were used to sample soil pore water, as discussed later in this section.

Eighty to 100 gallons of irrigation water are delivered and stored in the 150

gallon storage tanks every week. The amount was based on the historical amount of

irrigation at each of the golf course. The annual amount of irrigation is approximately 20

inches on Kalakua and 23 inches on LGC. However, to help insure that the pilot test

obtained results, this amount was increased by 50 percent. The irrigation rate was

designed for 179-day irrigation. As the pilot test lasted for two years, the irrigation rate

at the test plot was actually two times of the amount the golf courses used.

Based on the irrigation demand, the pump rate of the irrigation system, and the

sizes of the test plot, the irrigation time for the KGC test plot was 4 minutes and at LGC 6

minutes per day (calculations see Appendix 3-1). At the LGC, the irrigation was kept

relatively constant during the whole test period, except in May 1999, when the irrigation

was stopped. At KGC, the irrigation was doubled (8 minutes) from September 1999 to

April 2000, and was kept at 6 minute irrigation per day from then on, since soil water

samples were difficult to obtain there.

The test plot at LGC is irrigated by R-2 water, which is pumped into a 210-gallon

tank at SBWWTP, then delivered to the golf course by a pick-up truck. R-1 water is used

for KGC. It is delivered to the golf course in the same manner as that for LGC. However,

the R-1 water must first be produced from the effluent of secondary sedimentation tank of

SBWWTP.
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R-l 'Vater Production

R-l water was produced by a pilot-scale sand filter and UV (Ultraviolet) disinfection

unit at SBWWTP as shown in Figure 3-4. The following procedures were used for R-l

water production:

(1) Rinse all four 30 gallon plastic garbage cans with tap water three times before use.

(2) Connect power to the pump used to pump the effluent from the secondary

sedimentation tame The secondary effluent is pumped to the top of the sand filter, and

stored in a garbage can (A). A valve connected to the pump discharge hose controls

the pump rate.

(3) Fill tank A full , which takes about 40 minutes. During this time, the pump (Model#2

2E-38N-WQ, 7.2 gallons per minutes, maximum) connected to the UV disinfection

unit is put in garbage can A. The UV unit discharge is put in tank B.

(4) Connect power, pump and disinfect the water through the l.JV unit at a rate of

approximately 4 gallons per minute, and store it in B. The l.JV dose of the water

received is approximately 41mWs/cm2 for one pass through the unit (UV Dose is

defined as UV intensity multiplied by the irradiation time), the calculation is shown in

Appendix 3-2.

(5) Rinse the pump and hose of the UV unit with tap water stored in a barrel.

(6) Move the pump into B and the hose into the next available garbage can C. Pump the

water through the UV disinfection unit the second time. Repeat the UV disinfection

step a third time into tank D which produces Rl water with reliable water quality

(Total UV dose =123mWs/cm2
) .

42



(7) Keep pumping the secondary effluent through the sand filter during the whole

process , and store it in an available garbage can.

(8) Pump R-l water from tank D to a 21O-gallon tank in the pick-up truck bed, and

deliver it to KGC. The 210-gallon tank is rinsed with tap water every time before

the water is pumped into the tank and rinsed again after use.

UV disinfection Unit (UltraDynamics 8101, Capital Control Corp., PA)

The technical data of the UV unit is shown Table 3-3. The ultraviolet (UV) UV

unit produces an UV dose of 30,000 pWs/cm? at a maximum flow rate of7 U.S. gallons

per minute . The energy is emitted at a germicidal wavelength from a mercury vapor lamp

inside the module. The pathogens in the water are killed by the ultraviolet (UV) energy as

the water is passed through the unit. The all-stainless steel body ensures a lifetime of use

without corrosion or leaks, and the energy efficient UV lamp consumes only 75 watts of

Table 3-3 Technical Data for the UV unit

Type of Liquid: Water

Flow Rate: 7 U.S. gallons per minute - maximum

UV output at 254nm: 5300mW

Operating Pressure: 100 psig - maximum

Power Requirements: 120/240 Vac, 50/60 Hz, 0.6 amps

Material: Electropolished 304 Stainless Steel

UV Lamp: low pressure , rapid start, 18 "long (L=27.1cm)

Flow Control: Orifice

Overall Dimensions (module): 24" high x 4" wide x 4" deep (613 mm x 100 mm x

100mm)

power, the same as a 75-watt light bulb. A remote mounted power supply pack provides a

continuous source of power to the UV lamp while monitoring the lamp status. A bright

green LED indicator on the front of the power pack gives indication of lamp failure. The
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UV lamp is protected by a high purity quartz sleeve, which is sealed by a single, UV

resistant O-ring. The UV lamp and protective quartz sleeve are easily removed through

the top of the unit.

Sand filter Set-up and Maintenance

A 14-cm diameter, I-m length, Plexiglass column with an outlet at the bottom

was used for the sand filter. The column was tilled with two layers, 35-cm thick sand

layer (top), and 10-cm thick medium rock layer. Silicon sand with a O.5-mm diameter

was used for the sand layer. A piece of window screen having the same diameter as the

column, was put between the bottom of the sand filter (before the outlet) and rock layer,

another is put at the border of the rock layer and the sand layer. The flow rate through the

sand filter will decrease due to the growth of algae and deposition of suspended solid in

the secondary effluent. Thus, the sand filter was washed and re-set up every month. The

sand and rock were washed with tap water, dried, and put back into the column.

Lysimeter Installation

The components of the lysimeters are shown in Figure 3-5. Procedures were as

follows:

Before use

(1) Cut the required length for the access tubes (1903L and 1940L,Soilmoisture

Equipment Corp., 1/4-inch O.D polyethylene tubes), which depends on the installed

depth of the lysimeter .

(2) Insert the black tube into the white tube connector, and the green tube into the green

tubing connector.

(3) Soak the lysimeters in distilled water for approximately 2 hours.
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(4) Pressure test: using Pressure -Vacuum Hand Pump (Model 2006G2, Soilmoisture

Equipment Corp.). A sustained pressure of 20 Psi can be applied to the submerged

lysimeter. Continuous bubble formation indicated leakage.

If the lysimeter passes the pressure test then it can be installed in the field. The

primary concern in any method of installation is that the porous ceramic cup be in tight,

intimate contact with the soil, thus soil water can move readily from the pores of the soil

through the pores of ceramic cup and into the sampler.

Installation

(5) Dig a trench about 6 to 8-inch depth using a shovel, then core a hole with 3.5 inch

diameter in the trench with a depth about 2 inches deeper than the desired depth

(sample depth) using a screw or bucket auger.

(6) Sift the soil to free it of pebbles and rocks, and save as backfill soil for filling in

around the lysimeter later.

(7) Pour wet Bentonite clay (0930W, Soilmoisture Equipment Corp.) in the bottom of

the hole about 2 inches, and tamp it. This isolates the lysimeter from the soil below.

(8) Pour approximately 4-6 inches depth of silica floor slurry into the hole.

(9) Backfill the hole with the native soil slowly to about 2 inches below the trench, and

tamp the soil continuously with a metal rod. This will prevent surface water from

channeling down between the soil and the body tube of the lysimeter.

(10) Pour wet Benetontie clay (0930W, Soilmoisture Equipment Corp.) on the top of the

backfill soil just at the same level as the trench , and tamp it. This will isolate the

lysimeter from the soil top.
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(11) Backfill the trench slowly with native soil again, and tamp the soil continuously with

the metal rod.

(12) Connect each of the access tubes with a 6-inch length of neoprene tubing (MRT003,

Soilmoisture Equipment Corp.), bend and clamp each of the neoprene tubing using a

clamping ring (2031G2, Soilmositure Equipment Corp.).

(13) Install an irrigation valve box on the top of the tubes. These are used to protect the

access tubes from disturbance of soil and damage by mechanical equipment, people,

or animals.

The cross sections of the installed lysimters are shown in Figure 3-6, 3-7,and 3-8. In

the Figures , Land K represent LGC and KGC respectively; T represents Test sites, and

the number of the lysimeter at the control sites correspond with the hole number of the

golf course.

Sampling Procedures

Chain-of -Custody

During sampling, chain-of study reports were filled out in the field. The records

were completed in writing on appropriate forms (Appendix 3-3), and signatures were

recorded during each phase of transfer of samples. The records include the name of the

sampler or analyst, date of collection and analysis, type of sample or analysis, location of

sample collection and analysis . The records are kept on file.
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Sampling procedures

Before sampling

(1) Wash all the sampling bottles for water samples (500 or 1000ml Volume) with 3

times of tap water, 3 times of high-diluted HCI if used for phosphorus analysis and 3

times of deionized water.

(2) Autoclave the bottles loosely covered with lids for 15 minutes if used for fecal

coliform analysis.

(3) Dry the bottles and use them for sampling.

(4) The above procedures are also used for the 250ml bottles used for grass samples

except that the bottles are autoclaved with paper lids. Weight the bottles using

analytical balance.

(5) Clean plastic bags are used for soil samples.

Sampling

Soil water

(1) Label sampling bottle (500ml)

(2) Open the irrigation valve box.

(3) Connect the neoprene tubing of the black tubing (pressure /vacuum side) with the

vacuum port of the Pressure -Vacuum Pump (with gauge) while keeping the clamp

of the neoprene tubing connected with the green tubing (sampling side).

(4) Vacuum the lysimeters to 65 centibar indicated by the gauge (the practical limit for

water flow in soils is about 65 centibar) , and clamp the neoprene tubing connected

with the black tubing immediately (see Figure 3-9).
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(5) Maintain the vacuum pressure until sampling. In the field situations, the vacuum was

maintained continuously between the sampling because it is difficult to get (enough)

sample.

(6) When collecting a sample, Connect the neoprene tubing of the black tubing with the

pressure port of the hand pump; remove the neoprene tubing of the green tube.

(7) Apply a few strokes on the hand pumps to create proper pressure until water comes

out the green tubing slowly, rinse the green tubing with the first small portion of

sample, connect the tub ing with the sampling bottle immediately, and collect sample

until no water comes out (See Figure 3-10).

(8) Attach the neoprene tubing to the green tubing, and clamp the neoprene tubing

(9) Connect the neoprene tubing of the black tubing to the vacuum port of the hand

pump; vacuum the lysimeter to 65 centilbar.

(10) Remove the neoprene tubing of the blacking tubing from the hand pump and clamp

it immediately.

(11) Install the cover of the irrigation valve box.

(12) Repeat the procedures for different locations.

Reclaimed water

(1) Label the bottles (1000ml)

(2) Submerse the bottle without lid below the water surface of the garbage can

containing R-l water, fill the bottle full with the water, take it out , and replace the

lid.

(3) Use a sampling device at SBWWTP, which consists of a 2-liter steel cup attached to

a 6-feet long pole.
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(4) Submerge the cup below the water surface of the chlorine contact tank, fill the cup

with R-2 water,

(5) Transfer R-2 water into the sample bottle, ifnot enough repeat it again until enough

water is obtained. Replaced the bottle lid.

Potable water for irrigation

The sample was obtained from a pressure tap on the potable water wellhead pump

used by the golf courses.

All the water samples were stored in an ice-filled box and delivered to the

Sanitary Engineering Lab at UH. The samples were stored at 4°C if not analyzed

immediately.

Locations of Grass and soil samples

The selected sampling locations should have the same conditions as the test and

control sites have. Not all of the control sites were selected for grass samples. For soil

samples, only test sites were selected.

Grass sample, stock solution extraction and dilution (similar to Murakami , 1999):

(1) Wear disposable latex gloves on both hands.

(2) Open the scissors, swab them with alcohol-cleaning pad and rinse them with soap

water first, then tap water and deoinzed water in 500-ml wash bottles several times.

(3) Hold a bunch of grass with one hand and cut the grass using the blade of the scissors.

(4) Put the clippings in a weighed autoclaved triangle bottle.

(5) Label the bottle and store the sample in an icebox.

(6) Repeat the procedures for different locations

(7) Deliver the samples to the lab and analysis them in one day.
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(8) Measure 5 grams of grass using gloves and analytical balance and carefully place in

an empty, weighed autoclaved bottle (250ml). Repeat for each of the sampling sites.

(9) Add 150 ml of sterile buffered water to each bottle containing grass.

(10) Secure covers for bottles, and shake for 15 minutes using wrist-action shaker.

(11) Vigorously shake one bottle. Use sterile gauze to cover mouth ofbottle to filter

grass. Pour approximately 30ml in a graduated cylinder.

(12) Repeat (9) to (11) three times.

(13) For a - 1 dilution, shake solution in a graduated cylinder vigorously. Pipette 10 ml

into 90 ml of sterile buffered water in a dilution bottle.

(14) For a -2 dilution, vigorously shake -1 dilution bottle. Pipette 10 ml from the bottle

and add to 90 ml of sterile buffered water in a dilution bottle.

(15) For a -3 dilution, vigorously shake -2 dilution bottle. Pipette 10 ml from the bottle

and add to 90 ml of sterile buffered water in a dilution bottle.

Soil sample

(1) Drill a hole using a hand auger with length marking to the desired depth.

(2) Screw out the auger.

(3) Remove the soil from the auger using a screwdriver, and put the soil into a labeled

plastic bag.

(4) Seal the bag and put into an ice-filled box.

(5) Backfill the rest of the soil and turfgrass.

(6) Repeat the above procedures for different locations.

(7) Deliver the sample to the lab.

(8) Crush soil aggregates by hand and pass the soil through a 6-mm sieve.
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(9) Air-dry the soil and put into a clean plastic bag for storage until analysis.

Data analysis method

The variance of lysimeter data may be due to seasonal variance, such as rainfall

and evapotranspiration, or management factors such as the timing of irrigation and the

fertilization rate. Variance of lysimeter data between test plot and background sites may

be due to soil spatial variance (location , depth), and different irrigation and fertilization

managements. Differences in nitrate, Na, K, Ca, Mg, TP, TDS, pH and alkalinity data

among lysmeters were analyzed using a complete randomized design with repeated

measures. The repeated measures were the observations at different sampling dates. The

variance sources are treatment (reclaimed water without fertilizer at 24" and 48" vs.

potable water with fertilization at 24"), and seasons (wet vs. dry). The test plots were

irrigated at a rate of 200% of background sites. The wet season is defined as the period

from November to April, and the dry season is from May to October. These definitions

are based on the historic precipitation on the two golf courses. The effect of interaction

between the treatment and seasonal factors is also analyzed. General Linear Models

(GLM) procedures are used to do the statistical analyses because the data is unbalanced

(SAS, 1985). Type III Sum of Square is selected in the GLM procedure. 1%, 5% and

10% significance levels were determined.
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Chapter IV Results and Discussion

Irrigation Water Quality

Table 4-1 shows the average characteristics of the various irrigation waters

measured during the two-year pilot-test period . The Fecal coliform values determined

herein are much lower than the data collected by SBWWTP. One possible reason is that

we haddifferent sampling times.

Table 4-1 Water Quality of Irrigation 'Vater
R2 water Rl water Potable water

PH 6.65 7.01 8.02

Turbidity (NTU) 2.65 1.3

Nitrate-N (mg/l) 18.6 18.4 0.8

NPOC (mg/l) 9.17 7.94 1.47

COD (mg/l) 44 35 7

Chloride (mg/l) 67.4 58.8 18

Tot. Phosphate. -P (mg/l) 4.2 3.85 0.31

TDS (mg/l) 331.7 330.5 155.4

Ca++(mg/l) 11.59 11.46 8.96

Mg++(mg/l) 7.91 7.98 6.47

Na+(mg/l) 50.5 53.3 15.08

K+(mgll) 7.64 7.15 1.04

SAR (meL,I/meL,I) 2.80 2.96 0.94

(Na+) /Sum of Cations

(MeL'I /meL'I) 0.66 0.67 0.41

Alkalinity (CaC03 mg/l) 26.57 29.23 48.4

Fecal Coliform(CFU/1 OOml) 4 0.00
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R-l water and R-2 water had very similar quality according the measurements.

The reclaimed water quality did not meet the requirements for secondary effluents in

fecal coliform (not stable, 0-11OOCFU/l OOml, the data of SWWTP). The ratio of

monovalent to total cations for the reclaimed waters are higher than 0.5, the usual criteria

for acceptable agricultural water. However, the SAR was less than 3 which is the usual

criteria for acceptable agricultural water.

The results showed that a difference In water quality existed between the

reclaimed water and potable water for most of the parameters. Generally, the reclaimed

waters have much higher concentrations than potable water with respect to all the

parameters measured except pH and alkalinity. The alkalinity of the potable water (48.4

CaC03 mg/I) was higher than that of reclaimed water (26.6-29.2 CaC03 mg/I). The

Ca2+ and Mg2+ concentrations in the reclaimed water were just slightly higher than that

of the potable water.

The difference between R-1 and R-2 waters is that R-l water received sand

filtration (to reduce turbidity) and extra disinfection (to reduce fecal coliform). The data

show that these parameters are in fact reduced. No other parameters are significantly

different (as expected). The fact that nutrients (Nitrate, total phosphate) are larger in the

reclaimed water (compared to potable water) is expected and considered a benefit.

However, any unused nitrate could leach into underlying aquifers. The increased

dissolved solids (TDS, chloride , sodium) are an important consideration for reclaimed

water. These salts can negatively affect crop growth and soil permeability. The TDS

values (approximately 300 mg/l) are relatively low for reclaimed water in the USA and
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should considered good «450 mg/l). Similarly, the SAR of approximately 2.9 is low «3)

and the chloride 60-70 mg/l is low «140mg/l) .

Soil Characteristics

Several samples were obtained to represent the soils of LGC. (Wahiawa series)

and KGC (Kunia series) .

Particle size distributions of the two soil profiles are summarized in Table 4-2,

and detailed results can be found in Appendix 4-1. The soils from the two golf courses

contain 85 to 100 percent of fine particles in the size range of clay and silt, while the

dominant particle is clay in the soil of LGC, and silt in that of KGC. On the basis of the

clay and silt content, the soil textures at LGC are silty clay from the surface layer to 12

inch depth, and clay from 12 inches to 48 inches; the soil textures of KGC are silty loam

in the surface layer, silty clay loam and silty clay from 12 to 48 inches.

The results of the Double Ring Infiltrometer tests (Appendix 4-2) show a

percolation rate of approximately 3.7 x 10-3 em/sec and 6.3 x 10-3 em/sec on LGC and

KGC, respectively.

The chemical characteristics of the soils are summarized in Table 4-3 . The CEC

values of the two soils are similar. The KGC soil generally has a relatively higher

percentage of base saturation than the LGC soil has. Since quartz is the dominant mineral

of the sand and silt fraction, which is generally quite chemically inert, cation exchange

reactions mainly occur in the clay portion of a soil. An appreciable substitution of

monovalent ions for divalent ions, particularly Ca2
+ , has been noted by many soil

authorities when the monovalent:total cation ratio exceeds about 0.5. Based on the clay

content of the soils, it may be postulated that, if the reclaimed water with high
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Na'(Na'zsum of the cations > 0.5) is used for the golf courses , dispersion of clay and

resultant clogging (reduced permeability) may occur and possibly would be more serious

at LGC than at KGC.

At the test plots, the pH of the LGC soil is moderately acid (5.37-6.13) to neutral

(6.83-7.03) while the pH of the KGC is nearly neutral (6.7-7.0), which roughly

corresponds with the base saturations of the soils . In some acidic tropical soils (oxisols)

high in iron and aluminum oxides , the overall net surface charge is positive below pH of

6.5 (Van Raij and Peech, 1972). The surface horizon of most soils often contains

significant quantities of organic matter that carries a net negative charge. Because of the

tendency of organic matter to coat oxide particles, even a small quantity of organic matter

can have an overriding effect on surface charge characteristics and give the soil a net

negative charge regardless its oxide content (Uehara and Gillman, 1981). While the

isoelectctric point (PHo) of kaolin-oxide mixtures is usually less than 5, the pHo of

hematite is between 7-9. From pH values and total nitrogen distribution in the soil

profiles (Table 4-3), the KGC soil probably is less positively charged than that of LGC,

which is supported by the study of Deenik (1997).

In soils at both test plots, the highest contents of total nitrogen (T.N.), total

phosphorous (T.P.) and total potassium (T.K.) are in the surface layers and they

decreased with depth. The two soils have similar T.N content, while LGC soil has higher

T.K content and KGC soil has higher T.P content.
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Table 4-2 Particle Size Distribution of Two Golf Course Soils at the Test Plots
Depths Leilehua Golf Course(LGC) Kalakaua Golf Course(KGC)

(Inches) Percent (%) Textural Percent (%) Textural
class Class name

Sand Silt Clay name Sand Silt Clay
>50um 2-50um <2um (USDA) >50um 2-50um <2um

Surface layer 4 50 46 Silty 10 64 26 Silty loam
Clay

121 5 40 50 15 55 30 Silty clay
loam

24 0-3 21-24 75 6 60 34

Clay
36 0-3 12-15 85 5 50 45 Silty clay

48 0-3 9-12 88 15 55 30 Silty clay
loam

Percolate Percolate
Rate 6.3x 10·3cm/sec Rate 3.7xlO-3cm /sec
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Table 4-3 Chemical Characteristics of Two Golf Course Soils at Test Plots

Golf Depth PH Exchangeable cations (cmol.zkg soil) % base %T.N %T.P %T.K
Course Inches (H2O) saturation

CEC Ca++ Mg++ Na+ K+ *

LGC Surface 5.6 10.11 4.93 1.55 0.66 0.24 73 0.43 0.05 0.31
layer

12 5.37 5.96 2.29 0.85 0.61 N.D** 63 0.28 0.04 0.33

24 7.03 8.34 4.27 0.83 0.43 N.D 66 0.20 0.04 0.33

36 6.83 5.17 3.22 0.82 0.50 N.D 88 0.16 0.03 0.34

48 6.13 7.42 2.57 1.25 0.34 N.D 56 0.16 0.04 0.27

KGC Surface 6.74 11.14 5.97 1.98 0.90 0.42 83 0.49 0.13 0.23
layer

12 7.00 5.97 3.31 0.83 1.09 0.26 92 0.27 0.08 0.21

24 6.74 6.27 3.54 1.18 0.55 N.D 84 0.21 0.08 0.15

36 6.71 8.14 3.62 1.77 0.58 N.D 73 0.18 0.09 0.08

48 6.74 6.58 3.35 0.58 0.32 N.D 64 0.16 0.10 0.06

* % base saturation = exchangeable bases (cmolc/kg)/CEC (cmol.zkg) , base cations mclude K, Na, Ca, Mg.

**Not Detected
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r R It At LGC d KGCT bl 44 Sa e - ampnng esu s an
Depth Year LGC Test Plot LGC Background Sites KGC Test Plot KGC Background Sites
(Inches)

T.A. + +% T.A. + + % T.A. + +% T.A. + +%

12 1999 N N N N N N N N N 10 0 0

2000 10 0 0 N N N 20 0 0 10 0 0

24 1999 18 18 100 68 44 64.7 17 0 0 68 33 48.5

2000 12 11 91.6 48 22 45.8 13 3 23.1 48 11 22.9

48 1999 18 18 100 N N N 17 9 52.9 N N N

2000 12 11 91.6 N N N 13 4 30.8 N N N

+: Sample was collected;
N: no sampling was attempted.
T.A: Total Attempts, = days of sampling xlysimeter #
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Sampling Results

Sampling results (1999 February to December 2000) are summarized in

Table 4-4. Detailed results can be found in Appendix 4-3.

Generally, LGC had higher percolate sample collection success than KGC except

at the 12inch depth, where no samples were collected at the two golf courses for the

sampling period. Significant differences existed in the sampling results between 1999 and

2000 and for each golf course . Background sample volumes per month were

approximately in the range of 20ml to 150ml if samples were collected. The highest were

about 300ml from the test plot and one background site (L9) at LGC.

For the background sites at LGC, the probability to collect sample was

approximately 64.7% (44 samples collected for total 68 sampling attempts)(Tab1e 4-4),

and 45.8%(22 samples collected for total 48 sampling attempts) in 1999 and 2000,

respectively. For KGC, the chances were 45.8% and 22.8% with the same sampling

attempts .

The sampling results were very different at the two test plots also. At the LGC test

plot, with two times of historic irrigation amount, the sampling results were the same for

the two depths. The probabilities to collect samples were 100% and 91.6% in 1999 and

2000, respectively, which were much higher than that at the background sites. The results

at KGC test plot were just the opposite. The chances to collect sample at 24inch depth

were 0 and 23.1% for 1999 and 2000, respectively, which correspond to about 0 and 3

samples for the sampling period . At 48inch depth, the values were 52.9% and 30.8% for

1999 and 2000, respectively, higher than that of the 24inch depth and background sites.
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The results suggest that the test plot was probably drier than the background sites at

KGC.

The difference of precipitation and irrigation rate between the two golf courses is

probably the reason for these results . The annual precipitation (see Appendix 4-4) was

25.07 and 30.1 inches at KGC and LGC, respectively, for 2000 year, which is about half

of the annual precipitation (58.96inches) at LGC during 1999. The result suggests that

there were great discrepancy in soil water conditions between the two golf courses during

the test period.

Bacteria

Fecal Coliform in grass and percolate samples was used to estimate the potential

biological concern due to reclaimed water irrigation. Grass samples from the fairway of

each golf course were obtained on June 21, July 22, and August 3. Lysimeter samples

were obtained on July 6, July 19, August 16 and August 21 1999. The data can be found

in Appendix 4-5.

The results show that the fecal coliform counts (CFU/l OOml) in the grass samples

were highly variable independent of the sampling location. The effects of sampling

methods were observed. It was attempted to obtain grass samples uncontaminated by soil

on June 21 and July 22 by clipping only the long blades. The coliform counts of the two

sample sets varied from 0 to more than 200 CFU/g grass. The samples from August 3

were mixed samples with short and long grass blades . The counts of all the grass samples

on August 3 were higher than 10"5/g grass, significantly higher than the former samples.

The higher counts from August 3 were likely due to soil influences as described by other

researches (Hardina and Fujioka; 1991; Fujioka et aI., 1995; Murakami, 1999).
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C. perfringens was counted in the August 3 samples and this organism is not

known to occur in natural tropical environments. Colonies were counted in one test site

and two background site samples. The values were 11, 3.6, and 3.6 CFU/g grass. The

counts probably are due to fecal contamination of grass samples.

For lysimeter samples, fecal coliform counts were generally low and also

occurred at both test and background sites. Fecal coliform colonies ranged from 0 to 43

CFU/IOOml in the samples. The counts for 13 of27 samples (48 %) were 0 CFU I I OOml.

The highest count was from a background site at LGC. All the counts except one came

from samples at LGC. The counts probably were due to soil contamination occurring as

the samples were passed through the exterior lysimeter tubing that normally was in

contact with soil between sampling events.

A laboratory experiment (Appendix 4-6 ) also showed that it is unlikely that fecal

coliform can pass through suction lysimeters, especially the 2-bar lysimeters installed at

KGC and LGC. Effluent (103_104 CFU/lOOml) from the SBWWTP secondary

sedimentation tank was used as the fecal coliform source. A constant source of vacuum

(25cbar for 0.5 and 1.0 bar lysimeters, and 100cbar for a 2 bar lysimeter) was applied to

brand new lysimeters submerged in the sample. About 200 ml of sample was collected

from the 2 bar lysimeter in 12 hours, while more than 1 liter of sample was collected

from the 0.5 and 1.0 bar models. No fecal coliforms were found in any of the samples.

In summary, it is not possible to determine whether or not fecal contamination

will be caused by reclaimed water irrigation from this study. The data from grass samples

indicate that there are potentially large numbers of fecal coliform in the grass (and

certainly in the soil) at these golf courses. However, this cannot be correlated with the
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use of reclaimed water. The high counts occur everywhere (background sites and test

plots). The reclaimed water contains few if any fecal coliform, so it is not logical for

reclaimed water to cause increased fecal coliform counts. The present study was not

designed to determine fecal coliform percolation. A future study with different types of

lysimeters will be conducted to address this issue

Chemical Quality of Percolate Water

The variance of percolate chemical quality was analyzed with the statistical

analysis system (SAS)(l985). The results are shown in Table 4-5 to 4-6 and Appendix 4

7. The treatment means reclaimed water without fertilizer at 24" and 48" vs. potable

water with fertilization at 24", and season means wet vs. dry season, which are defined

based on historic rainfall at the two golf curses. There was a great discrepancy between

the data of L9 and that of other background sites at LGC, especially for TDS, Ca2+,

alkalinity, pH and Nitrate. The analysis is performed with and without the data of L9

respectively. In the plots, the L9 data is separated from other background sites of LGC.

Generally, significant differences due to treatment were found mainly in the

concentrations of cations, TDS and nitrate. Differences in the LGC samples were also

found in the data of chloride and N1>OC but changed with or without L9 data for most of

the parameters. Seasonal differences in the data are relatively low compared to that of

treatment. The meaning of the data in the tables will be discussed in detail with the

results for each parameter.

pH

Soil reaction, customarily expressed as the pH of soil solution, has large affects

on the fate of chemical constituents in irrigation water as well as plant growth.
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The pH of percolate samples from February to October 1999 for each golf course

is shown in Figure 4-1. The average values for potable water (8.02), Rl (7) and R2 (6.65)

water are also shown in the Figure. Data tables can be found in Appendix 4-8.

Table 4-5 Significance levels of water quality parameters at KGC

Parameters Treatment Season

PH NS **

Chloride NS NS

Nitrate *** NS

Total Phosphate NS NS

COD NS NS

NPOC NS NS

TDS *** NS

Na+ *** ***

K+ *** NS

Ca2+ *** NS

Mg2+ NS NS

Aile *

NS: not at 1,5, or 10% levels.

* 10% significance level.

** 5% significance level.

*** 1% significance level.

Treatment *Season

NS

NS

NS

*

NS

NS

NS

NS

NS
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Table 4-6 Significance Levels of Water Quality Parameters at LGC

Parameters Treatment Season Treatment *Season

W. L9 WiG. L9 W.L9 W /O. L9 W. L9 WIG. L9

PH ~S NS NS NS NS NS

Chloride *** *** NS NS ** **

Nitrate ** NS *** *** ** *

Total Phosphate NS NS *** *** NS .... Tl'"
i .... o

COD * NS NS NS NS NS

I\'POC *** NS NS NS NS NS

TDS *** NS NS NS NS NS

Na+ *** *** NS NS NS NS

K+ *** *** NS NS NS NS

Ca2+ *** NS NS *** NS NS

Mg2+ ** * NS ** NS NS

Alk . * *

NS: not at I , 5, or 10°·'0 levels.

* 10% significance level.

** 5% signi ficance level.

*** 1% significance level.
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The pH results show that soil reactions in the two golf courses were different. All

percolate water samples at KGC had pH values varying from 7.17 to 8.22, which

indicates the soil reactions were from slight to moderate alkaline. In samples from LGC,

the pH values were generally lower than that of KGC due to the differences in soil

characteristics. In samples from the test plot, the pH values were in the range of 5.7 to

7.05. In background samples, the pH values were in the range of 6.91 to 7.71 at L9, 4.23

to 6.76 in the other samples and lower than 6.5 for most of the observations. The results

show that the subsurface soil reactions were from slightly to moderately acid, except at

L9, which was slight acid to slight alkaline. Bubbling was observed sometimes when

sampling at L9 although the lysimeter could maintain the vacuum applied. It may be

possible that runoff could directly go into the lysimeter as the lysimeter location is at a

slope depression, and water accumulation over the lysimeter was sometimes observed.

The statistical analyses show that pH variances due to the treatment are not

significant for the two golf courses during the test period . However, the pH data at KGC

has significant seasonal difference at 5% level while the results of LGC show no

significant effect. In samples from KGC, the average pH values in background samples

from 24inch depth changed from about 7.4 in February and April to about 7.9 in June and

July. The pH values from the test plot samples at 48 inches ranged from 7.18 to 7.74

during May and July, and slightly lower than the average values of the background

samples at 24inch depth during the same period.

There are many factors that can cause pH change in a percolate sample, such as

the change of soil water content, temperature, microbiological activity and fertilization.

The difference of pH among percolate samples is most likely mainly from soil
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characteristics. and perhaps from irrigation and fertilization also. The drying of soils will

often cause a noticeable increase in acidity (Brady, 1985). The pH of mineral soils

declines during summer, especially under cultivation, as a result of the acids produced by

microorganisms. Leaching may cause lower pH . It encourages acidity if bases that

replaced from the clay or dissolved by percolating acids are removed with drainage

waters. Compared with the pH in samples of KGC during February and April, pH

increased during June and July. The rainfall at LGC was 18.86 inches from January 1999

to April 1999, and 15.56 inches from May to October 1999. Assuming a similar trend on

KGC, the pH variance may be due to water content difference.

It is believed that soil itself is a buffering system; the seasonal factors only cause

minor fluctuations in soil pH. The unbalanced data (# of samples available) in wet and

dry seasons probably contribute to the significant seasonal difference.

The different soil reactions probably can cause the fate of chemicals In the

reclaimed water to be different at the two golf courses. Similarly, the fate of chemical

constituents may be different between L9 and other sites of LGC. For example, nitrate

adsorption by acidic soil with positive charges will be decreased if pH increases resulting

in increased leaching potential.

Chloride

Chloride is often used to model the leaching loss of nitrate because there is little

chloride adsorption for most of soils with negative charges and it is not adsorbed by

plants. Thus, it can move relatively easily. In tropical soils, the situation may different

because the soils have positive charges to adsorb anions. Chloride and nitrate have equal

valences and relatively similar radii, and have been shown to compete for exchange sites
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in soils containing positive charged surfaces (Black and Waring, 1979; Kinjo and Pratt,

1971b; Deenik, 1997).

Chloride concentrations in percolate samples from April 1999 to December 2000

for the two golf courses are shown in Figure 4-2. The average values for potable water

(18 mg/l) , Rl (58.8 mg/l) and R2 (67.4 mg/l) water are also shown in Figure 4-2. Data

tables can be found in Appendix 4-9.

The observed chloride fluctuation IS likely related to water movement.

Concentrations in the background samples of KGC ranged from 21.68 mg/l to 181.15

mg/l , which is higher than that of potable water and indicated that evapotranspiration was

generally higher than irrigation and precipitation during the period. The range of chloride

concentration in background samples of LGC was from 21.55 to 84.37 mg/l, lower than

~ . that of KGC before June 1999 but similar in the later dry period. In background percolate

, samples, the contrast of initially wet conditions and high concentrations with the later

drier condition and lower concentrations supported chloride rapid movement with water.

Initial disturbance in the reconstituted soil material of the lysimeters may be indicated.

However, although irrigated with Rl water , the chloride concentration at the test plot

sample at 48inch depth of KGC (5/18/99) was only 22.33 mg/l. No samples at 24inch

depth were obtained even with double irrigation at the test plot. The results probably

suggested that the test plot had drier conditions than the other sites. The observed highest

concentration (82.39 mg/l, 1/3/00) in samples from 24inch depth at the KGC test plot

may due to the heavy rainfall plus reclaimed water irrigation. Note: There was heavy

rainfall (12.83 inches) during December 1999 according to LGC records .
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stochastic nature of rainfall in wet and dry seasons . Continuous chloride input due to

reclaimed water irrigation may cause the seasonal differences also.

Nitrate

Nitrate concentrations in percolate samples from February 1999 to December

2000 for the two golf courses are shown in Figure 4-3. The average values for potable

water (0.8 mg/l), R1 (18.4 mg/l) and R2 (18.6 mg/l) water are also shown in Figure 4-3.

A complete table of data can be found in Appendix 4-10.

The DOH reuse guidelines specify that nitrate concentrations in lysimeter samples

should less than 3 mg/l as N.

Relatively high concentrations during the initial period at both golf courses were

probably related to soil disturbance by lysimeter installation or leaching condition.

Generally, the results did not show nitrate increase in percolate samples (relative to

background sites) at the test plot of KGC even though we doubled the irrigation rate.

Concentrations ranged from 0.12 to 1.6 mg/l in samples at 48inch depth, and 0.55 to 2

mg/l for two samples at 24inch depth at the KGC test plot. The values were much lower

than the average concentrations of the same period samples from background sites and of

R1 water. Concentrations ranged from 0.44 to 67 mg/l at KGC background sites, and 23

of 36 nitrate observations were greater than 10 mg/l (64%), while 15 were equal to or

higher than 20 mg/l (42%).

However, nitrate concentrations higher than 3 mg/l and an increasing trend were

observed at the LGC test plot. At the test plot, nitrate concentrations varied from 0 to 16

mg/l in samples from 24inch depth and 4 of 25 samples had concentrations higher than

10 mg/l, which was less than that of the R2 water applied. Concentrations equal to 10
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mg/l were found in samples from 24inch depth after about 16month irrigation. Nitrate

concentrations in samples from 48inch depth at the LGC test plot ranged from 0.0 to 6.51

mg/l, which were higher than that of KGC.

Deenik (1997) studied the effect of pH on nitrate adsorption . He found that

nitrate adsorption in the surface layer (0-6inches) was negligible in an Inceptisol (Kunia

series), while higher levels of nitrate adsorption (the adsorption capability was estimated

as 17mg N /Kg soil for the soil in equilibrium with 20 mg/I N03 -N solution) were

observed in the surface layer of an Oxisol (Wahiawa series) of Central Oahu. The study

was carried out using soil columns. The adsorption capabilities were found to be 25 and

100 mg N/Kg soil for the Inceptisol and Oxisol at subsurface layer (60 inches),

respectively.

Nitrate results from the field observations in our study suggest the pH effect also.

Nitrate concentrations at background sites of LGC without L9 were generally lower than

that of KGC during the same sampling periods. Higher concentrations at L9 than other

background sites at LGC also supported the result that nitrate adsorption decreases as soil

pH increases. Concentrations of 41 background samples varied from 0 to 18 mg/l, and 5

were higher than 10 mg/l (12%). At site L9, nitrate ranged from 0 to 61.7 mg/I. Seven 7

of 21 total samples (33%) had concentrations equal to or higher than 20 mg/l, while the

remainder had concentrations less than 10 mg/I.

The statistical analyses show no significant seasonal and interaction difference in

samples from KGC. Significant seasonal difference at the 1% level , significant

interaction levels at the 5% and 10% for with and without L9 data, respecti vely, were

found in the samples from LGC. There are many factors that can cause this opposite
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result as seasonal differences may come from the stochastic nature of rainfall in wet and

dry seasons, grass adsorption, nitrogen transforming processes and the unbalanced data

distribution.

The statistical results also show significant treatment difference at the 5% level in

percolates from KGC. Significant treatment difference at the 5% level is detected in

percolates LGC, if all the background site data used, while no significant difference if L9

data were not included.

There are several factors that could cause the contrary results due to treatment at

the two golf courses. The spatial variances of site conditions may contribute to the

results. However, the effects are not included in the statistical analysis. Here we also

assume the nitrate uptake capability of the grasses on the two golf courses are similar and

do not cause the difference. The higher concentrations found in the background samples

than in the test plot samples from KGC is likely due to fertilization, which is regarded as

the main contributor to nitrate leaching in many research projects. However, with lower

nitrogen fertilization rate, background percolates from KGC had higher nitrate

concentrations than that from LGC. The dry conditions at KGC and different soil nitrate

adsorption capacities probably contributed to the result. For the test plots, irrigation rates

(amount and schedule) were probably the main reason. With lower precipitation and

nitrate adsorption capabilities, nitrate concentrations in the samples from the KGC test

plot were lower than that from the LGC test plot. The wetter condition probably caused

the leaching at LGC test plot, which was more likely due to irrigation rate and schedule

as it is expected that grass can absorb much of the nitrogen applied through reclaimed

water. Increased CI- concentrations in samples from the LGC test plot may reduce soil
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nitrate adsorption and contribute to the nitrate leaching also. The extent of chloride effect

on soil nitrate adsorption in the soils and field situations can not be determined in this

study but probably is related closely to irrigation rates.

In summary, irrigation rates could cause nitrate leaching. High rates could cause a

similar degree of leaching between using reclaimed water versus fertilization with

historic irrigation methods . The effect of soil pH on nitrate leaching also was observed in

this study.

Total Phosphate

Total phosphate (P04-
3-P) concentrations of percolate samples from February

1999 to June 2000 for the two golf courses are shown in Figure 4-4. The average values

for potable water (0.3 mg/l), Rl (3.85 mg/l) and R2 (4.2 mg/l) water are also shown in

Figure 4-4. A compete data table can be found in Appendix 4-11.

The DOH reuse guidelines specify that lysimeter samples should contain less than

1 mg/l as P. Generally, percolate concentrations were below 1 mg/l at both golf courses

and less than the concentrations in the reclaimed waters. The initial higher concentrations

(slightly higher than 1 mg/l) were likely related to soil disturbance during lysimeter

installation. L9 had relatively higher concentrations than the other sites at LGC.

Non-significant differences due to treatment were found at both golf courses. This

result is expected as phosphorous is rapidly retained as insoluble inorganic compounds

and sorbed to soil surfaces. The significant seasonal difference at 1% level probably

correlated more with soil disturbance during installation than other factors such as

rainfall.
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Sodium

Na+ concentrations in percolate samples from February 1999 to December 2000

for the two golf courses are shown in Figure 4-5. A complete data table can be found in

Appendix 4-12. Average concentrations were 50.5, 53.5, and 15.08 mg/l for R2, Rl and

potable waters, respectively.

Generally, percolates from KGC had lower Na+ concentrations than those from

LGC, independent of sample location. Na+ concentrations ranged from 20.78 to 55.52

mg/I and from 13.87 to 104.27 mg/I in the background and test plot samples from LGC,

respectively. Concentrations ranged from 6.89 to 40.14 mg/I and 17.14 to 60.7 mg/I in

background and test plot samples from KGC, respectively.

A similar data pattern with initial higher, and later relatively lower and stable

concentrations was observed in the background percolates of both golf courses, while a

continued increasing trend was observed in the test plot samples.

Initial high Na+ concentrations were observed in the 48inch samples at the LGC

test plot. At the KGC test plot, initial samples were not obtained at the 24inch depth,

while the initial concentration at 48inch depth (17 mg/l) was lower than that of

background samples (37mg/l). The result probably was related to the initial wet

conditions in the test period. Soil disturbance due to lysimter installation probably

contributes the initial high concentration. Contribution of dissolved sodium from ceramic

cups of lysimeter is probably minimal as not all the samples show the same trend.

After about one year of irrigation, sodium concentrations in 24inch depth samples

were found to increase to a level slightly higher than that of reclaimed water at both test
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plots, which suggests that cation exchange balance was reached between the reclaimed

waters and soils.

Irrigation rate effects were observed. Decreased Na+ concentrations in the test

plot samples (5/27/00) were likely due to the temporary cessation of irrigation for about

two weeks during the first half of May 2000.

The statistical analyses show significant differences at the 1% level due to

treatment at both golf courses. Significant seasonal difference at 1% level was also

detected in KGC samples, which could be explained in a similar way as that for chloride.

Potassium

K+ concentrations in percolate samples from February 1999 to December 2000

for the two golf courses are shown in Figure 4-6. A complete data table can be found in

Appendix 4-13. Average concentrations were 7.65 , 7.64, and 0.99 mg/l for R2, Rl and

potable water , respectively.

Generally, the average concentrations in the background percolate samples were

much higher than that of the test plot samples, also higher than that of reclaimed water.

The K+ concentration ranged from 6.24 to 27.18 mg/l in the background samples from

KGC , and from 24.78 to 71.74 mg/l in percolates at L9 site, and from 2.74 to 18.53 mg/l

in other background samples ofLGC.

In the test plot samples, the situation was a little different. The concentrations of

K+ in 24inch depth samples at the KGC test plot were slightly higher than that of Rl

water, while that of 48inch depth samples was the opposite. The concentrations at 24inch

depth were always higher that of 48inch depth at the LGC test plot, but both were lower

than that of R2 water. K+ was probably taken up by grass and adsorbed by soil as we
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found that K+ concentrations in samples from LGC test plot were lower than that of R2

water. The low water content of KGC probably caused slightl y higher K+ concentration

in the samples from 24inch depth than that of Rl water, while the results from 48inch

depth supported K+ removal by soil and grass also.

Cation exchange might also have some effect on the results due to high Na+

concentration of reclaimed water. However, the effect was probably minimal and can be

ignored because the exchangeable K+ of the two soils may be too low to be exchanged.

Similarly, the K+ concentration in the reclaimed waters is probabl y too low to exchange

other cations.

The statistical analyses show significant differences due to treatment at the 1%

level , but no significant difference due to season and their interaction. The results suggest

that significant treatment difference are due to fertilization, while no significant seasonal

and interaction differences is probably due to cation exchange and grass uptake.

Calcium

Ca2+ concentrations in percolate samples from February 1999 to December 2000

for the two golf courses are shown in Figure 4-7. Average concentrations were 11.6, 11,

and 8.6 mg/l for R2, Rl and potable water, respectively. A complete data table can be

found in Appendix 4-14 .

The initial high Ca2+ concentration was probably related to the initial wet

conditions and soil disturbance due to lysimeter installation. The contribution of

dissolved Ca2+sodium from ceramic cups of lysimeter is probably minimal as not all the

samples show the same trend .
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It is expected that percolate concentrations at KGC are higher than that of LGC

because of different soil characteristics and water contents. In background samples, Ca2+

concentrations from KGC ranged from 24.61 to 146.11 mg/l and 17 of 19 samples

(89.5%) were higher than 50 mg/l, Concentrations in L9 samples varied from 45.4 to

186.04 mg/l, while in other background samples from LGC varied from 6.28 to 36.48

mg/l. Thus, L9 probably is an exception.

The treatment effects were different on the two golf courses. Concentrations in

samples from the KGC test plot ranged from 19.1 mg/l to 29.43 mg/l, which were higher

than that ofR1 water but much lower than that of background samples; concentrations in

LGC test plot samples ranged from 6.63 to 33.52 mg/l, and were similar to that of

background samples.

Cation exchange between Na+ and Ca2+ probably occurred because Na+

concentrations in the reclaimed waters were the highest among the cations, and the

exchangeableCa2+ is much higher that other exchangeable cations. Exchange between

Na+ and other cations is supported by the results ofNa+ in samples from both test plots.

The curves for LGC show slightly different peaks in samples from the test plot and

background sites from December 1999 to the end of May 2000, a relatively wet period.

The peak of samples from 24inch depth at the test plot was slightly higher , while the peak

from 48inches was slightly wider than that of background sites. This pattern may

correlate with cation exchange. The relatively higher Ca2+ concentrations in samples

from the KGC test plot than that of potable water and even RI water was probably due to

concentration by evapotranspiration and cation exchange. The Na-to-Ca exchange at

KGC probably was less than that at LGC due to its relatively high degree of unsaturation.
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The statistical analyses show significant treatment difference at the 1% level with

L9 data, but non-significant difference without the L9 data in samples from LGC. The

analyses also show significant treatment difference at 1% level in KGC percolate. The

non-significant difference at LGC is not surprising because the amount of Ca2+

exchanged from the soil surface may not be significant compared with the variance of the

data. At LGC, Ca2+ concentration is assumed not be affected greatly by soil water

content change as the soil was in a high degree of water saturation. Also, the ratio of

sodium over the sum of cations is relatively low for cation exchange.

However, a drastic change of water content probably can change Ca2+

concentrations significantly. In samples from KGC, the concentrations at both depths

were much lower than that of background samples even at the beginning of the pilot-test.

A possible explanation is that Ca2+ was retained at the soil surface due to cation

exchange as water moved downward quickly. Thus, the Ca2+ in percolate samples could

be diluted. Also, it is not expected that Rl water will cause a drastic change of soil

characteristics in the short term. Therefore, the difference in irrigation rate and schedule

between the test plot and background sites is likely the main reason for the low Ca2+

concentrations.

The statistical analyses show no significant seasonal and interaction difference in samples

from KGC percolate; which is expected because of cation exchange. However, seasonal

difference at 1% level without L9 was showed in the LGC samples (no significant

seasonal difference with the L9 data). The similar explanations used for the chloride data

probably can be used for Ca2+ also. Water and solute transport modeling will be helpful

to explain it.
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Magnesium

Mg2
+ concentrations in percolate samples from February 1999 to December 2000

for the two golf courses are shown in Figure 4-8. A complete data table can be found in

Appendix 4-15.

Average concentrations were 7.91,7.98 , and 6.47 mg/l for R2, Rl and potable

water, respectively. Initial high concentrations in the percolates from KGC test plot was

apparent but not in that from LGC.

The analyses of Ca2+ data can be extended to Mg2+. Generally, the varying

pattern of Mg2
+ was similar to that of Ca2+ but with lessened intensity. Mg2

+

concentration ranged from 2.76 to 23.54 mg/l and 5.19 to 10.69 mg/l in the background

and test plot samples at KGC, respectively. Concentrations varied from 8.07 to 26.52

mg/l and 2.26 to 7.27 mg/l in L9 and other background samples from LGC, respectively.

At LGC, the test plot sample concentrations were similar to the background

concentrations.

It was found that concentrations In samples collected at 48inch depth were

slightly higher than those from 24inch depth, which was just the opposite of Ca2+. This

is probably related with the distributions of exchangeable Mg2+ on the soil profiles as a

relatively high exchangeable Mg2+ was found in 36inch and 48inch depth soil samples

from both test plots.

The statistical analyses show no significant difference in samples from KGC. In

samples from LGC, significant seasonal difference at 5% level without L9 was detected.

Treatment difference at 5% and 10% level, with and without L9 data, respectively, were

observed also.
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Alkalinity

The capacity of water to accept H+ is called alkalinity. Alkalinity of percolate

samples from June and July 1999 for the two golf courses are shown in Figure 4-9. A

complete data table can be found in Appendix 4-16.

Average concentrations were 27,29, and 48 mglJ. for R2, Rl and potable water,

respecti vely.

Highly alkaline water often has a high pH and generally contains elevated levels

of dissolved solids. It is expected that alkalinity in samples from KGC is higher than that

from LGC except L9. Alkalinity of percolate samples ranged from 56.4 to 289.52 CaC03

mg/l, 51.7 to 57.28 CaC03mg/1 in background and test plot (48inches) samples from

KGC, respectively. Lower Ca2+ concentrations probably caused lower test plot

alkalinity. Alkalinity varied from 286.7 to 309.8 mg CaC03mg II in L9 samples, from

6.39 to 20.68 mgCaC03/1 in other background samples of LGC Alkalinity of LGC test

plot percolate was similar at the two depths and ranged from 7.05 to 21.15 mgCaC03

mg/I, slightly higher than that of background samples.

A significant treatment difference at 10% level was observed for both golf

courses. The significant difference in samples from KGC probably related to the depth

difference. The analysis probably has some bias because alkalinity data was very limited.

TDS

The TDS of percolate samples from March 1999 to August 2000 for the two golf

courses are plotted in Figure 4-10. A complete data table can be found in Appendix 4-17.
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Average concentrations were 331.7, 330.5, and 155.4 mg/l for R2, Rl and

potable water, respectively.

Initial high concentrations were found in samples from KGC but not from LGC.

The statistical analysis shows significant difference at 1% level due to treatment in

samples from KGC and LGC with L9 data. There is no significant difference if L9 data is

not included.

Heavy precipitation and/or irrigation rate (amount and schedule) at the test plot

are probably the main reasons to cause lower TDS in percolates. In background samples

from KGC, TDS ranged from 162.5 to 1053.3 mg/l, and 29 of 33 samples had TDS

higher than 360mg/1. On the contrary, the highest TDS in a sample from the test plot was

only 300mg/1 (lower than that of Rl water) . The lowest value observed was 180mg/1 in

one sample at 48inch depth. TheTDS data show that the lowest TDS in background and

test site samples occurred at the same time (1/7/00). According to precipitation records

for LGC, there was 12.83 inches of rain during December 1999. The lowest background

TDS value was from site K18, which is the location close to the KGC test plot. Only 3

samples were obtained during the whole test period at the site, which was just same as for

the test plot. The spatial variance of soil characteristics between the two sites probably is

less than other combinations. The "heavy precipitation and/or irrigation method" effects

on TDS is also supported by the fact that Ca2+ concentrations in the test plot samples

were lower than that of Rl water and other cation analysis results. High

evapotranspiration rates were verified by sampling results at the test plot. At the same

time, more samples at depth 48 inches than at 24inch also suggest the samples came from

heavy precipitation or irrigation.
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Heavy precipitation seems not to have diluted the samples from LGC, which

probably was due to its higher irrigation and precipitation rate, and resultant higher soil

moisture for the test period. Values were similar in samples for both depths at the test

plot, which varied from 90 to 305.6 mg/l. The highest values were in samples from the

48inch depth, and the lowest from 24inch depth. The TDS in L9 samples ranged from

310 to 582.5 mg/I., and 100 to 340 mg/l in other background samples from LGC.

Generally, for KGC, TDS is expected to move to the upper horizon and accumulate there.

For LGC, the high degree of saturation allowed salts to leach to more than 48inch depth,

as we found the TDS were similar in all the percolates.

In summary, TDS in percolates/groundwater IS not expected to increase

significantly with properly reclaimed water irrigation applied at the two test plots in the

short term, while more information and research are needed to estimate the extent ofTDS

accumulation at the surface layer of KGC, and to evaluate the potential salinity effect of

reclaimed water use.

COD

The COD of percolate samples from March to August 1999 for the two golf

courses are shown in Figure 4-11. A complete data table can be found in Appendix 4-18.

Average COD concentrations of R2 (44 mg/l), Rl (35mg/l) and potable waters

(7mg/l) are also shown. The standard for secondary effluent is 30mg/1BOD5. If the COD

values are converted to BOD5 (BOD5=0.68COD), the values are 30, 24, and 4.8 mg/l for

R2, Rl and potable waters, respectively.

No significant difference levels were detected. COD of background samples from

KGC ranged from 0 to 44 mg/l, 18 to 29(4 samples), and 202(1 sample) mg/l at the test
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plot. A significant difference at 10% level due to treatment was detected in samples from

LGC with L9 data. Background COD at LGC ranged from 2 to 128 mg/l, The COD of 8

samples out of 36 were higher than 50 mg/l (22%). In the test plot samples, COD ranged

from 0 to 105 mg/l, 3 of 12 samples (25%) had COD higher than 37mg/I.

In summary, the COD of background samples are similar to that of the reclaimed

waters. COD removal by soils was observed at both test plots .

NPOC

NPOC of percolate samples from April 1999 to August 2000 for the two golf

courses are shown in Figure 4-12 . A complete data table can be found in Appendix 4-19.

Average concentrations of R2 (9.17mg/l), Rl (7.94mg/l) and potable water

(1.47mg/l) are shown also.

NPOC concentrations ranged from 1.21 to 13.35 mg/l, 0.73 to 7.39 mg/l in the

test plot and background samples from KGC, respectively. Samples from LGC show a

NPOC concentration range from 3.03 to 18.29 mg/l and 1.13 to 8.4 mg/l in L9 and other

background samples, respectively. NPOC in the test plot samples ranged from 0.45 to 4.4

in 24 samples, and 11.86 mg/l in one sample.

The statistical analysis show a significant difference at 1% level due to treatment

with L9 data, but no significant difference was detected without L9 data. So, the

difference is probably due to L9. Significant interaction difference at 10% was found in

samples from KGC also:
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In most cases, l\;rpOC concentrations in samples from both test plots were lower

than that of the reclaimed waters, which suggests NPOC removal by the soil and grass

system. However, removal efficiency cannot be obtained with only concentration data.

Lysimeters

Eight and 10 lysimeters at three depths were installed at LGC and KGC,

resnectivelv. No samnles were obtained at 12inch denth (onlv installed in May 2000) for
J. -'... ... ... .. ., ,,

the pilot-test period. Two lysimeters at 24inch depth leaked and thus did not produce

samples . During 2000, we did not obtain many samples except at the LGC test plot and

L9. As suction lysimeters only work well with relatively high water content, it is

expected that bias existed between the percolate samples and the ' actual' soil water

solution. Also, the seasonal factors may not be adequately reflected because of the data

shortage in dry weather.

Soil disturbance due to lysimeter installation was found to contribute to initial

high concentrations of many constituents in percolate samples. The lysimeter ceramic cup

may contribute cations to percolates but was apparently minimal in this study.

Phosphorus adsorption by the ceramic cup may have occurred during the test period, but

the initial high concentrations in percolates indicate its limited adsorption.

In order to obtain adequate percolate sample, we left suction on for 1 month

between sampling. Thus, the percolate samples obtained are monthly average samples.

Sample variance may have increased due to reactions occurring during this time. One

concern is microbial changes of nitrogen. However, nitrogen transformation (nitrate to N2

loss) in lysimeters is unlikely or minimal, as the condition inside is aerobic.
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Suction lysimeters cannot be used for bacteria monitoring. Few if any fecal

coliforms can pass through lysimeters of the porous ceramic cup variety installed in this

study, which was verified by laboratory experiments and supported by the fecal coliform

results in percolate samples. The counts of fecal coliform were probably due to soil

contamination of the devices during sampling. Discreet sampling accompanied by

adequate device disinfec tion procedures could minimize this contamination.

Generally, the results of percolate samples show that suction lysimeters are good

for most chemical parameters measured and can work efficientl y at high water content.

Useful information may lost due to sampling failure (a lack of samples) under dry

conditions.

84



Chapter V Conclusions

This study set out to evaluate the biological, chemical and agronomic effects of

using reclaimed water for irrigation on two golf courses located over a potable aquifer in

Central Oahu.

Biological and chemical data were obtained on two soils at background sites and

pilot-scale test plots on both golf courses with different managements (1) irrigated with

potable water and reclaimed water, (2) normal (the golf courses applied historically) and

high irrigation rate (two times of potable water) , (3) with and without fertilization,

respectively.

An overall assessment of the feasibility of irrigation by reclaimed water irrigation

is based on several criteria: (1) precipitation and irrigation (amount and distribution) and

associate sampling results at the two golf courses, (2) public health considerations (3)

irrigation percolate chemical water quality and associate groundwater quality, (3)

lysimeter operations and associated results variance.

Generally, a great discrepancy on water conditions existed between the soil at

LGC and the soil at KGC, and between the two years for the pilot-test. The former test

plot is much wetter that the latter. The combination of different soil characteristics and

water conditions at the two test plots caused the resultant fates of reclaimed water

constituents to be different quantitatively and qualitatively.

Bacteria

Fecal Colifom was measured in grass and percolate samples. However, whether

or not fecal contamination will be caused due to reclaimed water irrigation is still in

doubt after this study. The reason for this is that the results of grass samples are not
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conclusive due to soil contamination, and percolate samples cannot contain fecal coliform

due to structurallysimeter limitations .

Chloride

A significant percolate chloride concentration increase was found at the LGC test

plot but not at the KGC test plot. Concentrations of salts in percolate samples are

expected to increase to levels equal or higher (perhaps 5 times higher) than that of the

applied irrigation water. Rapid equilibrium was achieved between the soil solution and

the reclaimed waters, which is believed to relate to the relatively small difference

between background values and reclaimed water concentrations. After about 2 years of

R2 water irrigation, the highest chloride concentration (173.15 mg/l) was found at the

24inch lysimeter depth of the LGC test plot with higher irrigation and precipitation.

Nitrate

Nitrate leaching was found to be mainly related to fertilization, precipitation,

irrigation method (amount and schedule) , and soil pH.

With fertilization on background sites at both golf courses, nitrate concentrations

were found to be much higher than 3mg/1 «3mg/1 is DOH requirement) in percolates at

24inch depth . Soil pH probably affects nitrate adsorption, and therefore, leaching

significantly. All the samples (19) with concentrations higher 20 mg/l were found at

background sites with high pH. The concentrations ranged from 0 to 67mg/1 in

percolates from the relatively dry KGC with soil solution pH from 7.17 to 8.22; and from

oto 18 mg/l in percolates from the wet LGC with pH 4.23 to 6.76. High concentrations

(20 to 61.7 mg/l) were also found in one site of the wet LGC with pH from 6.91 to 7.71.

Water content was higher in this particular site than any other sites at the same golf
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course. Therefore, concentration effects due to envapotranspiration can probably be

excluded.

High and constant irrigation rates caused a similar degree of leaching at the LGC

test plot using reclaimed water as that at the background sites with fertilization and

historic irrigation methods . At the dry KGC test plot where there was lower precipitation

and lower (soil) nitrate adsorption capabilities, nitrate concentrations in the samples were

lower than that in the samples from the wet LGC test plot, which was more likely due to

irrigation amount and schedule as it is expected that grass can adsorb much of the

nitrogen applied through reclaimed water by the irrigation method used at the background

sites.

Total Phosphate

Non-significant differences between test plots and background sites were found at

both golf courses. The result is believed due to rapid precipitation of phosphorous as

insoluble inorganic compounds and soil adsorption.

Sodium

Significant increasing trends were observed in the test plot percolate samples,

while a similarly varying pattern with initially higher, and later relatively lower and

stable concentrations was observed in the background percolates from both golf courses.

After about one year reclaimed water irrigation, sodium concentrations in 24inch depth

samples were found to be increased to a level slightly higher than that of the reclaimed

waters at both test plots, which suggests that a cation exchange balance was reached

between the reclaimed waters and soils. The highest concentration was 104.27 mg/l after

about two-year irrigation in the test plot of the wet LGC.
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Potassium

Generally, reclaimed water irrigation has no effect on K+ leaching. High

concentrations were always found in the background sites due to fertilization. Exchange

of K+ by Na+ was not observed, and was expected to be minimal due to low

exchangeable K+ and relatively low Na+ concentrations in the reclaimed waters .

Calcium and Magnesium

Ca2+ concentrations in percolates are largely dependent on exchangeable Ca2+ of

soils and irrigation/precipitation. It was expected and observed that percolate

concentrations at KGC were higher than that of LGC because its soil has relatively high

Ca2+ saturation degree and low water contents.

Na-to-Ca exchange probably occurred as indicated by the Na+ results. The non

significant difference at LGC is not surprising because the amount of Ca2+ exchanged

from soil surface may be not large relative to the variance of the data. In samples from

the KGC test plot, the lower Ca2+ was mainly due to dilution as Ca2+ was retained at the

top soil layer due to cation exchange as water moved downward quickly .

Generally, the varying pattern of Mg2
+ was similar to that of Ca2+ but with

lessened intensity, and with different depth distribution. The latter was probably related

to exchangeable Mg2+ distribution in the soil profile.

COD and NPOC

The COD of background percolate samples are similar to that of reclaimed water.

COD removal by soils was observed in the test plots. NPOC concentrations at both test

plots were lower than that of reclaimed water, which suggested NPOC removal by the
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soil and grass system. However, removal efficiency cannot be obtained with only

concentration data.

TDS

IDS in percolates is not expected to increase significantly with the reclaimed

water using the irrigation method applied at the test plots of both golf courses in this

study. For KGC, the lower IDS in the test plot samples (compared to background sites)

is believed due to dilution caused by heavy precipitation and irrigation. IDS is expected

to move into the upper soil horizon and accumulate there. For LGC, the high degree of

water saturation conditions allowed salts leach to more than 24 inches, as we observed

that IDS data were similar in all the percolate samples .

However, whether or not harmful agronomic effects will occur cannot be

determined in this study without samples in dry season and at the surface layer.

Lysimeters

Generally, the results of percolate samples show that suction lysimeters are good

for most of chemical parameters measured and can work best at high soil water content,

but not suitable for bacteria monitoring.

Recommendations

There are several recommendations that can be made based on this study.

For further research ofreclaimed water irrigation:

(1) Soil water tension/content monitoring: The importance of soil water information on

percolate chemical quality analyses is high especially for dry conditions.

(2) Vadose zone and ground water modeling for IDS and nitrate to explain physical,

chemical and biological processes in the soil-plant system theoretically.
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(3) Develop a field monitoring method for fecal coliform leaching.

(4) TDS accumulation/leaching at the surface layer at the test plots can be determined

using test plot soil samples or by laboratory column leaching studies.

(5) Determine whether or not and to what extent the potential change of pH and

chloride due to reclaimed water irrigation can affect nitrate leaching.

For golf course management:

(1) Optimal irrigation methods (amount and schedule) are needed for each golf course

to avoid nitrate leaching and salinity problems.

(2) Consider the use of grasses with high drought and salt resistance.

(3) Consider rainwater harvesting.
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Figure 3-6: 12 inch installed Iysimeters
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Figure 3-7: 24 inch installed lysirneters
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Figure 3-8: 48 inch installed Iysimeters
LTl and KTl
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Figure 3-10 Applying vacuum to the lysimeter
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Figure 3-11 Collection of samples from the lysimeter
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Figure4.1a pH in Test and Background Percolates at KGC
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Figure 4.2a CI- Concentration in Test and Background Percolats at KGC
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Figure4-3a N03°·N Concentration in Test and Background Percolates

at KGC
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Figure 4.4a Total Phosphate Concentration in Test and
Background Percolates at KGC
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Figure 4.6a K+ concentration in test and background percolatesat
KGC
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Figure 4.7a Ca2+ concentration in test and background percolates
at KGC
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Figure 4.8a Mg2+concentration in test and background percolates
at KGC
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Figure 4.9a Alk.Concentration in Test and Background
Percolates at KGC
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Figure 4-10a TOS Concentration in Test and Background
Percolates at KGC
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Figure 4.11a COD Concentration in Test and Background
Percolates at KGC
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Figure 4.12a NPOC Concentration in Test and Background
Percolates at KGC
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Appendix 3-1 Irrigation Rate Calculation
Water Use

KGC 432000 gal/day for 179 d/yr apply all of this in 6 mo.
LGC 504000 gal/day for 179 d/yr apply all of this in 6 mo.

KGC Water Use Area Application rate Irrigation Actual
gal/day (Acres) (gal/d ft"2) day/yr (in/yr) Use
432000 137 0.0695 179 20.35 20 in/6 mo.

LGC Water Use Area Application rate Irrigation Actual
(gal/day) (Acres) (gal/d ft"2) day/yr (in/yr) Use
504000 143 0.0794 179 23.23 23 in/6 mo.

KGC R1
Area Run Time Actual

Appl. Rate Sprinkler covered Tank Volume Gal/d gpm at tested rate Chosen Actual Use
(gal/d ft"2) Radius (ft) (ftI\2) gal/week tested (min) time (min) (gal/week)

0.07 6.00 113.04 55.01 7.86
0.07 7.00 153.86 74.88 10.70
0.07 7.50 176.63 85.96 12.28 3.20 3.84 4.00 89.60
0.07 8.00 200.96 97.80 13.97 3.20 4.37 5.00 112.00
0.07 8.50 226.87 110.40 15.77
0.07 9.00 254.34 123.78 17.68

LGC R-2
Area Run Time Actual

Appl. Rate Sprinkler covered Tank Volume Gal/d gpm at tested rate Chosen Actual Use
(gal/d ft"2) Radius (ft) (ft"2) gal/week tested (min) time (min) (gal/week)

0.08 6.00 62.80 8.79
0.08 7.00 85.47 12.21
0.08 7.50 98.12 14.02 3.20 4.38 5.00 112.00
0.08 8.00 111.64 15.95 3.20 4.98 5.00 112.00
0.08 8.50 126.03 18.00
0.08 9.00 141.29 20.18
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Appendix 3-2 Calculation of Actual Dose (AD) 'Vater Received

UV Dose is defined as UV intensity multiplied by the irradiation time .

Known:

1) The UV unit produces an UV dose of 30,000 /lWs/cm2 at a maximum flow rate of 7

U.S. gallons per minute .

(2) The test conditions: 4 gallons per minute, three-time disinfection

Equation used:

Dose = W*RT/A

W: the UV energy of the lamp emitted, =5300 mW.

A: flow area received UV energy, =7t*8.48cm*27.1 em = 722.0 crrr', the area next

to the outside wall is used, where the lowest dose is received

RT: the residential time of the water in the unit (s), = 3*V/Q=16.7sec

V: volume of the unit, =7t*«8.48cm)2-(2.45cm/)/4*27.lcm=1403 crrr'

Q: flow rate (cmvs.), =4gal/min*lmin/60s*3.785l/gal*1000cm3/l=252.3cm3/s

At flow rate 4 gallons per minute, Dose=W*RT/A=5300mW*16.7sec/722.0cm2

=122 .6mWs/cm2
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Appendix 4-1 PSD 2

soil particle size distribution of LT
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soil particle size distribution of l T at 48"
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Appendix 4-1 PSD6

soil particle size distribution of KT
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Appendix 4-1 PSD7

0.0010.01
particle diameter(mm)

soil particle size distribution of K17
h 12"

h~--:----'------------:-'--~--------------1

100%

90%

80%

~70%...
~60%

~50%
l:!
8,40%

30%

20%

10%

0%
0.1

soil particle size distribution of KT

110%

100%

;i" 90%
o
1:"
~ 80%

;;::

1: 70%

~ 60%
Co

50%

40%

30%

20%

10%

0%

::It n4'>nth 7.4"

: j
!

•• i
, I !

: • , ..-:
'~'O'i ~

! i .~
.

.... '
,

i
, ! ~, ;,

,
i i

~
,

i ; ,

i !
, .......-.

; '0' ,
~

! i , j ,
, i i

j

, ,
I ! , ! !,

! i
,

I i :i
, ,

: i
,

I I : , j

0.1 0.01
particle diameter(mm)

0.001

127



100%

90%

80%

70%-~60%...
Ql

.g 50%
i:
840%...
Ql

0. 30%

20%

tt10%

0%

0.100

Appendix 4-1 PSD8

soil particle size distribution of KT
at de th 24"

I

I !

0.010
particle diameter{mm)

0.001

110%

100%

90%

E
80%

.§. 70%...
Ql

60%c
;;::

i: 50%
Ql
o... 40%Ql
0.

30%

20%

10%

0%

soil particle size distribution of KT
at depth 36"

,
!

,
i •;

I i
,

.~ ! ; ;
i ,.. , I

:
. ;
~ i : i

, .~
I

: ;

, •~ 1,
i ...

~!
I ,

I

i , ! ....
~i iI I I .... -i : : ! i

:
; ! , I ;,

i , , !
i iI

i , ,,
,

! , , ,
I ; I

particle diameter{mm)

128



Appendix 4-1 PSD9

soil particle size distribution of KT
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Appendix 4-2 Double ring infiltrometer test results

Double Ring Infiltrorneter Test Conducted on Kalahaua GolfCourse onJan. 12, 1999

Time Elapse Time Water Added Infiltration Rate
(min) (ml) (ern/sec)

13 :13 start
13 :28 15 7000 1.06E-02
13:43 30 2750 4.20£-03
14:00 47 3250 4.40E-03
14:15 62 3875 5.90E-03
14:30 77 2000 lOOE-03
14:45 92 3350 5.10E-03
15:00 105 1850 2.80E-03
16:00 165 13000 4.90£-03
16:43 208 2750 1.50E-03
17:53 260 5500 2.40E-03
19:02 347 11500 3.00E-03

Geometric Mean of Intervals 3.83E-03
Arithmetic Mean of Intervals 4.35£-03
Overall Infiltration Rate 3.73E·03

130



Appendix 4-2 Double ring infiltrometer test results (continued)

Double Ring lnfiltrometer Test Conducted on Leilehua Golf Course00 12 January 199

Time Elapse Time Water Added Infiltration Rate
(min) (ml) (em/sec)

15 :18 start

15:33 15 4750 720E-03
15:48 30 6250 950E-03
16:03 45 5250 8.ooE-03
16:18 60 5250 8ooE-03
16:32 74 4500 6.9QE-03
16:47 89 4500 6.9QE-03
17:02 104 4000 6.10E-03
17:18 120 4500 6.85E-03
17:33 135 3500 5.33E-03
17:48 ISO 3750 5.70£-03
18:02 164 3750 5.70£-03
18:17 179 3500 4.30E-03
18:42 204 4500 4.IOE-03
19:22 244 9500 5.4OE-03

GeometricMean of Intervals 6.21£-03
Arithmetic Mean of Intervals 6.43E..Q3
Overall Infiltration Rate 631E..Q3
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Appendix 4-3 Sampling Results for KGC and LGC
Date LT1 LT3 LT4 L2 L9 L13 LG KT1 KT3 KT4 KT5 K3 K5 K12 K18 K17

2/9/99+ + N N N N N N N N N N N N N N
2/25/99+ + N + + + + N N + + N
3/16/99+ + N + + + + N N + + + N
4/6/99+ + N + + + + N N + + + N

4/27/99+ + N + + + + N N + + N
5/18/99+ + N + + + + + N N + + + N
6/1/99+ + N + + + + N N + + + + N

6/14/99+ + N + + + + N N + + + N
6/28/99+ + N + + N N + + + + N

7/6/99+ + N + + + N N + N
7/12/99+ + N + + + + N N + + N
7/19/00+ + N + + + + + N N + N
7/26/99+ + N + + + + + N N + N

8/9/99+ + N + + + + N N + N
9/8/99+ + N N N N

10/9/99+ + N N N N
11/9/99 + + N N N N

12/21/99 + + N + + + + N N + + + N
1/3/00 N N N N N N N + + N N N N N N N
1/7/00+ + N + + + + + + N N + + + N

2/14/00+ + N + + + + + + N N + + + + N
3/17/00+ + N + N N N
4/14/00+ + N + + + N N + + + N
5/27/00 + + + + +
6/17/00 + + +
7/17/00-
8/17/00+ + +
8/26/00+ +

10/21/00+ +
11/18/00+ + +
12/16/00+ + +
1/18/01 + + +

2/16/01 + + +
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Appendix 4-4 Monthly Rainfall (inches) at LGC and KGC

1999
LGC

2000
LGC
KGC

Jan .
3.49

Jan .
2.87

1.5

Feb.
4 .82

Feb.
0.82

0 .6

Mar.
4.61

Mar.
2.16

7.1

April
5.94

April
5.89
5.75

May
4.66

May
2.01
0.85

June
3.63

June
1.17

0.1
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July
7.31

July
2.7"

1.4

Aug .
1.78

Aug .
2.6
1.2

Sep.
1.91

Sep.
1.08

0.8

Oct.
4.97

Oct.
3.4

1.85

Nov. Dec. Total
3.01 12.83 58.96

Nov . Dec. Total
4.76 1.63 31 .1

3.4 0.7 25.25



Appendix 4-5 Fecal coliform data in percolate samples

Sample date Sample # Fecal Coliform CFU/I00ml

7/6/1999 LTat48" 34

7/6/1999 LTat24" 8

7/6/1999 L9 16

7/6/1999 LG 1

7/6/1999 KTat 48" a
7/6/1999 K12 6

7/19/1999 LTat48" 2

7/19/1999 LT3 a
-, 11 f'\. 11 ('\1"'\1"\ T "'I ..,
1/ 1'::1/ 1'::1'::1'::1 L"'- .J

7/19/1999 L9 1

7/19/1999 L13 a
7/19/1999 LG 1

7/19/1999 KTat48" a
8/16/1999 LTat 48" a
8/16/1999 LTat24" a
8/16/1999 LG a
8/16/1999 L9 1

8/16/1999 L13 a
8/2/1999 LTat 48" a
8/2/1999 LTat 24" 15

8/2/1999 LTat 24" a
8/2/1999 L2 a
8/2/1999 L9 7

8/2/1999 L13 43

8/2/1999 LG 1

8/2/1999 KTat 48" a
8/2/1999 K12 a
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Appendix 4-5 Fecal coliform data in grass samples (Continued)

Grass sample

Fecal Coliform Fecal Coliform

Sample date Sample # CFU/100ml CFU/g grass

6/21/1999 LT uncountable toe uncountable too dark

6/21/1999 LT 0 0

6/21/1999 LG 0 0

6/21/1999 K12 8 7.2

Note: 5gram grass was used to obtain about 450 ml extraction solution.

Fecal Coliform Fecal Coliform

Sample date Sample # Background CFU /100 ml CFU/g grass

7/22/1999 KT yellow 9 8.1

7/22/1999 KT yellow 11 9.9

7/22/1999 K12 dark green uncountable dark green uncountable dark green

7/22/1999 K3 yellow -green uncountable dark green uncountable dark green

7/22/1999 LT grey >0 >0

7/22/1999 LT yellow -green 140 126

7/22/1999 L2 yellow 3 2.7

7/22/1999 LG dark yellow uncountable dark green uncountable dark green

7/22/1999 L9 yellow 180 162

7/22/1999 Ll3 yellow 0 0

7/22/1999 K5 dark green uncountable dark green uncountable dark green

7/22/1999 Kl8 green -yellow >230 >207

C.P Fecal Coliform

Sample date Sample # CFU/I00ml CFU/g grass CFU/1 OOml or CFU/g grass

8/2/1999 LT 12 11

8/2/1999 L2 0 0 for all samples

8/2/1999 Ll3 0 0 uncountable

8/2/1999 LG 0 0 with diutions

8/2/1999 KT 0 0 (-1,-2,-3)

8/2/1999 KT 0 0

8/2/1999 K3 0 0

8/2/1999 K5 4 3.6

8/2/1999 K12 4 3.6

8/2/1999 K18 0 0
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Appendix 4-6 Lysimeter coliform laboratory experiment

Clamp

GOIO

Vacuum

Pressure
Gauge

Dip Tube
(inside sampler)

I
Secondary
effluent

Porous
ceramic cup
0.5 or 1.0, 2.0

Objective: Test ..vhether or not bacteria can pass through suction lysimeters under lab
conditions

Set-up for Lysimeter Experiment for Fecal Coliform

Lysimeters Vaccwn(cbar) Time (hours) Approximately Collected
Sample Volume

0.5bar 25 12 > lliter

1.0bar 25 12 >1liter

I 2.0bar 100 12

I About 200 ml
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Appensix 4-7: Variance Analysis of percolate water properties

variance Analysis of TOS at KGC

Source

season
tr
season*tr

Error
Corrected Total

OF

1

1

1

43
46

Sum of
Squares Mean Square F Value Pr > F

40 .6438 40.6438 0.00 0.9734
941805.6694 9418 05 .6694 26.01 <.0001

5529.7418 55 29.7418 0.15 0.6979

1556785.102 36204 .305
2520821 .834

Variance Analysis of TOS at LGC with L9 Lysimeter

Sum of
Source OF Squares Mean Square F Value Pr > F

season 1 14.8839 1 4 . 8 83 9 0 .00 0.9741
tr 1 124435 .3535 124435 .3535 8.86 0.0039
season*tr 1 139.1953 139.1953 0.01 0.9210

Error 77 1081916.066 14050.858
Corrected Total 80 1209517 .876

Variance Analysis of TOS at LGC without L9 Lysimeter

Sum of
Source OF Squares Mean Square F Value Pr > F

season 1 1915.764940 1915.764940 0. 78 0 .3800
tr 1 1736.566131 1736.566131 0.71 0.4031
season*tr 1 1333.770673 1333.770673 0.54 0.4635

Error 61 149460 .1164 2450.1658
Corrected Total 64 154621.0062

137



variance Analysis of nitrate at KGC

Sum of
Source DF Squares Mean Square F Value Pr > F

season 1 3 .114294 3.114294 0 .01 0.9125
tr 1 2513 .233508 2513 .233508 9.87 0 .0030
season*tr 1 0.119126 0.119126 0 .00 0 .9828

Error 43 10951 .96787 254.69693
Corrected Total 46 13499.32915

Variance Analysis of nitrate at LGC with L9 Lysimeter

Sum of
Source DF Squares Mean Square F Value Pr > F

season 1 547.0578340 547.0578340 9. 17 0.0031
tr 1 254.1069639 254.1069639 4.26 0 .0414
season*tr 1 325.7970105 325.7970105 5. 46 0.0213

Error 108 6443 .011360 59.657513
Corrected Total 111 7623 .082959

Variance Analysis of nitrate at LGC without L9 Lysimeter

Sum of
Source DF Squares Mean Square F Value Pr > F

season 1 134 .5878328 134.5878328 9.92 0.0022
tr 1 2 .8001777 2. 8001777 0 . 21 0.6507
season*tr 1 46.5618580 46. 5618580 3.43 0.0673

Error 87 1180.066785 13.563986
Corrected Total 90 1344.833219
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Variance Analysis of cr at KGC

Sum of
Source DF Squares Mean Square F Value Pr > F

season 1 5.867663 5.867663 0 .00 0.9467
tr 1 1457 .389086 1457 .389086 1. 13 0 .2968
season*tr 1 2087 .880309 2087.880309 1. 62 0.2136

Error 29 37438.53193 1290 .98386
Corrected Total 32 42051 .66542

Variance Analysis of c i at LGC with L9 Lysimete r

Sum of
Source DF Squares Mean Square F Val ue Pr > F

season 1 146 .64190 146.64190 0.46 0.4992
tr 1 30375 .80901 30375.8090 1 95 .56 <.0001
season*tr 1 1961.17121 1961.17121 6.17 0.0154

Error 71 22569 .75611 317.88389
Corrected Total 74 54365.21207

Variance Analysis of ci at LGC without L9 Lysimeter

Sum of
Source DF Squares Mean Square F Value Pr > F

season 1 192.56938 192 .56938 0 .61 0.4389
tr 1 25135 .57128 25135 .57128 7 9 .30 < . 0 0 0 1
season*tr 1 1330.73768 1330.73768 4 .20 0 .0450

Error 58 18384.68233 316 .97728
Corrected Total 61 45799.09532

139



Variance Analysis of pH at KGC

Sum of
Source DF Squares Mean Square F Value Pr > F

season 1 0.39774306 0.39774306 6 .22 0.0199
tr 1 0.13331837 0 .13331837 2.08 0 .1617

Error 24 1 .53465708 0.06394405
Corrected Total 26 2.06571852

Variance Analysis of pH at LGC with L9 Lysimeter

Sum of
Source DF Squares Mean Square F Value Pr > F

season 1 0.34958546 0.34958546 0. 95 0.3338
tr 1 0.00096572 0.00096572 0 .00 . 0.9593
season*tr 1 0.01313531 0 .01313531 0.04 0.8507

Error 50 18.35274444 0.36705489
Corrected Total 53 18.73140000

Variance Analysis of pH at LGC without L9 Lysimeter

Sum o f
Source DF Squares Mean Square F Value Pr > F

season 1 0 .87491772 0.87491772 4.73 0.0356
tr 1 0.59641238 0.59641238 3.23 0.0801
season*tr 1 0.07325641 0.07325641 0.40 0.5326

Error 40 7.39629804 0.18490745
Corrected Total 43 9.52080000
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Variance Analysis of NPOC at KGC

Source

season
tr
season*tr

Error
Corrected Total

DF

1
1

1

32
35

Sum of
Squares Mean Square F Value Pr > F

4 .05782479 4 .05782479 0.74 0.3957
2 .90 203697 2.90203697 0 . 53 0 .4719

16.47658598 16.47658598 3 .01 0.0924

175 . 2069076 5.4752159
207.8841409

Variance Analysis of NPOC at LGC with L9 Lysimeter

Sum of
Source DF Squares Mean Square F Value Pr > F

season 1 10.6547607 10.6547607 1.03 0 .3156
tr 1 134.0035216 134.0035216 12.90 0.0007
season*tr 1 6 .4107538 6. 4107538 0.62 0.4355

Error 54 560.7563768 10.3843773
Corrected Total 57 707.5841561

Variance Analysis of NPOC at LGC without L9 Lysimeter

Sum of
Source DF Squares Mean Square F Value Pr > F

season 1 12 .44560985 12.44560985 1. 80 0.1871
tr 1 55.57899710 55.57899710 8.02 0.0070
season*tr 1 2.95579467 2.95579467 0 .43 0.5171

Error 43 297.8404757 6.9265227
Corrected Total 46 369.6569516
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Variance Analysis of TP at KGC

Sum of
Source DF Squares Mean Square F Value Pr > F

season 1 0.00321420 0.00321420 0.02 0.8780
tr 1 0.11694787 0.11694787 0.87 0 .3568
season*tr 1 0.01107940 0.01107940 0.08 0.7757

Error 40 5.38353014 0 .13458825
Corrected Total 43 5 .51631591

Variance Analysis of TP at LGC with L9 Lysimeter

Sum of
Source DF Squares Mean Square F Value Pr > F

season 1 0.74941553 0.74941553 10. 68 0.0016
tr 1 0.16678395 0.16678395 2.38 0.1271
season*t r 1 0.00512003 0 .00512003 0. 07 0 .7877

Error 78 5.47131885 0 .07014511
Corrected Total 81 6.43544878

Variance Analysis of TP at LGC without L9 Lysimeter

Sum of
Source DF Squares Mean Square F Value Pr > F

season 1 0.72146527 0.72146527 12.00 0 .0010
tr 1 0.02145059 0.02145059 0 .36 0.5525
season*tr 1 0.01819290 0 .01819290 0.30 0 .5843

Error 62 3.72861219 0 .06013891
Corrected Total 65 4.48334545
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Variance Analysis of COD at KGC

Sum of
Source DF Squares Mean Square F Value Pr > F

season 1 1172.864069 1172 .864069 0.98 0 .3315
tr 1 2920.533333 2920 .533333 2.45 0.1312

Error 23 27413.74545 1191 .90198
Corrected Total 25 34246.96154

Variance Analysis of COD at LGC with L9 Lysimeter

Sum of
Source DF Squares Mean Square F Value Pr > F

season 1 3 .038162 3.038162 0.00 0.9474
tr 1 2249.349043 2249.349043 3 .26 0.0767
season*tr 1 732 .977466 732 .977466 1. 06 0.3075

Error 54 37 289.75162 690.55096
Corrected Total 57 41230.62069

Variance Analysis of COD at LGC without L9 Lysimeter

Sum of
Source DF Squares Mean Square F Value Pr > F

season 1 11 .506983 11.506983 0.02 0.9019
tr 1 1930 .070917 1930.070917 2.58 0 .1155
season*tr 1 724.805343 724.805343 0.97 ' 0 . 3 3 05

Error 43 32168.96548 748.11548
Corrected Total 46 35599 .31915
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variance Analysis of Na at KGC

Sum of
Source DF Squares Mean Square F Value Pr > F

season 1 703.2437202 703.2437202 7.92 0.0098
tr 1 77.3574153 77.3574153 . 0.87 0.3603
season*tr 1 982.7494181 982.7494181 11 .07 0.0029

Error 23 2042.286078 88.795047
Corrected Total 26 3739.593296

Variance Analysis of Na at LGC with L9 Lysimeter

Sum of
Source DF Squares Mean Square F Value Pr > F

season 1 51.230776 51 .230776 0.20 0.6528
tr 1 8001.244546 8001 .244546 31.90 <.0001
season*tr 1 30.948941 30 .948941 0 .12 0 .7265

Error 64 16053.53617 250 .83650
Corrected Total 67 24866.02683

Variance Analysis of Na at LGC without L9 Lysimeter

Sum of
Source DF Squares Mean Square F Value Pr > F

season 1 73 .882589 73.882589 0.25 0.6200
tr 1 5603.517916 5603.517916 18.87 < . 0 0 0 1
season*tr 1 51.437484 51.437484 0.17 0.6790

Error 53 15738.96019 296 .96151
Corrected Total 56 21746.47867
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variance Analysis of K at KGC

Sum of
Source DF Squares Mean Square F Value Pr > F

season 1 23.9054408 23.9054408 0.65 0.4280
tr 1 660.2937289 660.2937289 17.98 0.0003
season*tr 1 1.0631927 1.0631927 0.03 0.8664

Error 23 844.620225 36.722618
Corrected Total 26 1617.273474

variance Analysis of K at LGC with L9 Lysimeter

Sum of
Source DF Squares Mean Square F Value Pr > F

season 1 107.001419 107.001419 1.13 0.2923
tr 1 3845.728488 3845.728488 40.52 < . 0 0 01
season*tr 1 72.382589 72.382589 0.76 0 .3857

Error 64 6073.53011 94.89891
Corrected Tota l 67 11116 .29869

Variance Analysis of K at LGC without L9 Lysimeter

Sum of
Source DF Squares Mean Square F Value Pr > F

season 1 14 . 5 2 11 37 2 14.5211372 2.23 0 .141 3
t r 1 830.2037778 830.2037778 127.45 < . 0 0 01
season*tr 1 4.7137898 4. 7137898 0 .72 0 .3988

Error 53 345.233243 6.513835
Corrected Total 56 1342.707305
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Variance Analysis of Ca at KGC

Sum of
Source OF Squares Mean Square F Value Pr > F

season 1 479.96181 479.96181 0.53 0.4751
tr 1 17704.68020 17704 .68020 19.47 0.0002
season*tr 1 14.14890 14.14890 0.02 0 .9019

Error 22 20000.30411 909 .10473
Corrected Total 25 41593.40839

Variance Analys is of Ca at LGC with L9 Lysimeter

Sum of
Source OF Squares Mean Square F Value Pr > F

season 1 1120.71925 1120.71925 1. 11 0.2954
tr 1 10687.29829 10687.29829 10 .61 0.0018
season*tr 1 104.21671 104.21671 0.10 0.7487

Error 64 64452.45387 1007.06959
Corrected Total 67 78917.02868

Variance Analysis of Ca at LGC without L9 Lysimeter

Sum of
Source OF Squares Mean Squa re F Value Pr > F

season 1 339 .9078135 339.9078135 9.92 0.0027
tr 1 6 .101057 2 6 .1010572 0.1 8 0.6748
season*t r 1 5.4662556 5.4662556 0 .16 0.6912

Error 53 1816 .063202 34 .265343
Corrected Total 56 2223 .387656
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variance Analysis of Mg at KGC

Source

season
tr
season*tr

Error
Corrected Total

DF

1
1

1

26

Sum of
Squares Mean Square F Value Pr > F

11.19580611 11.19580611 0.46 0.5037
69.59923645 69.59923645 2. 87 0.1038

2.22014016 2.22014016 0.09 0.7650

23 557.8907700 24.2561204
637.7684667

Variance Analysis of Mg at LGC with L9 Lysimeter

Sum of
Source DF Squares Mean Square F Value Pr > F

season 1 12.6665292 12.6665292 0.60 0.4427
tr 1 142 .9506006 142.9506006 6 .73 0.0117
season*tr 1 6 .7240006 6.7240006 0.32 0.5756

Error 64 1358 .745246 21.230394
Corrected Total 67 1535.422169

Variance Analysis of Mg at LGC without L9 Lysimeter

Sum of
Source DF Squares Mean Square F Value Pr > F

season 1 13.32271488 13 .32271488 4.99 0.0 297
tr 1 8.62698101 8.62698101 3.23 0.0778
season*tr 1 2.84719391 2.84719391 1. 07 0.3062

Error 53 141.3729262 2.6674137
Corrected Total 56 178 .9727053
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variance Analysis of Alkalinity at KGC

Sum of
Source DF Squares Mean Square F Value Pr > F

tr 1 11623.72472 11623.72472 2. 20 0.1659

Error 11 58072.70876 5279.33716
Corrected Total 12 69696.43348

Variance Analysis of Alkalinity at LGC with L9 Lysimeter

Sum of
Source DF Squares Mean Square F Value Pr > F

tr 1 49009.4216 490 09.4216 4.25 0.0541

Error 18 207772.7152 11542.9286
Corrected Total 19 256782.1368

Variance Analysis of Alkalinity at LGC without L9 Lysimeter

Sum of
Source DF Squares Mean Square F Value Pr > F

tr 1 70.95650159 70.95650159 3 .50 0.0823

Error 14 283.5418984 20.2529927
Corrected Total 15 354.4984000
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KGC

Appendix 4-8 pH data in percolate samples

Sample date
2/25/99

4/6/99
5/18/99

6/1/99
6/14/99
6/28/99

7/6/99
7/12/99
7/26/99

LGC

Background sites

K12
7.23

7.2
7.4
7.4

7.71
7.91
7.63
7.83
7.35

K3

7.38
7.67
7.55
7.95

7.91

k18

7.17

Test Plot

k5 KTat 48"
7.49
7.39

7.7 7.31
7.71 7.18
8.06 7.48
8.22

7.74
7.79
7.64

Background sites Test Plot

Sample date L2 L13 L9 LG LTat 48" LTat 24"1
2/25/99 6.5 6.76 6.91 6.55 7.05 6
4/6/99 5.9 6.45 7.12 6.22 6.98 6.29

5/18/99 5.91 6.4 7.15 6.4 6.7 6.35
6/1/99 5.73 7.53 6.51 6.69 6.3

6/14/99 6.1 6.34 6.21
6/28/99 6.32 7.71 4.23 6.72 6.24

7/6/99 7.32 5.93 6.55 6.2
7/12/99 5.7 7.53 5.87 6.61 6.09
7/26/99 6.15 5.90 7.05 5.95 6.12 5.98
8/9/99 6.55 5.96 7.15 5.64 5.99 6.94

10/9/99 6.99 5.7
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Appendix 4-9 CI- (mgll) in percolate samples
KGC

Background sites Test Plot

Sam Ie Date K12 K18 K3 K5 KT at 48" KTat 24"
4/27/99 104.22 101.74
5/18/99 123.08 181.15 99.26 22.33
6/1/99 69.48 153.85 49.63 47.15 44.67

6/14/99 86.85 54.59 49.63 54.59
7/12/99 56.58 36.82 54.59
7/19/99 37.72 41.36

8/2/99 68.99
12/21/99 41.69 27.79 47.64 39.70

1/3/00 47 .64 82.39
1/7/00 39.70 29.78 65.51 65.51 65.51

5/27/00
8/17/00 21.68

LGC
Background sites Test Plot

L13 L2 L9 LG LTat 48" L I at 24"
4/27/99 78.42 84.37 62.04 81.89 91.32
5/18/99 64.52 71.96 79.41 64.52 84.37 94.30
6/1/99 60.55 68.49 59.56 93.30 79.41

6/14/99 62.04 64.52 57.07 91.82 74.45
7/12/99 33.75 39.70 45.66 35.73 74.45 66.17
7/19/99 34.15 40.70 45.66 55.19 69.08 56.58
7/26/00 74.94

8/2/99 35.24 42.19 59.56 44.17 79.41 74.45
11/20/99 44.67 75.44 75.44
12/21/99 29.78 45.66 43.67 79.41 79.41

1/7/00 33.75 49.63 49.63 33.75 87.35 103.23
5/27/00 21.82 21.55 28.71 109.12 86.14
6/17/00 27.23 117.16 89.59
8/17/00 99.51 79.12
8/26/00 84.47 78.95

10/21/00 94.85 95.47
11/18/00 53.99 99.96 130.80
12/16/00 31.90 57.00 89.20 173.15
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Appendix 4-10 N03-N (mg/L) in percolate samples
KGC

Background sites Test Plot

Sample date K12 K18 K3 K5 KTat 48" KTat 24"
2/25/1999 44 10.00
3/16/1999 61.00 15.00 18.00
4/6/1999 60.00 14.00 19.00
4/27/1999 38.00 14.00
5/18/1999 67.00 9.60 16.00 1.60
6/1/1999 28 2.8 4.8 0.43
6/29/1999 7.00
7/6/1999 21.00 0.00
7/12/1999 25.00 1.50 0.41
7/26/1999 30 0.12
12/21/1999 20 1.8 8.2 0.41

1/7/2000 20 1.4 1.5 12 0.16 2
2/14/2000 13 0.84 0.44 13 1.4 0.55
4/14/2000 17.00 0.5 0.7 1.5
8/17/2000 37.3

LGC
Background sites ITest Plot

L13 L2 L9 LG LTat 48" LTat 24"
2/9/1999 2.10 3.40
2/25/1999 11.00 2.60 1.30 5.20 2.10 11.00
3/16/1999 11.00 3.60 2.20 4.60 5.40 16.00
4/6/1999 11.00 8.90 0.60 3.90 4.50 14.00

4/27/1999 9.80 0.73 2.20 4.80 11.00
5/18/1999 5.00 8.90 2.20 0.60 4.20 7.70
6/1/1999 7.5 5.6 0.69 4.7 4.5

6/14/1999 3.80 5.50 3.50
6/28/1999 2.10 1.00 0.01 2.80
7/611999 0.16 0.01 2.00 3.60

7/12/1999 0.23 6.70 0.36 0.25 2.00 3.90
7/26/1999 0 0.66 0 0.01 1.2
8/9/1999 0.07 0.63 0.37 0.26 1.60 3.00
9/9/1999 0.74 2.20 1.90
10/9/1999 1.00 2.50 2.70
12/21/1999 4.9 20 0.69 1.8 2.6

11712000 3.5 36 1.5 1.1 2.1
2/14/2000 2.8 18 23 0.033 0.58 1.3
3/17/2000 26 0.9 1.1
4/14/2000 12 25 2.3 1
5/27/2000 7.8 25 0 U.D( low) U.D( low)
6/17/2000 9.90 1.70 1.80
8/17/2000 5.46 8.08
8/26/2000 2.26 9.95
10/21/2000 1.2 3.95
11/18/2000 0.54 1.7 3.16
12/16/2000 61.7 0.73 6.51 4.36
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KGC

Appendix 4-11 P04
3-P (mg/l) in percolate samples

Background sites Test Plot

Sample date K12 K18 K3 K5 KTat 48"
2/25/1999 0.6 0.75 0.98
3/16/1999 0.56 0.62 0.58

4/6/1999 0.2 0.19 0.17
4/27/1999 0.2 0.25
5/18/1999 0.14 0.13 2.09 0.21
6/1/1999 0.05 0.29 0.04 0.05 0.07

6/14/1999 0.14 0.1 0.07 0.1
7/6/1999 0.05 0.1

7/19/1999 0.16 0.05
12/21/1999 0.13 0.08 0.26

1/7/2000 0.03 0 0.05 0.3
2/14/2000 0.06 0.1 0.04 0.1 0.05
4/14/2000 0.1 0.05 0.08 0.06

LGC
Background sites Test Plot

Sample date L13 L2 L9 LG LTat 48" LTat 24"
2/9/1999 0.84 1.02

2/25/1999 0.8 0.84 1.06 0.84 1.02 0.5
3/16/1999 0.36 0.54 1.08 0.52 0.24 0.28

4/6/1999 0.21 0.34 0.57 0.13 0.13 0.03
4/27/1999 0.1 0.45 0.12 0.06 0.02
5/18/1999 0.06 0.12 0.38 0.07 0.04 0.11

6/1/1999 0.01 0.3 0.01 0.01 0.03
6/14/1999 0.09 0.3 0.03 0.01 0
6/28/1999 0.06 0.33 0.13 0.01 0.05

7/6/1999 0.36 0 0 0.07
7/19/1999 0.1 0 0.34 0

12/21/1999 0.11 0.02 0.02 0.02
1/7/2000 0.03 0.04 0.03 0.04 0.07

2/14/2000 0.14 0.02 0.19 0.07 0.12 0.07
3/17/2000 0.04 0.01 0.02
4/14/2000 0.14 0.05 0.05
5/27/2000 0.12 0.07 0.02 0.07 0.02
6/17/2000 0.03 0.05
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Appendix 4-12 Na+ (mgll) in percolate samples

KGC

Test lot Back round sites
Sample Date KTat 48" KTat 24" K3 K5 K12 K18

2/25/1999 32.15
3/16/1999 34.16 19.6 39.68
5/18/1999 17.14 43.41 35.4 33.94
7/12/1999 22.23 6.89 23.17

12/21/1999 36.47 25.26 30.62
1/7/2000 39.09 60.7 23.21 27.76 29.75

2/14/2000 39.75 61.16 31.79 28.92
3/17/2000
4/14/2000 14.2 29.29
4/25/2000
5/27/2000
6/1/1999 40.14

8/17/2000 30.55

LGC
Test plot Background sites

I
Sample Date LT at 48" LTat 24" LG L2 L9 L13

2/9/1999 82.59 28.43
2/25/1999 43.17 13.87
3/16/1999 27.48 23.25 55.52 36.27 16.62 50.66
5/18/1999 26.64 30.42 32.1 20.78 25.96
7/12/1999 25.82 33 26.39 25.45 24.52 21.97

11/20/1999 32.28 39.81 27.18
12/21/1999 30.78 47.11 20.97 27.52 24.19

1/7/2000 33.78 58.44 23.14 25.08 28.64 22.64
2/14/2000 37.75 63.33 22.52 36.13 21.08 22.51
3/17/2000 39.31 61.74 26.97
4/14/2000 36.67 59.25 24.97 24.57
4/25/2000 50.87 58.78
5/27/2000 44.85 47.93 22.05 23.03 24.55
8/17/2000 62.83 60.77
8/26/2000 59.6 66.4

10/21/2000 62.53 71.84
11/18/2000 65.35 84.2 26.93
12/16/2000 72.7 104.27 30.1 21.52
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Appendix 4-13 K+ (mgll) in percolate samples

KGC
Test plot Background sites

Sample date KTat 48" KTat 24" K3 K5 K12 K18
2/25/1999 8.08
3/16/1999 10.64 18.71 27.18
5/18/1999 2.75 8.08 16.26 24.1
7/12/1999 2.98 6.24 18.08

12/21/1999 2.93 16.62 22.66
1/7/2000 3.45 9.24 11.55 17.67 22.69

2/14/2000 4.75 8.15 22.15
4/14/2000 7.88 18.27 23.81
4/25/2000
5/27/2000
6/1/1999 11.53

8/17/2000 25.48

LGC
Test plot Background sites

Sample Date LTat 48" LTat 24" LG L2 L9 L13
2/9/1999 3.09 3.26

2/25/1999 1.61 2.01
3/16/1999 1.14 3.55 15.38 4.57 24.78 10.94
5/18/1999 0.92 2.75 10.51 27.41 8.92
7/12/1999 0.75 2.5 12.91 2.74 30.81 9.68

11/20/1999 1.25 2.38 30.06
12/21/1999 0.88 2.74 9.54 33.14 11.55

1/7/2000 1.55 2.91 11.85 4.8 36.52 10.42
2/14/2000 0.79 2.68 11.24 4.35 29.77 10.19
3/17/2000 0.82 2.46 34.03
4/14/2000 0.74 2.48 32.83 12.74
4/25/2000 0.97 2.73
5/27/2000 0.75 2.1 10.27 31.08 9.75
8/17/2000 0.65 2.17
8/26/2000 0.42 2

10/21/2000 0.51 2.42
11/18/2000 0.5 2.87 18.53
12/16/2000 0.57 3.36 17.85 71.74
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Appendix 4-14 Ca2
+ (mg/l) in percolate samples

KGC

Test plot Background sites
Sample Date KTat 48" KTat 24" K3 K5 K12 K18

2/25/1999 119.96
3/16/1999 146.11 151.25
5/18/1999 19.1 124.94 95.43 121.07
7/12/1999 13.26 24.61 47.72

12/21/1999 20.54 87.48 66.87
1/7/2000 23.8 29.43 59.32 94.89 65.68

2/14/2000 23.96 26.83 64.82
4/14/2000 77.3 84.43 70.88
4/25/2000
5/27/2000
6/1/1999 51.56

8/17/2000 83.45

LGC
Test plot Background sites

Sample Date LT at 48" LT at 24" LG L2 L9 L13
2/911999 26.95 33.52

2/25/1999 11.15 12.57
3/16/1999 10.4 21.51 18.31 19.32 45.4 19.3
5/18/1999 11.37 14.12 8.7 78.81 11.92
7/12/1999 11.2 10.14 8.83 17.43 89.8 9.05

11/20/1999 15.52 12.56 78.41
12/21/1999 15.47 14.62 6.28 94.74 18.29

1/7/2000 17.24 18.55 7.08 25.49 116.34 8.55
2/14/2000 16.83 20.03 6.64 36.48 77.96 8.44
3/17/2000 17.79 19.6 .106.73
4/14/2000 15.74 17.22 97.17 17.55
4/25/2000 18.2 16.21
5/27/2000 16.61 12.39 7.32 105.8 10.85
8/17/2000 8.41 8.88
8/26/2000 6.63 9.85

10/21/2000 7.49 10.4
11/18/2000 8.17 13.54 10.71
12/16/2000 8.66 18.14 11.4 186.04
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Appendix 4-15 Mg2
+ (mg/l) in percolate samples

KGC

Test plot Backqround sites
Sample Date KTat 48" KTat 24" K3 K5 K12 K18

2/25/1999 19.3
3/16/1999 23.54 14.05 16.61
5/18/1999 7.28 20.12 9.25 14.06
7/12/1999 5.19 2.76 6.18

12/21/1999 8.91 7.68 7.42
1/7/2000 10.69 6.43 14.1 8.58 7.5

2/14/2000 10.49 6.25 7.52
4/14/2000 10.96 8.62 8.04
4/25/2000
5/27/2000
6/111999

3/17/2000
8/17/2000 9.66
8/26/2000

LGC
Test plot Background sites

Sam Ie Date LT at 48" LT at 24" LG L2 L9 L13
2/911999 8.99 8.4

2/25/1999 4.44 3.55
3/16/1999 4.23 4.02 6.66 4.64 8.07 6.11
5/18/1999 4.69 6.26 3.53 13.26 3.5
7/12/1999 4.72 2.8 3.38 3.57 14.58 3.3

11/20/1999 6.3 3.54 2.26 13.09 3.67
12/21/1999 6.7 3.99 2.5 5.08 15.2 3.42

1/7/2000 7.19 5.2 2.4 7.27 18.94 3.28
2/14/2000 7.46 5.62 12.59 3.72
3/17/2000 7.86 5.42 2.63 17.63 3.52
4/14/2000 6.97 4.88 15.72
4/25/2000 8.29 4.59
5/27/2000 7.61 3.36 17.07
8/17/2000 3.65 2.34
8/26/2000 2.71 2.6

10/21/2000 2.83 2.57
11/18/2000 3.3 3.42 3.84
12/16/2000 3.35 4.44 4.07 26.52
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Appendix 4-15 Alkalinity (CaC03 mgll) in percolate samples
KGC

Background sites Test Plot

Sample Date K12 K3 K5 KT1
6/14/1999 139.12 289.52 210.56 54.52
6/28/1999 56.4

7/6/1999 69.56 56.024
7/12/1999 85.54 78.02 51.7
7/26/1999 133.48 58.28

LGC
Treatment1 Treatment2

Sample Date L2 L13 L9 LG LT at 48" LTat 24"
6/14/1999 295.16 13.16 16.92 13.16
6/28/1999 11.28

7/6/1999 292.904 6.392 15.416 14.664
7/12/1999 7.05 286.7 9.4 21.15 7.05
7/26/1999 9.4 9.776 309.824 20.68 18.8 17.296

157



KGC

Appendix 4-17 TDS (mg/l) in percolate samples

Background sites Test Plot

Date K12 K18 K3 K5 KTat 48" KTat 24"
3/16/1999 1000.0 856.7 873.3

4/1/1999 755.2
4/6/1999 1053.3 761.3

5/18/1999 936.7 540.0 580.0 211.7
6/1/1999 587.5 750.0 527.5 425.0 212.5

6/14/1999 750.0 573.3 435.0 235.0
7/12/1999 515.0 192.5 230.0
7/26/1999 600 .0 245.0

12/21/1999 486.7 560.0 550.0 266.7 300.0
1/3/2000 296.7
1/7/2000 362.5 162.5 405.0 460.0 180.0 230.0

2/14/2000 388.6 511.4 340.0 462.9 251.4 257.1
4/14/2000 380.0 317.1 377.1 248.6
8/17/2000 650

LGC
Background sites

L13 L2 L9 LG

Test Plot

LTat 48" Lat 24"
3/16/1999 285.2 220.0 310.0 340.0 193.5 220.0

4/6/1999 100.0 193.3 379.7 251.7 166.7 226
5/18/1999 168.3 220.0 385.0 231.7 188.3 233.3
6/1/1999 210.0 567.5 207.5 180.0 170.0

6/14/1999 547.5 280.0 150.0 90.0
6/28/1999 141.4 312.5 162.5 243.3 117.5
7/12/1999 175.0 242.5 512.5 177.5 205.0 192.5
7/26/1999 92.5 517.5 165.0 245.0 230.0

8/9/1999 175.0 495 .0 185.0 192.5
12/21/1999 206.7 546.7 193.3 186.7 203.3

1/7/2000 222.5 157.5 582.5 140.0 168.0 220.0
2/14/2000 120.0 288.6 408 .6 162.9 200.0 265.7
3/17/2000 485.7 151.4 225.7
4/14/2000 180.0 454.3 220.0 228.6
5/27/2000 148.4 576.7 146.7 225.8 209.4
6/17/2000 411.4 305.6 250.0
8/17/2000 207.5 232.5
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Appendix 4-18 COD (mg/l) in percolate samples
KGC

Background sites Test Plot
R1(35 m

sam Ie date K12 K3 K5 KTat 48"
3/16/1999 17 11 18

4/6/1999 12 9 9
4/27/1999 26 29
5/18/1999 39 18 26 29
6/14/1999 44 19
6/28/1999 14 18

7/6/1999 33 23
7/6/1999 33

7/12/1999 23 33 ...." ....LUL

8/9/1999 23
4/14/2000 9 0 10

LGC
Background sites Test Plot

sam Ie date L2 L9 L13 LG LTat 48" LTat 24"
3/16/1999 22 23 11 45 22 9

4/6/1999 2 24 11 19 2 0
4/27/1999 128 64 18 17 0 3
5/18/1999 68 85 65 55 25 28
6/14/1999 21 12 15 7
6/28/1999 18 51 22 18 23

7/6/1999 21 21 17 37
7/12/1999 24 46 40 20 6 15
8/9/1999 62 19 42 99 28 17

4/14/2000 17 27 58 105
5/27/2000 20 23 16 1 12
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Appendix 4-19 NPOC (mg/l) in percolate samples
KGC

Background sites Test Plot

Sam Ie Date K12 K3 K5 KT at 48" KTt at 24"
4/27/1999 1.206 7.561 7.392
5/18/1999 4.202 2.706 4.412 3.699
6/1/1999 3.022 3.552 1.652
6/14/1999 4.636 13.35 4.553 3.617
6/28/1999 0.727
7/12/1999
7/26/1999 3.348 1.492
12/21/1999 3.436 2.743 5.08

1/3/2000 4.341
1/7/2000 2.19 1.129 0.839 1.482 2.29

2/14/2000 2.681 0.977 1.678 0.99 1.653
3/17/2000
4/14/2000 2.59 0.79 1.68 1.868
5/27/2000
8/17/2000 4.14

LGC
Background sites Test Plot

Sample Date L13 L2 L9 LG LTat48" LTat 24"
4/27/1999 3.504 18.29 3.717 2.239 1.905
5/18/1999 2.515 5.992 9.734 2.978 4.393
6/1/1999 6.272 2.597 0.975 1.409

6/14/1999 5.484 3.132 3.601 1.641
6/28/1999 8.379 10.52 3.749 1.128 1.752
7/26/1999 5.891 3.832 3.128 11.86 2.654
12/21/1999 4.403 2.337 0.687 0.66

1/7/2000 1.128 2.626 3.034 1.984 0.446 0.547
2/14/2000 1.645 3.26 4.99 14.75 1.11 0.927
3/17/2000 3.76 0.923 0.637
4/14/2000 1.78 4.43 0.59 1.14
5/27/2000 2.231 3.66 3.574 0.843 0.711
8/17/2000 0.913 0.907
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