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ABSTRACT 

This thesis addresses the fate and transport of organic 

compounds during artificial recharge operations at Tucson 

Water's Demonstration Recharge Project Facility. Results 

indicate that 86 % of dissolved organic carbon (DOC) and 64 

% of nonpurgable organic halogens (NPOX) were removed between 

the infiltration basin and groundwater. The bulk of removal 

occurred within the first 11 feet of soil. Adsorption coupled 

with biodegradation processes are suspected to be the primary 

removal mechanisms for these species. Organic halogens and 

lower molecular weight organic matter comprised the more 

mobile and refractory portion of DOC. Seventy percent of the 

total trihalomethanes in the wastewater were volatilized in 

the basin. Similar results have been reported in the 

literature. 
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INTRODUCTION 

GROUNDWATER AND ARTIFICIAL RECHARGE 

The increasing demand for water in the United Sates and 

around the world has accordingly brought about an increase in 

the withdrawal of groundwater. During the years between 1960 

and 1985 total freshwater withdrawals increased at an annual 

rate of 2 percent while groundwater withdrawals increased at 

an average annual rate of 3.8 percent (37). Due to this 

increase in demand it has become increasingly apparent that 

our vast underground water resources must be protected and 

carefully managed in order to provide for future supply needs. 

In many areas and especially in arid regions such as the 

southwestern U.S. natural replenishment of groundwater occurs 

very slowly. Excessive withdrawal in these areas has led to 

many cases of declining water levels which can eventually lead 

to exhausting the resource in an overdrafted basin. In order 

to increase the natural supply of groundwater, artificial 

recharge has become an important tool in groundwater 

management. 

There are six basic methods of artificial recharge. 

These methods consist of injection wells, modified stream bed 

method in which natural stream channels are modified to 

increase percolation, flooding method, ditch and furrow 

method, the pit method, and the most common basin method using 

spreading grounds and flow control structures (7). Each of 

these methods incorporates some human induced augmentation of 
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the natural movement of water into underground formations. 

The benefits of artificial recharge can be classified 

into six categories. Current recharge activities derive 

benefit from one or more of the following applications: 

prevention of seawater intrusion in coastal aquifers, 

restoration or maintenance of groundwater levels in basins 

with high extraction rates, reduction or termination of land 

subsidence due to groundwater pumping, prevention or 

restriction of the movement of poor quality groundwater into 

potable aquifers, provision of a subsurface distribution 

system to production wells, and provision of storage for local 

and imported waters (7). 

The sources for groundwater recharge include direct 

precipitation, flood or other surplus water, imported water, 

and reclaimed wastewater. Reclaimed wastewater as a source 

for artificial recharge has received increasing attention. 

Reclaimed water is an attractive source for artificial 

recharge due to its dependable availability even during times 

of drought. In addition the aquifer material through which 

the water percolates provides incidental removal of 

pollutants. This form of land treatment has been termed soil 

aquifer treatment (SAT)(1). 

There are three types of soil aquifer treatment systems 

(9). Slow rate systems incorporate vegetation as a critical 

component, and the water is treated as it moves through the 

soil matrix. Overland flow systems consists of vegetated 
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sloped terraces where the runoff is collected in trenches. 

The water is renovated by physical, biological, and chemical 

processes as it flows as a film across a relatively 

nonpermeable slope. Rapid infiltration or infiltration-

percolation systems spread wastewater in constructed basins. 

These systems are located in permeable soils with little or 

no vegetation and water is treated by processes in the soil. 

Rapid infiltration systems often provide means of recovering 

the water once it has reached the water table. 

Rapid infiltration systems are best implemented where 

conditions are favorable. Favorable conditions include 

permeable soils, unconfined aquifers with sufficient 

transmisivity, and no serious restricting layers in the vadose 

zone (1). Aquifer material should be coarse enough to allow 

high infiltration rates but should contain enough fines to 

provide adequate treatment. There are four typical rapid 

infiltration system configurations. In areas with a shallow 

water table a subsurface drain system can be used which 

employs a subsurface drain for the recovery of percolated 

effluent. Another configuration employs parallel infiltration 

areas with a row of recovery wells in the center. 

Infiltration basins surrounded by a circle of recovery wells 

is another typical configuration. In some cases where 

topography is appropriate infiltration basins are placed so 

that renovated water naturally drains into streams, lakes, or 

an adjacent low area. 
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HISTORY OF LANDTREATMENT OF MUNICIPAL WASTEWATER 

The first documented case of land application of 

municipal wastewater was in Poland and Germany in 1559 (13). 

Wastewater irrigation farms began to be more common around 

the major cities in Germany, England, and France by 1890. In 

the United States it was believed to be more economically 

feasible to discharge untreated wastewater into surface water 

and rely on treatment technology for the purification of 

drinking water. In 1915 approximately 84 % of municipal 

wastewater was discharged without treatment into receiving 

surface water (13). At this time land treatment and 

wastewater irrigation farms were few in number and generally 

poor in design (13). 

By the 1970*s the degradation of surface water supplies 

prompted federal legislation. The National Environmental 

Policy Act of 1970 was the beginning of the federal 

governments role in protecting the nation's water resources. 

In 1972 land treatment was encouraged with financial 

incentives by section 201(g)(2) of the 1972 Amendments of the 

Federal Water Pollution Control Act (13). In 1977 the Clean 

Water Act included land treatment in the category of 

innovative and alternative treatment technologies. This 

provided for further federal economic support for the 

implementation of land treatment systems. 

Due to an arid climate and rapidly increasing population 

many states and cities in the southwestern United States face 
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water supply shortages. In response to this pressure research 

in the area of water reuse has received increasing attention. 

When considering water supply problems Arizona is no 

exception. Overdraft of Arizona's groundwater resources has 

been a concern of state officials since the 1930s (29). In 

spite of controls provided by the Critical Ground Water Code 

of 1948, groundwater withdrawals in Arizona were exceeding 

recharge by approximately two million acre feet per year on 

a long term average (29). Water tables had dropped as much 

as 600 feet in some areas of central and southern Arizona. 

The concern over future water supplies led to the Ground Water 

Management Act (GMA) of 1980 which set to control severe 

overdraft and to allocate limited groundwater resources to 

assure future supply (13). Under this legislation safe yields 

(i.e. withdrawal = recharge) of groundwater must be achieved 

by 2025. Part of the GMA approach involved setting up four 

Active Management Areas (AMA) in locations where overdraft was 

most pronounced. These four areas account for approximately 

70 percent of the state's water use and include Phoenix, 

Prescott, and Tucson (29). Treated municipal effluent has 

been recognized as the only increasing water resource in the 

AMA's. The Arizona Department of Water Resources expects that 

treated effluent will provide approximately 10 percent of AMA 

water supplies by 2025 (29). 

Tucson, Arizona is currently one of the largest 

municipalities in the nation that relies solely on ground 
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water for potable supply (8) . Aquifers in the Tucson basin 

have been experiencing declines in the water table since 1947 

(38). To reduce the demand for potable water Tucson has 

implemented a treated effluent reuse program where treated 

municipal waste water is used for irrigation of city parks and 

golf courses. An integral part of the reuse program was the 

Tucson Demonstration Recharge Project. Recharge and subsequent 

recovery of effluent aids in compensating for seasonal demand 

changes for nonpotable irrigation water. In this capacity 

artificial recharge has been used for temporary storage prior 

to reuse. 

DESCRIPTION OF THE TUCSON DEMONSTRATION RECHARGE PROJECT 

The Tucson Demonstration Recharge Project began as an 

investigation of further treating tertiary effluent in order 

to assure achieving state and federal water quality standards 

for unrestricted irrigation. Upon recovery water is blended 

with tertiary effluent for the irrigation of parks and golf 

courses. In addition recharge provided a low cost means of 

storing water during periods of low demand. 

The recharge site is located approximately 1/4 mile west 

of the Roger Road Wastewater Treatment Plant, on the west bank 

of the Santa Cruz River (Figure 1). 

Pretreatment 

Municipal wastewater flows in Tucson averaged 

approximately 50 MGD in 1989 (8) . Approximately 30 MGD were 

treated at the Pima County Roger Road Treatment Facility (8). 
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This facility provides secondary treatment including primary 

clarification followed by a trickling filter, secondary 

clarification, and chlorination (Figure 2) . Chlorine doses 

at the secondary treatment facility during this project were 

typically 6-8 mg/1. Approximately 80 % of the secondary 

effluent is discharged into the Santa Cruz River (8) . The 

remaining wastewater is pumped on demand to Tucson Water's 

tertiary treatment facility which provides dual media 

filtration and subsequent chlorination (Figure 2). Chlorine 

dose at the treatment facility varied with plant flow rate but 

was typically higher than the secondary treatment facility 

dose. Chlorine contact times varied at both facilities with 

changes in flowrate. As mentioned above tertiary effluent was 

pumped to the basins at the Demonstration Recharge Project 

during periods of low demand from city parks and golf courses. 

Site Geology 

Figure 3 displays the subsurface geology at the 

demonstration recharge project. As indicated the soil layer 

(i.e. 0-10 ft.) is a sandy loam. Silty sands, silty 

gravels, clayey sands, and clayey gravels make up the vadose 

zone material from 10 to 35 feet (38). From 35 to 

approximately 600 feet the basin fill material is composed of 

poorly sorted and moderately weathered volcanics with 

interbedded clay layers (0.5 to 1.0 feet in thickness) which 

originated from the nearby Tucson mountains (38). These 

strata are primarily sandy gravels and gravelly sands with 
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lenses of boulders and sand, and silty clay. 

Site Hydrogeology 

The water table is located at approximately 120 feet with 

some mounding occurring during recharge. Groundwater flow is 

toward the northwest with a hydraulic gradient of 0.002 to 

0.003 ft/ft (38). 

Aquifer tests revealed a transmisivity of 190,000 to 

200,000 gpd/ft (38). The ratio of vertical to horizontal 

conductivities in the unsaturated zone was estimated to be 

50:1 (2). The first flooding began January 28, 1986 and 

percolating water reached groundwater in 15 days. As expected 

negligible lateral flow was observed (2). 

Site History and system Configuration 

The City of Tucson's Demonstration Recharge Project has 

been in operation since 1986. The system has recently been 

expanded and renamed The City of Tucson's Sweetwater 

Underground Storage and Recovery Facility. Figure 1 shows 

the systems original configuration that existed during this 

research project, and Figure 4 displays the expansion changes 

implemented in the summer and fall of 1989. 

The original system consisted of four spreading basins 

each with an area of approximately 3/4 of an acre. Six, 

ceramic suction samplers (lysimeters) were installed at 

varying depths in basin 4 for sampling of water in the vadose 

zone (Figures 1,3). In addition saturated zone sampling was 

accomplished at three monitoring wells, WR 60, 61, and 63. 
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Renovated water was recovered by an extraction well EW-1 

located downgradient from the recharge basins (Figure 1). 

Basins in the recharge facility have undergone numerous 

flooding and drying cycles since 1986. Flooding was 

terminated during times of high demand (i.e. usually during 

the summer months) and when infiltration rates showed 

significant decline. The bulk of data for this research 

project was collected during one flooding/drying cycle 

extending from Nov. 10, 1988 to May 5, 1989. 

RESEARCH OBJECTIVES 

The characterization of soil aquifer treatment systems 

increases the comprehension of the processes at work in these 

systems. Better understanding of these processes aids in 

determining optimum operational practices for defined 

objectives. The fate and transport of organic compounds 

during soil aquifer treatment is of interest because of 

potential adverse public health effects (e.g. mutagenic 

effects and promotion of biological activity) associated with 

their presence. 

The objectives of the research project are (1) to 

determine the fate of effluent organic constituents through 

the vadose zone as measured by total organic halide (TOX) , 

total organic carbon (TOC), ultraviolet absorbance at 254 nm 

(UV), specific absorbance (UV/DOC), and total trihalomethane 

concentrations (TTHM), (2) determine the relative mobility of 

different molecular weight fractions through the vadose zone 
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employing ultrafiltration with apparent molecular weight 

fractions of >10,000, 10,000 - 1000, and <1000 AMW, and (3) 

assess the potential impact of recharge operations on existing 

groundwater quality. 
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LITERATURE SURVEY 

A review of current scientific journals and published 

texts was conducted to provide an overview of current research 

activities and concepts in the area of artificial recharge of 

municipal wastewater. In addition an examination of results 

obtained in previous studies provides a data base for 

comparison with the results of this research project. A 

compilation of the results of previous work is presented 

below. 

CONTAMINANT SOURCES IN MUNICIPAL WASTEWATER 

Contaminants in the effluents of municipal wastewater 

come from two sources. Contaminants can originate from 

customers which include local industries and households. Many 

of these pollutants may not be completely removed by the 

treatment processes at typical wastewater treatment facilities 

and therefore will be present in the effluent. Another source 

of pollutants is disinfection byproducts formed during 

effluent chlorination. 

Many priority pollutants are present in household 

products and are regularly disposed of by pouring down the 

drain. Most frequently used products containing toxic 

chemicals are household cleaning supplies and cosmetics (12). 

These products are typically used on a daily basis and contain 

significant quantities of solvents and heavy metals. Other 

frequently used products include deodorizers and disinfectants 

which contain naphthalene, phenol, and chlorophenols (12). 
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Products wasted less frequently but typically in large volumes 

include pesticides, laundry products, paint products, 

polishes, and preservatives. 

Commercial and industrial effluents may contain a diverse 

array of toxic and hazardous chemicals. The pollutants present 

in these waste streams depend largely on the type of facility. 

The Roger Road Wastewater Treatment Facility has industrial 

customers which account for approximately 10 % of daily flow 

to the plant (8). Pollutants contained in the discharge of 

these facilities were not available for this report. 

Trace organics including phenols, phthalates, purgable 

aromatics, and purgable halocarbons have been detected in the 

influent to the Roger Road Facility (8) . Between 60 to 90 

percent of these contaminants were removed by the treatment 

process at the plant. However all of these contaminants were 

present in detectable amounts in the plant effluent (8). 

FORMATION OF POLLUTANTS DURING WASTEWATER TREATMENT 

Chlorination is a common disinfection process in 

wastewater treatment. Chlorine can act both as an oxidizing 

agent and a substitution agent (32). Oxidation breaks down 

larger organic molecules into smaller lower molecular weight 

organics. Substitution reactions can form chloro-organics. 

Other components that may be present in wastewater and that 

will react with chlorine include ammonia, bromide, iron, 

manganese, sulfide, and nitrites. Ammonia will react with 

chlorine to form chloramines. Chloramines are less reactive 
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than chlorine but will contribute to the formation of chloro-

organics. chlorine will oxidize bromide forming bromine. 

Bromine can act as a substitution agent forming halogenated 

organics such as bromoform. 

Municipal wastewater contains a broad assortment of 

dissolved organic matter (DOM). Most of the dissolved organic 

matter contained in municipal wastewater comes from human 

waste and includes urea, proteins, amino acids, carbohydrates, 

tannins, lignins, fatty acids, and humic substances (13, 32). 

Approximately 50 % of the DOM in secondary effluent are humic 

substances (32). Humic substances are heteropolycondensates 

of carbohydrates, proteins, fatty acids, and other materials 

depending on their origin (28). Humic substances are 

ubiquitous in the environment being found in surface water, 

ground water, and soils (28) . In general humics are 

refractory to both abiotic and biotic degradation. 

Dissolved organic carbon (DOC) is commonly measured as 

an indication of dissolved organic matter in water. The DOC 

of untreated domestic wastewater is on the order of 100 mg/1 

(32) . Secondary treated effluents typically have a DOC of 

10 mg/L. Secondary effluents contain dissolved organic matter 

with molecular weights ranging from <500 to >100,000 (32). 

Tertiary treatment filtration has little effect on removing 

this biologically refractive DOC (32). 

It is well documented that dissolved organic matter 

contained in water acts as a precursor to the chloro-organics 
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formed during chlorine disinfection (27, 28, 30, 31, 32). 

Chlorinated compounds are of interest as pollutants because 

of their potential for causing adverse health effects which 

include documented mutagenic properties (30, 31, 32) . The 

formation of organic halogens depends on parameters which 

include the concentration and nature of the precursor, pH, 

temperature, chlorine dose and contact time. In general 

increased chlorine dose increases the formation of organic 

halogens and mutagenicity of a finished water (30, 31) . A 

strong correlation has been demonstrated between the formation 

of total organic halide (TOX) and total organic carbon (TOC) 

(30). This correlation suggests that TOX production is 

proportional to TOC concentrations in the water. 

Chlorinated organic species can be represented by the 

surrogate parameter TOX. TOX is comprised of both purgable 

organic halide (POX), and nonpurgable organic halide (NPOX). 

The POX components formed during the chlorine disinfection 

process are largely comprised of trihalomethane (THM) species 

which include chloroform. The NPOX fraction may be comprised 

of a broad spectrum of chloro-organics including chloro-

proteins, chloro-humics, and chloro-fulvic acids (32). Due 

to the diversity of chlorinated species formed, no more than 

50 % of the TOX compounds in a water have been identified 

(30) . This has lead to the wide spread use of the readily 

measurable TOX parameter. Recently some of these species have 

been identified and were determined to be formed during 
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chlorination regardless of source water (30). This list 

consists of trichloroacetic acid, dichloroacetic acid, 

dichloroacetonitrile, and trichloroacetone. The chloroacetic 

acids typically comprise 24 % of the TOX formed during 

chlorination while chloroform typically comprises 20 % of the 

TOX species. 

When considering mutagens in chlorinated water it has 

been shown that mutagenic activity of extracts obtained at pH 

2 are higher than extracts obtained at near neutral pH (31). 

This difference has been shown to be more pronounced for 

waters containing high concentration of humic substances. 

This indicates that water contains at least two broad groups 

of mutagens one neutral relatively unpolar group and one acid 

group (31). Kronberg and Christman have reported that only 

10 % of the Ames mutagenicity of water studied was attributed 

to the neutral mutagens (31). Two strong mutagens, 3-chloro-

4-(dichloromethyl)-5-hydroxy-2(5H)-furanone (MX) and its 

geometric isomer 2-chloro-3(dichloromethyl)-4-oxo-butanoic 

acid (E-MX) were identified in chlorinated drinking water. 

MX is one of the most potent mutagens ever tested in the Ames 

assay and accounts for 30 % of the mutagenicity in chlorinated 

water (31) . E-MX is only one tenth as mutagenic, but can 

isomerize to MX. It is important to note that at pH 8 and 23 

degrees Celsius the half life of MX is only 6 days. 

When soil aquifer treatment is used in the treatment 

scheme of wastewater it should be noted that there may be 
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organic and other pollutant sources in the subsurface. 

Depending on the history of land use at the infiltration site 

soils may contain contaminants such as pesticides which can 

be leached from the soil during recharge. In addition, 

upgradient sources of groundwater contamination such as 

landfills can contribute to the degradation of renovated water 

quality. Naturally occurring organic halogens have been 

detected in soil, surface water, and groundwater far from any 

industrial input (27). Groundwaters in southern Sweden 

ranging in age from 13 00 to 5200 years old have been found to 

contain organic halogens in concentrations from 230 to 370 ug 

adsorbable organic halogen (AOX) per gram of fulvic acid (27) . 

Soils were found to contain from 210 to 1400 ug AOX per gram 

of soil organic matter. Contributions from these natural 

sources are likely to be insignificant when compared to 

anthropogenic sources, but should be included when considering 

all potential sources of organic pollutants. 

TRANSPORT PROCESSES AMD REMOVAL MECHANISMS IN SOIL AQUIFER 

TREATMENT 

When considering the fate and transport of chemicals in 

the environment considerations include partitioning between 

phases which may include the water column, sediments, 

suspended solids, biotic phases, and the atmosphere. 

Partitioning processes are described by adsorption, 

absorption, and volatilization. In addition chemical reaction 

processes of importance may include hydrolysis, photolysis, 



29 

oxidation/reduction, complexation and biodegradation (14) . 

Transport processes involve advection, dispersion, and 

diffusion. All of these processes may be affected by physical 

conditions such as temperature, pressure, the nature of both 

the solute and the medium in which it is present as well as 

concentration dependence (14). Complete description of 

fate and transport processes involved in soil aquifer 

treatment is a difficult task at best. Complexities in the 

soil aquifer treatment system include the following: the 

existence of many solutes of differing molecular weights, 

polarities, and vapor pressures; complexing agents in 

wastewater effluent and in the soil; lateral and vertical 

changes during infiltration in temperature, soil type, redox 

conditions, pH, and the biotic community; fluctuations in 

applied water quality and infiltration rate; and the gross 

differences between the infiltration pond and the subsurface. 

The dominant mechanisms for removal of organics in soil 

aquifer treatment systems are volatilization, adsorption, and 

biological degradation (5, 9, 13, 16, 25). This thesis will 

separately address each of the processes involved and discuss 

what role each may play in soil aquifer treatment systems. 

Volatilization 

The volatility of a compound is a measure of its tendency 

to partition out of the liquid phase into the gas phase. In 

simple one compound systems at equilibrium and at constant 

temperature the ratio of the concentration in air to the 
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concentration in water is defined to be Henry's law constant 

(H) . Compounds with higher values of H will more readily 

partition out of the aqueous phase into the atmosphere. 

The rate of volatilization of organic compounds in soil 

aquifer treatment systems is controlled by the following seven 

factors: the physical and chemical properties of the organic 

compound (e.g. H) , sorption characteristics of the soil, 

organic compound concentration, soil-water content, air 

movement, temperature, and diffusion (15). Increases in H, 

organic compound concentration in the liquid phase, air 

movement above the liquid surface, temperature, and rates of 

diffusion in both the liquid and gas phase will increase the 

rate of volatilization. Soils with stronger sorption 

characteristics and higher water contents will decrease the 

rate of subsurface volatilization. 

Volatilization in infiltration basins is responsible for 

the removal of 30 to 70 percent of volatile organic compounds 

in wastewater (19, 22). During windy and warm conditions 

volatilization rates will increase. Volatilization can also 

take place subsequent to infiltration from sites in the 

subsurface where sorption has occurred (15). The adsorbed 

compound is transferred into the soil solution and then 

volatilizes into the soil gas. When volatilization occurs in 

the subsurface diffusion can transport the compound to the 

soil-atmosphere interface where it is removed. In some cases 

volatilization does not act as a removal mechanism. Organic 
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vapors in the subsurface can be transferred to the saturated 

zone by molecular diffusion and possibly density driven 

advection (17). 

Adsorption - Theoretical Considerations 

Adsorption is the interphase accumulation or 

concentration of substances at a surface or interface. 

Sorption behavior depends on the characteristics of the 

system. One important characteristic is sorbate shape and 

configuration which includes structure and position of 

functional groups and the presence and degree of molecular 

saturation (15). Another attribute of consequence is the 

chemical properties of the sorbate including, solubility, 

charge distribution, acidity or basicity, polarity and 

polarizability. In addition, the nature of the sorbent 

including mineralogic composition, cation exchange capacity 

(CEC), and organic matter content (foe) and composition are 

important aspects determining adsorption behavior in a system 

(15). System characteristics will determine which mechanisms 

of adsorption will be of greatest importance. 

At least six distinct sorption mechanisms have been 

identified which include cation exchange, anion exchange, 

cation-dipole bonds, coordination bonds, hydrogen bonding, 

van der Waals attraction, and hydrophobic bonding (15) . 

Cation exchange involves adsorption of basic organic compounds 

and increases when the soil is saturated with electronegative 

cations. Anion exchange affects acidic organic compounds, but 
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is negligible at high pH. Cation-dipole and coordination 

bonding generally occur in the absence of water, and therefor 

may not be important in recharge operations (15). Hydrogen 

bonding is a significant adsorption mechanism for compounds 

containing carbonyl, hydroxyl, and amino groups. Van der 

Waals forces may play a role in the adsorption of nonionic and 

nonpolar compounds. Hydrophobic bonding is believed to be 

important in the adsorption of nonpolar organic sorbates (15) . 

Adsorption - Empirical Observations 

Empirical adsorption data is often represented by 

adsorption isotherms. Adsorption isotherms measure the degree 

of mass loading of a contaminant onto different masses of 

sorbent in a constant volume of solvent at a constant 

temperature. The ratio of solid phase (S) to liquid phase 

(C) concentration is defined to be the partitioning 

coefficient (Kp) for that system (i.e. Kp=S/C). In general 

there are three types of adsorption favorable, linear and 

unfavorable (Figure 5) . Favorable adsorption achieves high 

solid phase mass loading at low liquid phase concentrations. 

Linear adsorption has a constant ratio of solid to liquid 

phase concentration. Unfavorable adsorption only achieves 

high solid phase mass loading at high liquid phase 

concentrations. 

Research has indicated that partition coefficients for 

sediment/water systems are generally linearly dependent on the 

organic content of soils (16, 24) . This leads to defining 
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Figure 5 The Three Types of Adsorption. 
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an organic partition coefficient Koc = Kp / foe. There have 

been numerous cases where the organic partition coefficient 

can be shown to be a function of the octanol water partition 

(Kow) coefficient of the adsorbed compound (13, 16, 23, 24, 

39). Thus in some cases the behavior of a compound in a given 

soil can be predicted by its octanol water coefficient. 

However the relationship between Kow and a given compound's 

soil/water partition coefficient varies for different systems. 

The relationship between soil organic matter and Kp only 

appears to hold for neutral organic species at concentrations 

below one-half of saturation concentration and do not apply 

to ionic organic compounds where ion exchange may be important 

(16, 24). 

Although every system is different, the following is a 

list of general rules that apply to adsorption of organic 

compounds in soils: 

* Soils with higher concentrations of organic carbon 

tend to have a higher adsorption capacity for organic 

compounds (13, 16, 24). 

* For soils containing less than 0.1 % organic carbon 

the specific surface area and the nature of the mineral 

surface have a greater impact on the degree of adsorption 

(24) . 

* Compounds with high octanol water coefficients 

generally have higher soil/water partition coefficients (13, 

16, 23, 24, 39) 
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* The majority of adsorption takes place on size 

fractions with a diameter less than 125 um which includes 

clays and colloids (24) 

* Adsorption is reversible (24) 

The generalizations above come from laboratory isotherm 

and experimental results. These are two phase systems which 

include a mobile dissolved solute phase and an immobile 

adsorbed solid phase. Some concern has arisen about the 

potential significance of a third mobile adsorbed phase in 

aquifer systems (25, 26). 

Colloids may contribute to the mobility of contaminants 

in the subsurface (26). Colloids range in size from 10 um to 

10"3 um. Colloids include macromolecular dissolved organic 

carbon, biocolloids such as microbes, microemulsions of 

nonaqueous phase liquids, mineral precipitates and weathering 

products, and rock mineral fragments (26). Colloids are 

typically found tightly bound to larger surfaces by 

electrostatic forces or mineral cements but may be mobilized 

by numerous mechanisms (26). Colloid mobility has been 

observed during artificial recharge operations (26). Humate 

coatings that mobilize clays and oxide coatings also serve as 

binding sites for contaminants. For example, dissolved humic 

and fulvic acids have been shown to bind some pesticides (25) . 

During transport colloids can be removed by filtration, 

aggregation, and destabilization. 

Complexation of contaminants with colloids will decrease 
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their retardation factor and will increase the maximum 

concentration at the water table. These effects will diminish 

with decreasing concentration of colloids and when the complex 

is adsorbed or removed by filtration (25). It is likely that 

under the conditions present in soil-water systems the effect 

of complexation of pollutants with dissolved organic matter 

will significantly affect the vertical movement of 

contaminants (25). 

Biological Adsorption 

Adsorption of hydrophobic organics has been observed in 

phototrophic organisms (35). In general, adsorption of 

organics onto plant material may be important in slow rate 

and overland flow treatment systems but is not an important 

removal mechanism in rapid infiltration systems (9). 

Phototrophs have been shown to bioaccumulate hydrophobic 

organic compounds (35). However adsorption of organics onto 

microbiota in recharge ponds and the soil matrix is likely an 

insignificant removal mechanism except as a mechanism to 

provide intimate contact for biological degradation. 

Biological Degradation 

Biological degradation occurs when organic compounds are 

transformed by biologically mediated processes. Degradation 

can be complete (mineralization) or incomplete 

(biotransformation). Mineralization produces only inorganic 

products while biotransformation may yield both inorganic and 

organic byproducts. Compounds that are not primary substrates 
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of an organism can be degraded by secondary utilization. One 

form of secondary utilization is cometabolism where the 

secondary substrate cannot be used for energy but is 

transformed by enzymes produced through primary substrate 

utilization. 

Degradation and transformation of organics in the 

subsurface arise through the action of microorganisms attached 

to particles or contained within the pore spaces. The rate 

and degree of biodegradation of a given compound is effected 

by the following factors: 

* Whether the compound is capable of being metabolized 

by the organisms present or cometabilized in the presence of 

a suitable primary substrate. In some cases a compound may 

be transformed by one organism forming by products that are 

then further degraded by other microbes in the soil. 

* Concentration of the compound or in the case of 

secondary utilization concentration of the primary substrate. 

In general degradation will not occur below a minimum 

concentration due to the minimum maintenance requirements of 

bacteria (16). However studies have shown that the 

concentration can be reduced below this minimum value in 

nonsteady state conditions after a healthy population has been 

established. 

* Toxicity of the compound. This may also be 

concentration dependent and may be different for each 

organism. 
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* The availability of the growth limiting substrate. 

The growth limiting substrate is that compound which is in 

such short supply that it limits the growth of the bacteria. 

This may not be the primary substrate and is commonly oxygen, 

nitrogen, phosphorous, or sulfur. 

* Competition from other organisms. If an organism is 

out competed for its primary substrate it will not be able to 

participate in the cometabolism of other organics which may 

include important pollutants. 

* Soil and/or water pH. The growth rate and in fact 

the survival of some bacteria is very sensitive to pH changes. 

* Soil moisture content. All bacteria require water. 

* Temperature. In general organisms grow at faster 

rates at higher temperatures. 

* Cation exchange capacity of the soil 

* Redox conditions in the soil. The availability or 

lack of oxygen will determine which bacteria will thrive and 

which substrates can be utilized in the soil (33) . Once 

oxygen is depleted other electron acceptors become important. 

With decreasing redox potential (Eh) electron acceptors are 

oxygen (aerobic), nitrate (denitrification), sulfate (sulfate 

reduction), and carbon dioxide (methanogenesis) respectively. 

The primary removal mechanism for organic compounds in 

soil aquifer treatment is biological degradation (5, 9, 15). 

Diverse and metabolically active microorganisms have been 

found in both deep and shallow aquifers, and have been shown 
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to transform commonly found organic contaminants (34). 

Members of almost every class of man-made compounds can be 

degraded by some microorganism (35). 

In general compound persistence increases with amines, 

methoxy, sulfonates, and nitro groups (35). Other factors 

apparently decreasing the degradability of compounds include 

substitutions in the meta position in benzene rings, ether 

linkages, and branched carbon chains (35). In some cases 

increased levels of halogenation increased compound 

persistence while in others the opposite was observed (33, 

34) . Brominated compounds in general are less persistent than 

chlorinated compounds (33). 

As discussed above redox conditions play a large role in 

the organisms present and the degradability of a compound. 

Halogenated aliphatic compounds tend to persist under more 

oxidizing conditions (34). Brominated and polychlorinated 

aliphatics have been observed to be transformed under less 

reducing conditions of denitrification (34). In general the 

relative rates of degradation of halogenated aliphatics tend 

to increase under more reducing conditions (34). In contrast 

chlorinated benzenes and polychlorinatedbiphenyls (PCBs) have 

been reported to be degraded only under aerobic conditions 

(35) . Methane utilizing bacteria (methanotrophs) are 

ubiquitous aerobic organisms that been shown to be capable of 

degrading halogenated alkenes such as trichloroethylene (36) . 

The success of methanotroph•s ability to oxidize or 
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dechlorinate a wide variety of environmentally significant 

organics is attributed to the enzyme, methane monooxygenase 

(36) . Algae have exhibited ability to dechlorinate 

halogenated organics. It has been postulated that the 

dechlorination process may be a nonenzymatic photochemical 

transformation (35). This mechanism may occur through 

absorbance of light energy by photosensitive compounds which 

then transfer electrons to the halogenated molecule. 

Chemical Degradation 

Chemical degradation mechanisms include hydrolysis, 

photolysis, oxidation and reduction reactions. Hydrolysis of 

organics has been observed in soils (15) . In fact all of 

these mechanisms may occur in soil aquifer treatment systems 

but most likely do not occur at significant rates when 

compared with biological degradation. For example, the half-

life of halogenated organics in the absence of microbial 

activity range from months to hundreds of years (33). It is 

unlikely that these processes contribute largely to the gross 

changes observed during the artificial recharge of municipal 

effluent. 

CASE HISTORIES OF SOIL AQUIFER TREATMENT 

Soil aquifer treatment systems typically remove 

essentially all biological oxygen demand, suspended solids, 

and pathogenic organisms (1) . Phosphate is significantly 

reduced, and nitrogen concentration can be significantly 

reduced if the SAT system is managed to stimulate 
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denitrification in the soil. Total dissolved solids often 

increase due to evaporation in the basin and intimate contact 

with the aquifer material. Heavy metals and other elements 

also can be substantially attenuated. In general renovated 

water will meet public health, aesthetic, and agronomic 

standards for unrestricted irrigation and primary contact 

recreation (1). The water quality standards for open 

landscaped area irrigation in Arizona are: 

* pH 4.5-9.0, 

* Fecal Coliforms (CFU/100 ml) < 25 geometric mean or a 

Maximum 75 in single sample 

* Enteric Virus (PFU) < 125 per 40 liters 

* Turbidity 5 NTU 

Organic compounds are not regulated, but trace organics 

comprised of humic and fulvic acids often reach the 

groundwater where renovated water is recovered (1) . These 

compounds also consist of aliphatic, aromatic halogenated and 

non-halogenated hydrocarbons which include known or suspected 

carcinogens. 

This portion of the literature survey will review case 

histories of soil aquifer treatment in the United States and 

other countries with attention to the site specific operation 

and environmental characteristics as well as the mobility of 

organic compounds during operation of these facilities. 
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Whittier Marrows Groundwater Recharge Project, Los Angeles 

County (5) 

Groundwater recharge with reclaimed water has been 

practiced in the Montebello Forebay area of Los Angeles County 

since 1962. The reclaimed water is diluted in the subsurface 

with storm run-off and naturally occurring precipitation and 

groundwater inflow in the basin. Renovated water is recovered 

from production wells for potable use. Between November, 1978 

and March, 1984 a study was conducted to determine water 

quality changes, hydrologic characteristics, and the potential 

health effects of potable reuse of reclaimed water. 

Groundwater was approximately 8 feet below the surface. 

Infiltration basins were typically operated on 21 day cycles 

which consisted of 7 days of flooding maintaining water at a 

4 foot depth, 7 days of draining, and a 7 day period of 

drying. Infiltration rates averaged approximately 2 feet per 

day. Soil conditions were medium to fine sands from the 

surface to 8 feet and medium to coarse sand below 8 feet. 

Water quality results indicated that most removal 

occurred between 3.9 and 5.9 feet. Total organic carbon and 

chemical oxygen demand were reduced by 67 % and 60 % 

respectively upon reaching groundwater. Chloroform, 

methylene chloride, and tetrachloroethylene were 

significantly attenuated while trichloroethylene showed no 

removal. Upon estimating soil adsorption capacity and 

compound volatilization, it was determined that removal of 
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organics was largely due to biological degradation possibly 

aided by the temporary adsorption onto the soil. 

Water recovered from potable water production wells 

showed mutagenic responses from mutagen assays, but no adverse 

health effects on customers in the service area were observed. 

Holister, California Rapid Infiltration Site (9) 

As of 1978 primary effluent had been applied to rapid 

infiltration basins near Holister, California for over 30 

years. 

Applied water was pretreated by head works and primary 

clarification. Daily flow rates averaged 1 million gallons 

per day (MGD) and was distributed between 20 basins. 

Approximately 27 % the total inflow to the plant consisted of 

waste streams from a slaughter house and a paper recycle 

plant. Basins were flooded for 1 to 2 days every 14 to 21 

days. Water depth in the basins was maintained at 12 inches. 

Long term infiltration rates averaged approximately 0.6 feet 

per day. 

Groundwater at the site was at 65 feet, but water quality 

data was collected from a perched zone 22 feet below the 

surface. Soils in the area were gravelly sand or gravelly 

sandy loam. 

Approximately 96 % of total organic carbon and biological 

oxygen demand were removed within the first 22 feet of 

percolation. Ninety three percent of chemical oxygen demand 

was removed. Apparently wastewater application caused 
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significant increase in the soil cation exchange capacity and 

treatment capability. This was determined to be caused by an 

influx of organic matter and clays. 

It is encouraging to note that the soils treatment 

capacity has increased and not been exhausted after thirty 

years of use. 

Hilton, Wisconsin Rapid infiltration Site (10) 

As of 1979 Milton, Wisconsin had operated its rapid 

infiltration facility for approximately 40 years. 

The site was located in an abandoned gravel pit and 

received wastewater continuously except when infiltration 

rates decreased dramatically. Wastewater was treated by 

activated sludge and aerobic digestion followed by rapid sand 

infiltration. Average daily flow was 0.33 MGD. Wastewater 

was spread in two infiltration basins in series. Plant 

influent was primarily domestic with the exception of waste 

from a company that produced surfactants and emulsifiers. 

Soils beneath the site were glacial moraine sediments 

which consisted of unsorted mixtures of clay, silt, sand, and 

gravel with stratified accumulations of sand and gravel. 

Depth to groundwater below the site was 65 feet. 

Water quality results indicated 98 % removal of 

biological oxygen demand, 81 % removal of dissolved organic 

carbon, and 78 % removal of chemical oxygen demand. Lindane 

concentrations increased when compared with basin 

concentrations, but these results may have been complicated 
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by an adjacent storm runoff infiltration basin that showed 

elevated concentrations of the pesticide. 

Vineland, New Jersey Rapid Infiltration Site (11) 

As of 1979 Vineland, New Jersey had operated three rapid 

infiltration basins, Basin I, Basin II, and Basin III, for 50, 

29, and 3 years respectively. 

Basin I influent originated from the Borough of Vineland 

treatment facility. This treatment facility provided coarse 

screening and primary sedimentation. Average daily flow was 

approximately 0.8 MGD. There were no major industrial 

contributors to the plant influent. 

Basins II and III received influent from the Landis 

Sewerage Authority treatment plant. Wastewater was treated 

by preaeration and primary sedimentation. Average daily flow 

was 4.1 MGD. Roughly 50 % of the influent was derived from 

industrial sources comprised primarily of food processing and 

cannery wastes. 

Wastewater in the recharge basins was maintained at a 

depth of 18 inches. The length of flooding cycles varied 

depending on the volume of flow and percolation rates. During 

drying cycles the beds were scarified to loosen soil and 

enhance permeability. 

Soils beneath the basins were of glacial origin and 

generally consisted of sands, sandy loams, loamy sands, and 

gravel. The water table was typically less than 10 feet below 

the ground surface. 
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When reviewing water quality results it should be noted 

that a county solid waste landfill was upgradient from all 

three basins. Table 1 is a compilation of some of the organic 

quality data below the basins. 

Table 1. Organic Removal Efficiencies Below The Vineland, New 

Jersey Rapid Infiltration Site. Values were calculated using 

mean concentrations of measured parameters. 

Measured 

Parameter 

Basin I Basin II Basin III 

% Removal (Beneath Basins/33 ft. Down Gradient) 

COD 80/89 66/86 72/86 

BOD 98/99 96/98 96/98 

Lindane 84/98 4/94 81/94 

From the table it is apparent that all parameters except 

lindane in basin II were rapidly attenuated within 10 feet of 

infiltration. In addition these parameters were further 

attenuated as the water moved laterally down gradient. 

Otis Air Force Base Infiltration Site, Massachusetts (20) 

Otis Air Force Base is located approximately 60 miles 

southeast of Boston, Massachusetts. Secondary treated 

effluent has been disposed of into an unconfined aquifer for 

approximately 52 years. 

Soils underneath the site consist of sands and gravels. 

The depth to groundwater is approximately 21 feet. 
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Approximately 50 volatile organic compounds were detected 

in the groundwater in concentrations ranging from 10 ng/1 to 

50 ug/L. The principal contaminants were chloroethenes, 

chlorobenzenes, alkylbenzenes, quinones and phenols. The 

groundwater contamination plume was found to extend over 2 

miles. Although biodegradation of contaminants occurred near 

the infiltration basins, adsorption and biodegradation of 

compounds such as trichloroethylene, tetrachloroethylene, and 

dichlorobenzene isomers were limited due to low organic 

concentrations in the soils and nutrient limitations. 

Phoenix, Arizona Flushing Meadows Rapid Infiltration Project 

(21) 

The Flushing Meadows Project was initiated in 1967 in 

the bed of the Salt River. The project was terminated due to 

flood damage in 1978. 

Six parallel basins 20 X 70 feet received unchlorinated 

secondary treated effluent from the 91st Avenue Sewage 

Treatment Plant. During flooding water depth in the basins 

was maintained at either 6 or 12 inches. Flooding cycles 

lasted 2 to 3 weeks and were followed by 10 day drying cycles 

in the summer and 20 day cycles in the winter. Average 

infiltration rate for the system was approximately 1.1 feet 

per day. 

The soil in the basins consisted of 3 feet of fine loamy 

sand underlain by 240 feet of sand and gravel. The average 

depth to groundwater was 10 feet. 
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Water quality results indicated that 71 % of the total 

organic carbon was removed after 10 feet of percolation. 

Ninety to 95 % of five day biological demand was removed. 

Significant increases in the organic carbon in the soil 

were observed, but only in the first two inches of soil. 

Phoenix, Arizona 23rd Avenue Rapid Infiltration Project (19) 

The 23rd Avenue Rapid Infiltration project was 

constructed in 1975, and had been in operation for 

approximately 5 years when the data for this project was 

obtained. 

Secondary treated effluent from the 23rd Avenue 

Wastewater Treatment Plant was applied to the basins at an 

average daily flow rate of 10.4 MGD. Two periods of flooding 

were conducted using both chlorinated and unchlorinated 

wastewater. The infiltration system consisted of 4 parallel 

4-ha basins. Flooding and drying cycles were 2 weeks each. 

Water depth was maintained at approximately 8 inches during 

flooding operations. Renovated water was used for 

unrestricted irrigation. 

The depth to groundwater below the basins ranged from 26 

to 39 feet. Water quality samples were taken at 59 feet. 

Soils at the facility consisted of coarse sand with gravels 

and boulders. 

Water quality results indicated that 30 to 70 % of 

volatile organic compounds volatilized while in the basins. 

Groundwater samples showed a 50 to 99 % reduction in 
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nonhalogenated hydrocarbons. Total organic carbon was reduced 

by 66 %. The ratio of total organic halogens to total organic 

carbon was higher in the renovated water than in the basin 

water suggesting that halogenated organic compounds made up 

the more mobile and refractory portion of organics in the 

wastewater. Chlorination of the effluent increased the 

concentration of organic halogens in the applied water, but 

renovated water qualities were essentially identical in both 

cases. 

The reduction of total organic carbon was attributed to 

the biodegradation of dissolved organic carbon. Both aerobic 

and anaerobic processes were believed to be active during 

recharge. The removal of organic halogens was attributed to 

anaerobic degradation. Due to the multitude of organic 

contaminants that reached groundwater the researchers 

suggested that effluent recharge systems should be designed 

to localize aquifer contamination. 

Tucson, Arizona Recharge Operations in the Santa Cruz River 

(8) 

Pima County's Roger Road Wastewater Treatment Facility 

processes approximately 30 MGD of municipal wastewater. Most 

of Tucson's commercial and industrial waste stream is treated 

at the Roger Road facility and comprises approximately 10 % 

of its daily flows. Eighty percent of plant influent is 

discharged into the Santa Cruz River bed which under other 

circumstances would be a dry sandy wash. Numerous priority 
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pollutants have been detected in the plant effluent which 

include phenols, phthalates, purgable aromatics and purgable 

halocarbons. 

Depth to groundwater ranged from 100 to 165 feet. 

Groundwater monitoring was accomplished through a series of 

12 wells. Essentially all priority pollutants in the effluent 

except chloroform were not detected in the monitoring wells. 

Green Valley, Arizona Recharge Operations (4) 

Pima County operates a 1 MGD wastewater treatment 

facility near Green Valley that treats the water by primary 

and secondary aeration followed by settling ponds and final 

disposal into recharge basins. 

The depth to groundwater is approximately 180 feet. 

Soils in the area consist of alluvial deposits of interbedded 

gravel, sand, silt, and clays. 

Groundwater quality results indicate that 68 % of total 

organic carbon is removed during infiltration. 

Netherlands Basin Recharge With Contaminated River Water (6) 

During this study, Rhine and Meuse River water had been 

applied to a dune infiltration systems in the Netherlands for 

30 years. 

Contaminated Muese River water was sampled in two 

locations after migrating approximately 100 feet through the 

dune treatment system. The two locations had different 

concentrations of dissolved oxygen, suboxic and anoxic. 

Thirty nine percent of the adsorbable organic halides were 
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removed in the suboxic zone while 52 % were removed in the 

anoxic zone. Dissolved organic carbon was attenuated by 35 

% in the suboxic zone. Only 4 % of the dissolved organic 

carbon was removed in the anoxic zone. Trihalomethane 

concentrations were reduced by 79 % and 99 % in the suboxic 

and anoxic regions respectively. 

These results indicated that the majority of dissolved 

organic carbon constituents were more completely removed in 

conditions of higher oxygen concentrations. In contrast 

halogenated organics were more efficiently removed under 

anoxic conditions. 
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MATERIALS AMD METHODS 

During the Spring of 1989, numerous water and soil 

samples were collected and analyzed in order to characterize 

the water quality and soil conditions at the Demonstration 

Recharge Project. Sampling, analytical, and experimental 

procedures are outlined below. 

SAMPLING PROTOCOL: 

Basin 4 influent, pond, lysimeter, and well samples were 

collected periodically over the period extending from January 

17, 1989 through May 20, 1989. Table 2 is an inventory of the 

sampling performed during these investigations. Due to time 

constraints and periodic instrument failure and maintenance 

samples were not analyzed for all analytical parameters. 

All water samples were obtained and stored in 250 ml 

amber flintglass bottles with teflon faced septa caps. All 

sample bottles were acid washed in a 50 % sulfuric acid bath 

for a period of at least 30 minutes. Subsequently the bottles 

were triple rinsed with both distilled and Milli-Q water. 

Samples were obtained headspace free to eliminate the loss of 

volatile compounds. Upon collection, samples were stored in 

a cooler containing blue ice and were transported to the 

University of Arizona Environmental Engineering Laboratory 

where they were refrigerated at 4°C prior to analysis. 

In addition one sample bottle was filled with Milli-Q 

water and taken into the field. These field blanks were then 

analyzed along with collected samples to verify that there 
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was no contamination of samples arising from transport or 

sampling procedures. 

Table 2. Demonstration Recharge Project Sampling History. 

Sample Date Pond Influent Pond Water Lysimeters Wells 

1-17-89 X X X 

1-26-89 X X 

2-2-89 X X* X 

2-9-89 X X* X 

2-23-89 X X X 

3-2-89 X X X 

3-16-89 X X 

3-23-89 X 

3-30-89 X 

4-20-89 X 

5-2-89 X X 

*During these two sampling periods the pond water was sampled 

in numerous locations to determine if there were spatial 

variations in water quality within the pond. 

Effluent samples were obtained at the discharge point 

into basin 4. 

In order to determine spatial variations in water quality 

within basin 4, pond samples were collected at numerous 

locations at the water surface. 
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Using pressure/vacuum suction samplers (lysimeters), the 

vadose zone was sampled at depths of 11, 13, 27, 28, 40, and 

45 feet (Figure 3). Upon completion of sampling, lysimeters 

were placed under a 10 centibar vacuum to facilitate future 

sample collection. The United Stated Geological Survey had 

previously installed the lysimeters, and had permitted their 

iise for this investigation (42). Lysimeters were installed 

by initially augering a bore hole to the sampling depth. The 

suction sampler was then positioned within the bore hole and 

backfilled with silica flour around the porous cup. The 

annulus above the cup was backfilled with bentonite and native 

material. 

Monitoring wells were constructed prior to the initiation 

of this research using 6" steel casing. Wells were gravel 

packed within a 12" borehole, and were perforated at various 

depths. Surface seals seal the wells to a depth of 75'. 

Monitoring wells WR 60, 61, and 63 were sampled periodically 

with the assistance of Tucson Water personnel. To assure 

sampled groundwater was representative of aquifer conditions, 

wells were purged with at least three well casing volumes 

prior to sampling. In addition to water samples, soil samples 

were obtained using a hand auger from the following locations: 

within basin 4 during a drying cycle, outside basin 4 in the 

vicinity of basin 2, and across the Santa Cruz River at the 

Water Resources Research Center (Figure 1) . These samples 

were stored in sealed glass jars at 4 degrees Celsius. 
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ANALYTICAL PROTOCOL: 

Effluent, pond, lysimeter, and groundwater samples were 

analyzed according to the following analytical protocol: 

* Upon returning samples to the laboratory an aliquot 

was transferred to a 72 ml septa sealed headspace free serum 

vial for trihalomethane (THM) analysis. 

* The remaining water was filtered through prewashed 0.45 

um filters to separate dissolved organic matter (DOM) . After 

filtration samples were sparged with nitrogen gas at a flow 

rate of 30 ml/min for five minutes to remove any remaining 

volatile organic compounds. This portion of the sample was 

subsequently analyzed for DOC, TOX, and UV absorbance (254 

nm) . 

* An aliquot of the DOM was fractionated by 

ultrafiltration (UF) into <1000, and <10,000 apparent 

molecular weight fractions (AMW). Each fraction was analyzed 

for DOC, UV absorbance, and TOX. 

* In addition to the above analysis tertiary effluent 

samples were periodically analyzed for free and combined 

chlorine residuals, pH, and temperature. Applied chlorine 

dose and residence time in the chlorine contact basin was 

obtained from plant personnel. 

Data quality was verified by performing replicate 

analyses for one of every ten samples analyzed. 

Soil samples were analyzed by the following analytical 

protocol: 
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* Soil water content, grain size distribution, and 

fraction of organic content were determined by the soils, 

Water and Plant Testing Laboratory at the University of 

Arizona. 

* Soil samples were analyzed for extractable organic 

halide (EOX) concentrations. 

* Batch mode isotherms were performed on some of the soil 

samples. Liquid phase was subsequently separated and analyzed 

for UV absorbance, TOX, and TOC. 

* Soil column experiments were run using 0.45 um filtered 

tertiary effluent for the column influent. column effluent 

was monitored for both UV absorbance (254 nm) and total 

organic carbon. 

Trihalomethanes: 

Concentrations of the four trihalomethane species, 

chloroform (CHC13) , dichlorobromomethane (CHBrCl2) , 

dibromochloromethane (CHBr2Cl) , and bromoform (CHBr3) were 

determined using a Hewlett Packard 5794 Gas Chromatograph (GC) 

with an electron capture detector (ECD). A DB-1 Megabore 

Capillary column was used for compound separation. 

Chromatographic information was processed and printed with a 

Hewlett Packard 3390 Reporting Integrator. 

Calibration curves were run periodically in order to 

determine shifts in instrument sensitivity. standard stock 

solutions of known concentration were prepared in methanol 

for each compound of interest. Various volumes of the stock 
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solutions were then injected into 72 ml teflon septa sealed 

serum vials containing milli-Q water. Due to the inability 

of the electron capture detector to accept direct aqueous 

injections, a solvent extraction technique was utilized using 

Baxter B&J Brand THM-grade pentane. Five milliliters of 

pentane was injected into the previously inoculated serum vial 

via the double syringe technique. Upon addition of the 

pentane the container was agitated for two minutes to promote 

mass transfer of the THM's from the aqueous to the pentane 

phase. Two microliters of the pentane phase were then 

injected into the GC with a Hamilton 10 ul gas tight syringe. 

To assure accurate sample concentration determination 

standards were prepared over the expected concentration range. 

Calibration curve samples were run in triplicate to assure a 

statistically accurate result. Calibration curves of 

concentration verses integrated peak area were constructed to 

determine response factors for each compound of interest. 

Compound response factors were then programmed into the 

integrator. 

Samples were analyzed in a similar manner by carefully 

decanting the sample from the sealed amber bottles into a 72 

ml serum vial and sealing it with a teflon septa and metal 

crimper. Following this the procedure was identical to 

standard preparation and analysis. Samples were run in 

duplicate to confirm analytical accuracy. Differences in 

duplicate injections of less than 10 % were considered 
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adequate. Since each response factor was programmed into 

the integrator the concentration of each compound was 

calculated and included in the chromatogram output. Peak area 

counts were checked to assure the programmed response factor 

was correct. 

UV Absorbance (254 nm): 

UV absorbance was measured utilizing a Shimadzu UV-160A 

Recording Spectrophotometer. Samples were placed in matched 

quartz one centimeter cells. Prior to sample analysis the 

instrument was zeroed with ultra pure (Milli-Q) water. 

Dissolved Organic Carbon: 

Dissolved organic carbon (DOC) was analyzed using a 

Dohrmann DC-80 Total Organic Carbon analyzer. 

The instrument was calibrated prior to analysis by 

injecting 1 ml of a 10.0 mg/1 DOC standard prepared with 

potassium acid phthalate solution. Standard calibration 

injections were duplicated until obtaining an instrument read 

out of 10 mg/1 plus or minus 1 %. 

Samples to be analyzed were placed in acid washed 10 ml 

vials. In order to remove inorganic carbon from the sample 

the pH was lowered to less than 2 with a 15 % phosphoric acid 

solution and subsequently sparged with ultra high purity 

nitrogen for five minutes. A 1 ml aliquot of the sample was 

then injected into the instrument with a Unimetrics 1 ml 

syringe. To ensure accuracy samples were run in duplicate. 

Differences in duplicate values of less than 5 percent were 
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considered acceptable. 

Total Organic Halide: 

Total organic halide (TOX) concentrations were determined 

using Dohrmann DX-20 and DX-20A Total Organic Halide 

analyzers. Dohrmann's method of TOX determination is a two 

step process which involves an initial adsorption step 

followed by a quantification step. 

During the adsorption step organo-chlorine compounds were 

adsorbed onto 100-200 mesh activated carbon using the Dohrmann 

adsorption module. 

To prevent cross contamination between samples the individual 

adsorption channels were always cleaned with a methanol rinse 

and one volume Milli-Q water rinse at the beginning of each 

day and between samples. 

Initially a 25 ml sample was prepared by the addition of 

0.5 ml of sodium sulfite to reduce any residual chlorine to 

chloride. Following this, 0.5 ml of nitric acid were added 

to maximize adsorption efficiency. Subsequently samples were 

passed through two pyrex mini columns in series containing the 

activated carbon. Carbon columns were packed as specified 

by EPA method 506. Sample channels were pressurized by high 

grade (99.995%) C02 at 20 psi. The last step in the 

adsorption process involved washing the columns with 5 ml of 

5000 mg/1 potassium nitrate solution. The nitrate channel was 

pressurized at 5 psi with high grade C02. This step removed 

adsorbed chloride due to the preferential adsorption of 
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nitrate. 

The second step of the analysis involved the 

quantification of halogen on the adsorbed carbon. Before any 

sample analysis and between changing sample boats the 

instrument was run through a cycle without any activated 

carbon. This was done until a zero or negative reading was 

obtained to verify that the instrument was stable and that 

there were no internal sources of contamination. 

Two preliminary instrument checks were performed prior 

to actual sample analysis. Initially correct operation of 

the instrument had to be verified by running a standard of 

known chlorine concentration. Five microliters of standard 

(pentachlorophenol in Baxter HPLC-grade methanol) containing 

1 ug/ul of chlorine was injected into a sample boat containing 

a previously combusted piece of cerafelt. A properly 

functioning instrument exhibited little or no tailing of the 

baseline at the end of the run and gave a readout of 5.00 ug 

Cl + 5%. In addition, sample blanks were prepared and 

analyzed. A blank consisted of two packed columns in series 

which had been washed with 5 ml of nitrate wash. The carbon 

from these two columns was then analyzed separately and the 

read outs were recorded. This procedure was performed at 

least twice per day of operation and provided a background 

halide reading for the system. 

Upon completion of these preliminary steps samples were 

prepared and analyzed. Water TOX concentrations were 
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calculated from the following equation: 

TOX (ug Cl/1) = ((T+B) - BLK)/VOL 

T = mass readout for the top column 

B = mass readout for the bottom column 

BLK = average mass readout for the blanks (one blank is 

the sum of the top and bottom columns of the 

blank) 

VOL = volume of sample adsorbed in liters 

In addition to water samples, soil samples were analyzed 

for extractable organic halide (EOX). 

EOX analysis required similar preliminary procedures as 

water sample analysis. The instrument is modified so that 

instead of a sample boat the sample is injected every five 

seconds during the run in approximately 1 ul aliquots using 

a Unimetrics 50 ul syringe and the EOX injection apparatus 

provided by Dohrmann. 

Initially a blank was run with the solvent used for 

extraction (either ethyl acetate or octanol). This verified 

the purity of the solvent. A standard was prepared with the 

solvent and chlorobenzene to a concentration of 1 ug Cl/ul. 

This was then injected into the instrument to verify 100 + 5 

% recovery. 

Samples were prepared by adding 3.0 grams of soil to an 

acid washed 10 ml vial. 5 ml of solvent and 1 ml of Mill-Q 

water were then added to the vial. The vial was then shaken 

vigorously for 2 minutes and subsequently sonicated for 15 
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minutes in 1 inch of water. The solvent was then decanted 

into a clean centrifuge bottle and centrifuged at a relative 

centrifugal factor of 3700 g*s (i.e. 1 g = 32 ft/sec2) . The 

solvent at the top of the bottle was then drawn into the 

syringe and analyzed. The soil EOX concentration was 

calculated by the following equation: 

EOX (ug/g soil) = ((R/I) X (1000 ul/ml) X 5ml)/S 

R = instrument readout (ug halide) 

I = volume of solvent injected (ul) 

S = mass of soil extracted (g) 

0.45 um Filtration: 

As mentioned above all samples were filtered with 

Millipore 0.45 um filters and a vacuum filtration apparatus. 

Filters were prewashed with 500 ml of Milli-Q water in order 

to remove any impurities present due to the manufacturing 

process. After washing samples were filtered using a vacuum 

pump and collected in a acid washed pyrex filtration flask. 

The filtrate was then stored in an acid washed amber 

flintglass bottle at 4 degrees Celsius prior to analysis. 

This filtrate contained the sum total of all dissolved organic 

matter in the sample and is referred to as the bulk water 

sample. 

Ultrafiltration: 

Each of the previously 0.45 um filtered samples was 

processed into three fractions utilizing an Amicon stirred 

cell ultrafiltration apparatus. Amicon YM-10 (AMW < 10,000) 
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and YM-2 (AMW < 1000) were used. After filtration and 

analysis, three fractions could be calculated by difference, 

and consisted of: a > 10,000 AMW fraction, a 10,000 - 1000 

AMW fraction, and a < 1000 AMW fraction. 

Membranes were pretreated as per the manuf a^turer's 

specifications by soaking the membrane face down in Milli-Q 

water for one hour, replacing the water every fifteen minutes. 

This process hydrates the membrane. After this initial 

pretreatment process the membranes were stored face down 

between uses in Milli-Q water to maintain saturation. 

Membranes were stored at four degrees Celsius to prevent 

bacterial degradation of the membrane surface. Membranes were 

stored for a maximum of two months or used for filtering a 

maximum of ten samples which ever came first, and then were 

discarded. 

Prior to filtration of a sample the membranes were washed 

with 100 ml of Milli-Q water to remove any impurities on the 

filter left by storage or the previously filtered sample. 

Nitrogen gas at 55 psig was used as the driving force 

for producing the filtrate. The first 5 ml of filtrate were 

discarded to prevent dilution by the water remaining from the 

washing procedure. The filtrate was collected in acid washed 

glass bottles with caps and stored at 4 degrees Celsius prior 

to analysis. 
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EXPERIMENTAL PROTOCOL 

Batch mode soil isotherm and column experiments were 

conducted on soil samples obtained at the demonstration 

recharge facility and the Water Resources Research Center 

(Figure 1). These experiments were conducted to investigate 

soil adsorption characteristics. Experimental procedure is 

outlined below. 

Soil Isotherm Experiments 

Soil was weighed on a Sartorius L420P laboratory 

analytical balance into 5, 25, and 100 gram fractions and 

placed in acid washed erlenmeyer flasks. One hundred 

milliliters of 0.45 um filtered nitrogen sparged tertiary 

effluent was added to each flask and sealed with American 

National Can parafilm. The flasks were then placed on a 

Eberbach Corporation shaker table for 24 hours to allow 

adsorption to occur. 

Two experimental controls were run on the shaker table 

simultaneously with the effluent containing flasks. These 

consisted of one flask with 25 grams of soil and 100 ml of 

milli-Q water and another flask containing 100 ml of tertiary 

effluent. 

Following 24 hours of agitation the flasks were removed 

and the water was decanted into centrifuge tubes. The tubes 

were placed in a Beckman J22-21 centrifuge using a JS-13.1 

rotor and centrifuged at a relative centrifugal factor of 3700 

g's for five minutes. This water was then 0.45 um filtered 
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prior to analysis. 

Soil Column Experiments 

Soil column experiments were conducted with a Spectrum 

organic solvent column with teflon endplates. The column had 

an interior diameter of 1.5 cm and was 70 cm in length. All 

column feed and exit plumbing was composed of 1/8•1 OD high 

pressure teflon tubing with teflon ferrules. 

Prior to soil addition the bottom end plate of the column 

was covered with approximately 0.15 grams of pyrex wool to 

prevent clogging and consequent head loss through the fine 

mesh teflon support cloth. 

Soil was weighed on a Sartorius L420P laboratory 

analytical balance. Soil was added to the column through a 

glass funnel. The column was then visually inspected to 

ensure uniform distribution of soil grain sizes had been 

established. 

The column was fed with tertiary effluent from an 

elevated acid washed one liter aspirator bottle with tubing 

outlet. Prior to initiating the column run effluent was 

applied in an upflow mode in order to saturate the soil. Once 

the soil had been saturated the reservoir was attached to the 

top of the column and head was adjusted to achieve the desired 

flow rate. 

At the beginning of a column run approximately the first 

100 ml were collected in acid washed 10 ml glass vials. This 

was performed in order to delineate the rapid desorption of 
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soluble organic carbon in the soil. Later samples were 

collected in 250 ml acid washed amber flint glass bottles. 

Between sample bottle changes an aliquot of column effluent 

was collected for UV analysis. This value was compared to the 

absorbance value of the tertiary effluent feed water in order 

to monitor for breakthrough. Collected samples were stored 

at 4° C prior to analysis. 
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RESULTS AND DISCUSSION 

Upon completion of the data base for the investigation 

of soil aquifer treatment at the Demonstration Recharge 

Project, all data was tabulated and analyzed. The following 

sections address the importance and implications of the data 

set and includes condensed versions of the tabulated data and 

graphical representations of data trends. 

DEMONSTRATION RECHARGE PROJECT DATA 

Hydrologic Conditions: 

Basin 4 is approximately 0.94 acres in area. During a 

flooding cycle the basin was kept at an average water depth 

of 18 inches. 

Figure 6 represents the infiltration rate curve for Basin 

4 from November 10, 1988 through May 20, 1989 (40). The graph 

shows weekly averaged data. The mean weekly infiltration rate 

was approximately 5.0 in./day during the recharge period. The 

lack of soil water content data precludes the determination 

of residence time of percolated water in the vadose zone. 

Five inches of water per day in the pond corresponded to an 

average applied volume of 1.36 X 105 gal/day. The cumulative 

applied volume for the flooding cycle from November 10, 1988 

through Feb. 22, 1989 was approximately 1.42 X 107 gallons of 

tertiary effluent. 

Water Quality Conditions: 

Pond samples collected at numerous locations around Basin 

4 indicated no significant spatial variations in water quality 
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parameters measured. Eight locations were sampled on February 

2, 1989 and six locations were sampled on February 9, 1989. 

Coefficients of Variance for DOC concentrations between 

samples collected on the given date were 9.2 % and 3.2 % 

respectively. 

Table 3 is a compilation of average analytical parameter 

values obtained from January through May, 1989. From Table 

3 it is apparent that the parameters total trihalomethanes 

(TTHM's), UV Absorbance (254 nm) , dissolved organic carbon 

(DOC), and total organic halide (TOX) all decreased with 

depth. 

Table 4 is a compilation of the standard deviations for 

the values reported in Table 3. All trends reported have a 

confidence level within one standard deviation. 

Table 3 demonstrates that approximately 70 % of the THM's 

in the effluent volatilized or were adsorbed in the pond and 

then were quickly attenuated in the soil mantle. 

The majority of both UV (254 nm) adsorbing compounds and 

DOC were also removed before reaching Lysimeter 3. This is 

illustrated graphically by figures 7 and 8. Lysimeter 3 was 

located roughly at the base of the soil mantle (Figure 3) . 

Double bonds and in particular aromatic ring stuctures tend 

to be the primary cause for absorbance of light at 254 nm 

wavelength (41). Although proteins and amino acids also may 

contain these structures, humic substances exhibit a much 

stronger absorbance at 254 nm. Thus UV absorbance at 254 nm 
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Table 3. Average Analytical Parameter Values Basin 4 

Demonstration Recharge Project. 

SAMPLE 

LOCATION 

DEPTH 

(ft) 

TTHM 

(M9/L) 

UV ABS 

@254 nm 

DOC 

(mg/L) 

UV/DOC TOX 

(M9/L) 

EFFLUENT 0 25.0 0.171 12.40 0.015 228 

BASIN 4 0 7.4 0.149 11.04 0.014 -

LS-3 11 1.5 0.057 2.35 0.026 46 

LS-5 13 3.1 0.052 2.26 0.022 38 

LS-2 27 3.3 0.054 2.54 0.023 38 

LS-4 28 3.4 0.048 2.22 0.022 45 

LS-1 40 2.6 0.054 2.74 0.020 77 

LS-6 45 3.4 0.034 1.81 0. 019 54 

WR-63 118 2.4 0.026 1.68 0.016 92 

WR-61 118 2.2 0.030 1.62 0.019 96 

WR-60 145 4.0 0.021 1.52 0.014 60 

WELL AVG - 2.9 0. 025 1.61 0.016 83 
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Table 4. Standard Deviations For The Average Analytical 

Parameter Values Reported in Table 3. 

SAMPLE 

LOCATION 

DEPTH 

(ft) 

TTHM 

(/xg/L) 

UV ABS 

@254 nm 

DOC 

(mg/L) 

UV/DOC TOX 

(M9/L) 

EFFLUENT 0 9.6 0.053 1.88 0.002 23 

BASIN 4 0 2.3 0.021 0.81 0.002 -

LS-3 11 0.5 0.011 0.36 0.008 18 

LS-5 13 2.4 0.013 0.40 0.006 8 

LS-2 27 2.1 0.012 0.45 0.007 9 

LS-4 28 2.5 0.014 0.46 0.006 3 

LS-1 40 2.1 0.011 0.62 0.004 15 

LS-6 45 2.3 0.006 0.18 0.003 4 

WR-63 118 0.8 0.007 0.43 0.007 28 

WR-61 118 1.7 0.008 0.31 0.007 20 

WR-60 145 1.7 0.006 0.41 0.006 11 

WELL AVG - 1.6 0. 008 0.37 0. 006 24 

Note: Variations in parameters such as chlorine dose, organic 

load, infiltration rate and temperature naturally affected the 

water quality parameters measured in the pond influent and 

corresponding values in the lysimeters and wells. These 

factors combined with analytical error give rise to the 

differences observed between different sampling dates. 
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Figure 8 Dissolved Organic Carbon Removal. 
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is an indication of relative humic content in a sample (41). 

The parameter UV/DOC, the specific absorbance, is an 

indication of the fraction of humic material contained in 

the dissolved organic carbon of a sample (32). This parameter 

showed a slight increase relative to the pond water in the 

vadose zone and groundwater (Figure 9). This trend may 

indicate that humic substances are a mobile fraction of 

wastewater DOC during recharge operations. 

Figure 10 shows the molecular weight distribution of 

dissolved organic carbon in a representative tertiary 

effluent. Figures 11 and 12 display the average molecular 

weight distributions of DOC in the lysimeters and wells for 

samples acquired 3-2-89, and 3-16-89. From the figures it is 

evident that the low molecular weight organic compounds (i.e. 

DOC < 1000 AMW) make up the largest fraction of dissolved 

organic carbon throughout the profile. Table 5 illustrates 

the relative mobility of the different molecular weight 

fractions of DOC. Table 5 reveals that organic compounds with 

an apparent molecular weight less than 1000 have the highest 

mobility in the subsurface. Both high molecular weight 

fractions exhibit an elevated degree of attenuation through 

the soil profile. 



Figure 9 Specific Absorbance VS Depth. 
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Figure 11 Avg Lysimeter DOC 
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Table 5 Mobility of Dissolved Organic Carbon Molecular Weight 

fractions in the Subsurface. 

Sample Percent Total DOC of Sample Sample 

DOC > 10K AMW 10K < DOC < IK AMW DOC < IK AMW 

Effluent 37.4 10.0 52.6 

Lysimeters 35.6 6.5 57.9 

Wells 15.6 5.0 79.4 

In order to evaluate the treatment efficiency of the soil 

and the impact of recharge on groundwater quality a mass 

balance of DOC and TOX was conducted on the recharge system. 

The following assumptions were made; (1) the system is assumed 

to be at steady state throughout the recharge period, (2) the 

mean concentrations in Table 3 were used as steady state 

concentrations (Note: this was done in order to damp out 

naturally occurring changes in water quality of the tertiary 

plant effluent and corresponding fluctuations in lysimeter and 

well samples), (3) the recharge period extended from Nov. 10, 

1988 to Feb. 22, 1989 (105 days of recharge), (4) an average 

infiltration rate of 5 inches of pond water per day (i.e. 

135,762 gal/day) was used to calculate the volume and masses 

applied, (5) Lysimeter 3, located 11 feet below the surface, 

is assumed to represent the removal provided by the soil 

mantle, (6) Subsurface flow conditions are assumed to be at 

saturation, (7) Basin 4 is presumed to be the only source of 



organics to the system, 

summarized in Table 6. 
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Results from the mass balance are 

Table 6 Results of Mass Balance on Dissolved Organic Carbon 

and Total Organic Halide for Basin 4. 

Recharge period Nov. 10, 1988 to Feb. 22, 1989. Total volume 

of applied water = 1.426 X 107 gal. 

*Total Mass Overall Removal 

Sample Depth DOC TOX DOC TOX 

(feet) (Kg) (Kg) (%) (%) 

Effluent 0 596 12.3 0 0 

Lys 3 11 127 2.5 79 80 

Lys Avg 27 116 2.6 81 79 

Well Avg 127 86 4.5 86 64 

*Note: Total Mass refers to total mass of parameter reaching 

a given depth. 

From Table 6 it is evident that the bulk of dissolved 

organic carbon is removed within the first 11 feet of soil 

(i.e. the "soil mantle"). Figure 8 shows this trend in 

graphical form. In the figure the soil mantle is assumed to 

be 10 feet thick. 

Some caution should be exercised in interpreting the 

above analysis: while the top ten feet is providing the bulk 

of removal, excavation of the overburden (approximately 10 

feet) could either significantly reduce removal achieved in 
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the unsaturated zone, or may pass the burden for removal to 

the different soil types illustrated in figure 3. More work 

is needed to elucidate the role of the overburden in SAT at 

the recharge facility. 

Table 6 illustrates that soil aquifer treatment at basin 

4 is removing 86 % of all DOC and 64 % of all TOX between the 

surface and groundwater. In the effluent TOX makes up 2 % of 

the DOC while in the groundwater TOX comprises 5 % of the DOC. 

This indicates that the organic halogen portion of the 

dissolved organic carbon is more mobile and refractory in the 

subsurface. The mass balance implies that 4.5 Kg of 

chlorinated organics and 86 Kg of dissolved organics reached 

the water table during this recharge period. 

Another point of interest is that although DOC removal 

increases with depth this is not the case for removal of TOX 

(i.e. the table indicates that approximately 80 % of TOX is 

removed in the interval from the surface to the lysimeters). 

Three possible explanations for this apparent increase in TOX 

below the lysimeters are: (1) Statistically TOX analysis is 

not as precise as DOC analysis. While coefficients of 

variance (CV) for DOC analysis are typically 6 %, TOX analysis 

has been typically has a CV of 22 %. In addition Table 4 

indicates that the mean values used to determine the removal 

percentage had significant spread between samples analyzed 

from different sampling dates. Consequently when considering 

TOX analytical precision and the variation of measured 
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concentrations between sampling dates, the difference between 

64 % and 80 % removal is statistically insignificant. (2) Case 

histories in the literature survey indicate that the majority 

of biological degradation occurs in the shallow vadose zone. 

Rapid removal of readily degradable organics may reduce the 

opportunity for processes such as cometabolism. Thus, organic 

halogen species reaching groundwater may accumulate due to a 

deficiency of biological activity. (3) There is the 

possibility of historical or upgradient sources of TOX. 

Previous flooding cycles in basin 4 and the adjacent basins 

may have left residual contamination that was not removed 

during recovery pumping operations. The Silverbell Golf 

Course is adjacent to and upgradient from the recharge 

facility and is irrigated with reclaimed water. Clearly this 

data trend needs to be further investigated to check its 

validity and to understand the trend if it is indeed accurate. 

SOIL SAMPLE DATA 

Soil Sample Characterization 

Table 7 is a compilation of the organic halide, fraction 

of organic carbon, water content, and grain size distribution 

data for soil samples taken at the demonstration recharge 

project and Water Resources Research Center facilities. 

Averaged grain size distribution for the pond, 

background, and the soils collected at the Water Resources 

Research Center indicate soil classifications of sandy loam, 

loam, and loamy sand respectively (Figure 13) . This 
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TABLE 7. Soils Sample Characterization Data*. 

Sample Depth EOX Foe Water Sand Silt Clay Gravel 

ft. ug/g Wt. % Vol % wt. % Wt. % Wt. % Wt. % 

B4DP 0-1 1.43 0.42 18.0 65.2 25.0 6.4 3.4 

1-2 1.74 0.50 29.6 33.5 46.7 18.1 1.7 

B4M 0-1 2.03 0.70 9.9 47.4 40.2 9.1 3.3 

1-2 2.02 0.06 3.6 88.1 7.2 2.6 2.1 

B4LS 0-1 1.98 1.40 3.2 79.7 11.8 2.5 6.0 

1-2 1.16 0.31 27.8 35.5 49.4 14.5 0.6 

Pond 0-2 1.72 0.56 16.4 58.2 30.0 8.9 2.8 

Avg. 

BGl 0-1 0.76 0.54 7.1 38.8 38.8 17.3 1.2 

1-2 1.13 0.35 9.4 35.3 35.3 15.8 1.6 

BG2 0-1 1.37 0.55 7.1 44.5 44.5 16.3 0.4 

1-2 1.68 0.22 8.4 32.2 32.2 12.6 6.8 

BG Avg 0-2 1.23 0.41 8.0 45.0 37.7 15.5 2.5 

RW 1.5 40 0.10 10.4 67.8 27.6 4.1 0.5 
(WRRC 
Soil 7.5 52 0.03 2.8 75.1 2.8 0.2 22.0 
Samp.) 

13.5 60 0.10 15.5 38.5 2.1 13.9 26.3 

RW Avg NA 51 0.08 9.6 60.5 10.3 6.1 16.3 

*Note that foe and grain size distribution data was provided 

by the Soil, Water, and Plant Testing Laboratory at the 

University of Arizona. 
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corresponds closely with the soil types reported in the 

literature as indicated in figure 3 (38). 

From table 7 comparison of pond average and background 

average soil samples indicates approximately a 40% increase 

in extractable organic halide in the soils exposed to recharge 

activities. In addition average pond soil samples contain a 

36% greater fraction of organic content. It is likely that 

this represents soil mass loading due to high concentrations 

of organics in the applied tertiary effluent. Soil samples 

obtained at the Water Resources Research Center contained EOX 

concentrations approximately 30 times greater than the pond 

soil samples while the fraction of organic carbon was only 14 

% of pond soil samples. This high concentration of EOX in 

these soils where recharge activity had not occurred is 

unexpected. The elevated values in lithologically similar 

soils to those at the demonstration recharge site could have 

been due to historical use of pesticides at the site. 
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Percent by weight Sand 

FIGURE 13 Textural Diagram for Soils 
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Soil Isotherm Experiments 

Batch mode adsorption isotherms were conducted on soil 

samples; BG1 1-2', B4DP 1-2 », RW-1.5•, RW-7.5•, and RW-13.5•. 

Figures 14 - 18 show the relationship between the DOC of the 

liquid phase after 24 hours of adsorption verses the mass of 

soil added. Also included in the figures is the DOC of the 

liquid phase for 25 grams of soil in milli-Q water. 

Examination of the figures reveals that for all of the 

soils the 25 gram soil dose in milli-Q water desorbed organic 

carbon. Soil RW-1.5' (figure 16) exhibited a net desorption 

for all three soil masses (i.e. 5g, 25g, lOOg). The remaining 

soils displayed net adsorption for the 5 and 25 gram soil 

doses, but net desorption for the 100 gram soil dose. 

The phenomenon of water soluble organic matter in the 

soil masking adsorption of the organics in the tertiary 

effluent precluded the conventional interpretation of 

adsorption isotherms. To compensate for this, an attempt was 

made to back out the amount of desorbed organic matter from 

each soil. This was accomplished by assuming the data for the 

milli-Q water represented the amount of water soluble organic 

matter for that given soil. From this data point a ratio of 

desorbed organic carbon to soil mass was obtained (e.g. X ug 

desorbed DOC / gram soil). The ratio when multiplied by the 

soil mass in a given flask gives an estimate of the DOC 

measured that was contributed by the soil. The calculated 

soil contributed DOC was then subtracted from the 
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Figure 14 Soil Isotherm 
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Figure 15 Soil Isotherm 
boil Sample 64DP-2' 
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Figure 16 Soil Isotherm 
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Figure 17 Soil Isotherm 
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Figure 18 Soil Isotherm 
Soil Sample RW—13.5' 
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measured DOC of the sample in order to arrive at a corrected 

liquid phase DOC. This procedure assumed that there was 

adequate water in all samples to provide for complete 

desorption of the hydrophilic organic matter. In fact this 

was not the case for the 100 gram soil doses which became 

evident upon application of the correction factor. The 

corrected DOC values for the 100 gram samples were negative. 

Therefore, it was determined that only the 5 and 25 gram soil 

doses should be included in the corrected soil isotherms. The 

correction factor also assumed that the solubility of organic 

matter in milli-Q water was equal to that in the effluent. 

This assumption was likely to be a more accurate approximation 

at lower soil to water ratios. 

After correction soil sample RW-1.5' data still indicated 

a net desorption of organic matter for all samples except the 

25 gram sample. For this reason the data for soil RW-1.5' was 

not included in Figure 19. Figure 19 is the graphical 

representation of the corrected soil isotherms. 

Figure 19 indicates that after the application of the 

correction factor to soil sample BG1 1-2' the isotherm still 

has a negative slope which would imply desorption of DOC from 

the soil. Soils B4DP 1-2', RW-7.5', and RW-13.5' all 

demonstrate adsorption potential. In figure 20 the isotherms 

were extrapolated through the origin. This helps illustrate 

the different shape of each isotherm. From figure 20 it is 

apparent that soil B4DP 1-21, exhibited the most favorable 
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Figure 19 Corrected Soil Isotherms. 
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Figure 20 Extrapolated Soil Isotherms. 
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adsorption followed by soil RW-13.5' which displayed roughly 

linear adsorption, and soil RW-7.5" which demonstrated 

unfavorable adsorption. As may be expected the most favorable 

adsorption occurred with the soils containing the highest 

fraction of clays and organic carbon. 

Due to the high concentration of soluble organic matter 

in soil RW-1.5' it was not amenable to studying adsorption of 

organic carbon. However an adsorption isotherm experiment was 

conducted using TOX as the measured parameter and is presented 

in figure 21. The figure indicates that soil RW-1.51 exhibits 

unfavorable adsorption of TOX. The soil does display 

significant adsorption capacity for adsorption of TOX. Soil 

mass loading was 1.39 ug TOX/g soil for the 5 gram sample. 

Due to the assumptions made in deriving the corrected 

soil isotherms confidence in the results obtained is suspect. 

Further isotherm work should be completed before a high degree 

of certainty can be obtained in the characterization of these 

soils. However the soils have been shown to exhibit different 

adsorption capacities that correlate with the relative 

concentration of known adsorbents in soils (i.e. clays and 

foe) . In addition, it has been shown that upon initial 

application of water to these soils a fraction of organic 

carbon present in the soil is mobilized. Soil RW-1.5' also 

showed adsorption capacity for TOX even though this soil had 

a high concentration of EOX compared to EOX values measured 

for soils at the demonstration recharge project site. 



Figure 21 Soil Adsorption Isotherm 
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Soil Column Experiments 

One complete column run was accomplished at the time of 

writing this document. This column experiment monitored for 

DOC breakthrough and was conducted on soil RW-7.5'. 

Figure 22 shows the breakthrough curve for the soil 

column experiment completed on soil RW-7.5*. The column 

contained fifty grams of soil and was operated at a throughput 

rate of approximately 75 ml/hr. The initial part of the curve 

indicates a washing out of the soil's soluble organic matter 

observed in the isotherm experiments. This is demonstrated 

by the effluent concentration being greater than the column 

influent DOC. The maximum treatment was observed at 

approximately 30 pore volumes and achieved 15 % removal of 

DOC. Complete breakthrough was achieved after applying 

approximately 300 pore volumes of tertiary effluent. 

The area between the breakthrough curve and the column 

influent line represents the treatment capacity of the 50 

grams of soil. This corresponds to approximately 45 ug of 

organic carbon being removed per gram of soil. 

The fact that the curve never reaches the same treatment 

efficiency (i.e. 73 % removal of DOC through the soil mantle) 

observed at the demonstration recharge site may be due to the 

high throughput rate of the water. To simulate the 5 

inches/day average infiltration rate at the recharge site 

would correspond to a throughput rate of approximately 0.7 

ml/hr in the column. This very low rate was deemed unfeasible 
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Figure 22 Dissolved Organic Carbon Breakthrough Curve 
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for conducting this experiment. It is plausible that the 

rapid flow rate in the column caused the kinetics of 

adsorption to be the major factor in the level of treatment 

achieved within the column. Under a condition of kinetic 

limitation at this flow rate the adsorption mass transfer zone 

would be longer than the soil column, and thus the observed 

instantaneous breakthrough would be explained. Other possible 

explanations that could explain instantaneous breakthrough 

include the possibility that some fraction of the organic 

carbon in the effluent is non adsorbable, soil RW-7.5' may 

not be representative of the adsorption capacity of the soil 

mantle at the recharge facility, and the lack of biological 

degradation in the column. In any case the soil column 

experimental data supports the isotherm data indicating that 

upon initial flooding a slug of soluble organic carbon is 

mobilized, and the soil does have a significant treatment 

capacity for removal of wastewater organics. 

DATA CONFIDENCE LEVELS 

Analytical accuracy was verified by instrument 

calibration in all cases except the UV spectrophotometer. 

Absorbance readings were taken as an indication of 

relative (not quantitative) humic content between samples. 

To assure validity between analyses on different dates, the 

instrument was always zeroed with milli-Q water. 

DOC and TOX calibration standards were analyzed every 

day prior to analysis. DOC calibration was performed until 
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values were within 1%. TOX calibration was performed to 

verify accuracy was within 5%. 

Response factors for the gas chromatograph were checked 

with calibration standards approximately every four months. 

Response factors were corrected after calibration, but 

typically only varied by a few percent over long periods of 

time. 

As mentioned in the materials and methods section of this 

report approximately 10 % duplicate analyses were performed 

for verification of analytical precision. Coefficients of 

variance were calculated for all duplicates. Average values 

over the term of this project are tabulated below in Table 8. 

Table 8. Analytical Precision Expressed as Coefficients of 

Variance (CV). Note that CV % = (Std Dev./Mean) X 100. 

Analytical Method 

THM's UV DOC TOX EOX 

CV (%) 6.9 3.5 6.1 22.1 9.1 

From the table it is apparent that TOX data had 

significant spread between duplicate analyses and therefore 

observed data trends should be considered with this in mind. 

All other analytical values had an average CV below 10 %. 

Replicate samples were not a part of the QA/QC program 

of this research project. This was due to the fact that 
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lysimeters often yielded only enough water for one sample 

bottle. Some confidence in sampling technique was provided 

by field blanks transported into the field during sampling 

procedures. Analytical results from field blanks indicated 

that no contamination of water samples was derived from 

glassware cleaning or sampling procedures. 

Soil grain size analysis, water content, and 

fraction of organic content determination were performed by 

the Soils, Water, and Plant Testing Laboratory. No analytical 

precision or accuracy data was available. 
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CONCLUSIONS 

Volatilization, biodegradation, and adsorption are the 

primary removal mechanisms in soil aquifer treatment 

systems. Volatilization, and biological degradation bring 

about a mass reduction of organics in the renovated water. 

Adsorption effectively retards the arrival of solutes to the 

groundwater and may provide locus for biological degradation. 

During the recharge period from November 10, 1988 to 

February 22, 1989 approximately 14,000,000 gallons of tertiary 

effluent were applied to Basin 4. All chemical parameters 

showed significant attenuation via soil aquifer treatment with 

the majority of removal occurring within the first 11 feet of 

soil. 

Volatilization in basin 4 accounted for the removal of 

70 % of the total trihalomethanes. This value is in 

accordance with values reported for removal of volatile 

organic compounds in the literature (19, 22). 

Approximately 86 % of dissolved organic carbon species 

were removed during percolation at the Demonstration Recharge 

Project. Approximately 94 % of the total removal occurred 

within the first 45 feet and 91 % of the total removal 

occurred within the first 11 feet of percolation. These 

results are similar to those reported in the literature (4, 

5, 9, 10, 11, 19, 21). Due to the fact that basin 4 had been 

in operation for approximately 3 years prior to this study it 

is likely that any adsorption capacity of the first 11 feet 
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of soil would have been exhausted unless it was regenerated 

by biological activity. Thus, it appears that the bulk of DOC 

removal can be attributed to biodegradation in the near 

surface. This conclusion is in agreement with the literature 

(5, 9, 11, 13, 20, 22). 

The total organic halide component of the dissolved 

organic carbon was not as effectively removed by soil aquifer 

treatment at the Demonstration Recharge Project. Only 64 % 

of the applied TOX was removed between the basin and the water 

table. TOX comprised 2 % of the DOC in the basin and 

accounted for 5 % of the DOC reaching groundwater. This 

indicates that TOX is a more mobile and refractory portion of 

the DOC during soil aquifer treatment of municipal wastewater. 

Similar results have been reported in the literature (1, 5, 

19, 20). 

Molecular weight fractionation data indicate that organic 

compounds with an apparent molecular weight less than 1000 

exhibited the greatest mobility in the vadose zone. Typically 

an increase in molecular weight of organic compounds 

corresponds to an increase in hydrophobicity. Thus, high 

molecular weight substances may be preferentially adsorbed. 

In addition, biodegradation can act to break down larger 

organic molecules into smaller lower molecular weight 

compounds. A combination of these two processes may explain 

the increased removal of higher molecular weight compounds. 

Soil analysis data indicate that soils in vicinity of 
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the Demonstration Recharge Project have a significant capacity 

for adsorption of organics contained in wastewater effluent. 

Adsorption is more favorable in soils with higher fractions 

of clays and organic matter. This agrees with results in the 

literature (15, 16, 24). Soils exposed to effluent recharge 

activity have elevated concentrations of organic carbon which 

correspondingly increases the soils adsorption capacity. 

Accumulation of organics in soil during recharge operations 

has been previously reported (9, 21). 

During the recharge period from November 10, 1988 to 

February 22, 1989, over 83 kilograms of organic compounds 

and over 4 Kg of chlorinated organics reached the water table. 

Due to the generally adverse health effects of chlorinated 

organic species this would indicate potentially significant 

groundwater contamination over extended recharge periods. 

However much of the contaminants reaching the water table may 

be removed upon subsequent recovery operations. In addition 

dilution by native groundwater may improve the quality of the 

reclaimed water. Thus, it is difficult to determine the 

potential for groundwater contamination during recharge 

operations at the Demonstration Recharge Project. Further 

investigations need to be conducted to determine how much of 

the pollutants are removed during recovery operations. Water 

quality analysis of the extracted water should provide this 

information. 



APPENDIX 1 
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Basin 4 Data Inventory 

Bulk Water Sample 
SAMPLE DEPTH DATE UV ABS DOC UV/DOC Tot. THMs 

(ft) e 254 nm (mg/L) (ug/L) 

EFFLUENT 0 1-17-89 0.262 32.0 
POND H20 0 0.197 10.64 0.019 13.8 
LS 3 11 0.068 1.63 0.042 1.0 
LS 5 13 0.057 5.9 
LS 2 27 0.054 5.5 
LS 4 28 0.053 1.62 0.033 6.3 
LS 1 40 0.061 5.0 
LS 6 45 0.037 5.1 
WR 63 118 
WR 61 118 
WR 60 145 

Bulk Water ' Sample 
• 

SAMPLE DEPTH DATE UV ABS DOC UV/DOC 
(ft) e 254 nm (mg/L) 

EFFLUENT 0 1-26-89 
POND H20 0 0.159 11.21 0.014 
LS 3 11 0.071 2.94 0.024 
LS 5 13 0.063 2.82 0.022 
LS 2 27 0.062 2.58 0.024 
LS 4 28 0.066 2.51 0.026 
LS 1 40 0.061 3.01 0.020 
LS 6 45 0.047 2.12 0.022 
WR 63 118 0.036 2.27 0.016 
WR 61 118 0.038 1.75 0.022 
WR 60 145 0.030 1.76 0.017 
FLD BLK 0.009 1.96 0.005 
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Bulk Water Sample 
SAMPLE DEPTH DATE UV ABS DOC UV/DOC Tot. THMs 

(ft) @ 254 nm (mg/L) (ug/L) 

EFFLUENT 0 2-2-89 0.201 11.80 0.017 32 
LS 3 11 0.027 2.80 0.010 1.4 
LS 5 13 0.021 1.72 0.012 1.5 
LS 2 27 0.021 3.57 0.006 1.4 
LS 4 28 0.019 2.05 0.009 1.6 
LS 1 40 0.027 2.10 0.013 1.1 
LS 6 45 
WR 63 118 
WR 61 118 
WR 60 145 
POND 1 0 0.150 11.05 0.014 5.4 
POND 2 0 0.140 12.55 0.011 4.9 
POND 3 0 0.137 10.55 0.013 4.5 
POND 4 0 0.208 13.25 0.016 10.0 
POND 5 0 0.145 10.39 0.014 6.9 
POND 6 0 0.137 10.88 0.013 6.5 
POND 7 0 0.140 10.86 0.013 6.4 
POND 8 0 0.155 10.69 0.014 7.9 

Bulk Water Sample 
SAMPLE DEPTH DATE UV ABS DOC UV/DOC Tot. THMs 

(ft) e 254 nm (mg/L) 
UV/DOC 

(ug/L) 

FLD BLK 

o\ CO 1 0> 1 (N 

0 . 0 0 0  0.06 0 . 0 0 0  
EFFLUENT 0  0.166 13.25 0.013 12.3 
LS 3 11 
LS 5 13 
LS 2 27 
LS 4 28 
LS 1 40 
LS 6 45 
WR 63 118 0.026 1.40 0.019 3.4 
WR 61 118 0.029 1.85 0.016 4.1 
WR 60 145 0.016 1.42 0.011 2.5 
POND 1 0  0.130 10.31 0.013 5.9 
POND 2 0  0.133 10.64 0.013 7.0 
POND 3 0  0.135 11.13 0.012 8.0 
POND 4 0  0.131 10.44 0.013 8.6 
POND 5 0  0.148 11.02 0.013 7.5 
POND 6 0 0.144 11.03 0.013 7.1 
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Bulk Hater Sample 
SAMPLE DEPTH DATE UV ABS DOC UV/DOC Tot. THMs 

(ft) § 254 nm (mg/L) (ug/L) 

WRRC WEL 2-23-89 0.004 0.63 0.006 

EFFLUENT 0 0.156 14.46 0.011 16.8 
LS 3 11 0.059 2.41 0.024 2.0 
LS 5 13 0.057 2.93 0.019 2.1 
LS 2 27 0.064 2.58 0.025 3.0 
LS 4 28 0.066 3.04 0.022 2.4 
LS 1 40 0.064 3.69 0.017 2.6 
LS 6 45 0.031 1.50 0.021 1.8 
WR 63 118 0.024 1.88 0.013 1.9 
VTR 61 118 0.031 1.15 0.027 0.7 
WR 60 145 0.022 1.39 0.016 3.7 

Bulk Water Sample 
SAMPLE DEPTH 

(ft) 

FLD BLK 
EFFLUENT 0 
LS 3 11 
LS 5 13 
LS 2 27 
LS 4 28 
LS 1 40 
LS 6 45 
WR 61 118 
WR 63 118 
WR 60 145 

DATE UV ABS DOC UV/DOC TOX Tot. THMs 
e 254 nm (mg/L) (ug X/L) (ug/L) 

3-2-89 0.001 1.65 0.001 
0.129 10.10 0.013 251 31.3 
0.051 2.31 0.022 58 
0.046 2.28 0.020 
0.052 2.51 0.021 
0.053 2.74 0.019 
0.058 3.15 0.018 
0.023 1.84 0.012 
0.017 1.89 0.009 110 1.8 
0.012 1.70 0.007 72 2.0 

'0.011 2.23 0.005 68 5.9 

Bulk Water Sample 
SAMPLE DEPTH 

(ft) 
DATE UV ABS-

@ 254 nm 
DOC 
(mg/L) 

UV/DOC TOX 
(ug X/L) 

FLD BLK 3-16-89 0.001 0.61 0.002 
EFFLUENT 0 228 
LS 3 11 0.061 2.09 0.029 
LS 5 13 0.061 2.10 0.029 32 
LS 2 27 0.061 2.18 0.028 32 
LS 4 28 0.056 2.26 0.025 
LS 1 40 0.062 2.80 0.022 
LS 6 45 0.038 1.79 0.021 61 
WR 63 118 0.030 1.15 0.026 112 
WR 61 118 0.033 1.47 0.022 82 
WR 60 145 0.024 1.14 0.021 52 
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Bulk Water Sample 
SAMPLE DEPTH DATE UV ABS DOC UV/DOC 

(ft) § 254 nm (mg/L) 

WRRC 2 3-23-89 0.001 0.60 0.002 
FLD BLK 0.000 0.39 0.000 
WRRC 1 0.002 1.76 0.001 
EFFLUENT 0 
LS 3 11 0.059 2.07 0.029 
LS 5 13 0.055 2.12 0.026 
LS 2 27 0.059 2.80 0.021 
LS 4 28 0.042 2.07 0.020 
LS 1 40 0.059 3.10 0.019 
LS 6 45 0.036 1.88 0.019 
WR 61 118 
WR 63 118 
WR SO 145 

Bulk Water Sample 
SAMPLE DEPTH DATE UV ABS DOC UV/DOC TOX 

(ft) @ 254 nm (mg/L) 
UV/DOC 

(ug X/L) 

FLD BLK 3-30-89 0.006 0.34 0.018 
EFFLUENT 0 
LS 3 11 0.058 2.20 0.026 64 
LS 5 13 0.054 2.08 0.026 
LS 2 27 0.064 2.22 0.029 
LS 4 28 0.040 1.92 0.021 47 
LS 1 40 0.051 1.96 0.026 
LS 6 45 0.033 1.69 0.020 56 
WR 63 118 
WR 61 118 
WR 60 145 

Bulk Water Sample 
SAMPLE DEPTH DATE UV DOC UV/DOC TOX 

(ft) @ 254 nm (mg/L) (ug X/L) 

EFFLUENT 0 4-20-89 205 
LS 3 11 0.057 2.25 0.025 32 
LS 5 13 0.052 2.10 0.025 44 
LS 2 27 0.054 2.04 0.026 45 
LS 4 28 0.037 1.52 0.024 43 
LS 1 40 0.048 2.16 0.022 92 
LS 6 45 0.034 1.76 0.019 45 
WR 63 118 
WR 61 118 
WR 60 145 
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Bulk Water Sample 
SAMPLE DEPTH 

(ft) 
DATE UV 

@ 254 nm 
DOC 
(mg/L) 

OV/DOC TOX 
(ug X/L) 

FIELD BLANK 5-2-89 0.001 0.350 0.003 
EFFLUENT 0 
LS 3 11 0.061 2.560 0.024 29 
LS 5 13 0.061 2.250 0.027 
LS 2 27 0.063 2.350 0.027 
LS 4 28 0.043 1.830 0.023 45 
LS 1 40 0.058 2.190 0.026 69 
LS 6 45 0.035 1.900 0.018 
WR 63 118 
WR 61 118 
WR 60 145 0.020 1.180 0.017 



10K Ultrafiltration Sample 
SAMPLE DEPTH DATE DOC 

(ft) (mg/L) 

POND H20 0 
EFFLUENT 0 
LS 3 11 
LS 5 13 
LS 2 27 
LS 4 28 
LS 1 40 
LS 6 45 
WR 63 118 
WR 61 118 
WR 60 145 

1-17-89 4.70 

1.54 
5.89 

10K Ultrafiltration Sample 
SAMPLE DEPTH DATE UV ABS 

(ft) @ 254 nm 

FLD BLK 1-26-89 
EFFLUENT 0 
POND H20 0 0.138 
LS 3 11 0.067 
LS 5 13 0.067 
LS 2 27 0.062 
LS 4 28 0.063 
LS 1 40 0.056 
LS 6 45 0.047 
WR 61 118 0.035 
WR 63 118 
WR 60 145 0.019 

10K Ultrafiltration Sample 
Depth UV ABS DOC UV/DOC 
(ft) § 254 nm (mg/L) 

EFFLUENT 0 2-23-89 0.135 

LS 3 11 0.057 
LS 5 13 0.056 
LS 2 27 0.060 
LS 4 28 0.059 
LS 1 40 0.062 
LS 6 45 0.036 
WR 63 118 0.027 
WR 61 118 0.027 
WR 60 145 0.021 
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10K Ultrafiltration Sample 
SAMPLE DEPTH DATE UV ABS DOC UV/DOC 

(ft) § 254 nm (mg/L) 

FLD BLK 3-2-89 0.004 1.08 0.004 
EFFLUENT 0 0.117 8.05 0.015 
LS 3 11 0.053 1.99 0.027 
LS 5 13 0.051 2.03 0.025 
LS 2 27 0.060 2.39 0.025 
LS 4 28 0.056 2.50 0.022 
LS 1 40 0.059 2.70 0.022 
LS 6 45 0.034 1.77 0.019 
WR 63 118 0.029 1.36 0.021 
WR 61 118 0.026 1.62 0.016 
WR 60 145 0.020 1.62 0.012 

10K Ultrafiltration Sample 
SAMPLE DEPTH DATE UV ABS DOC UV/DOC 

(ft) @ 254 nm (mg/L) 

FLD BLK 3-16-89 0.002 0.51 0.004 
EFFLUENT 0 
LS 3 11 0.051 1.73 0.029 
LS 5 13 0.048 1.76 0.027 
LS 2 27 0.054 1.88 0.029 
LS 4 28 0.044 2.07 0.021 
LS 1 40 0.054 2.39 0.023 
LS 6 45 0.029 1.76 0.016 
WR 63 118 0.024 1.16 0.021 
WR 61 118 0.025 1.20 0.021 
WR 60 145 0.018 1.13 0.016 

10K Ultrafiltration Sample 
SAMPLE DEPTH DATE. UV ABS DOC UV/DOC 

(ft) 0 254 nm (mg/L) 

LS 3 11 3-23-89 0.049 2.04 0.024 
LS 5 13 0.043 2.15 0.020 
LS 2 27 0.049 2.16 0.023 
LS 4 28 0.034 3.02 0.011 
LS 1 40 0.049 2.46 0.020 
LS 6 45 0.027 2.08 0.013 
WR 61 118 
WR 63 118 
WR 60 145 



10K Ultrafiltration Sample 
SAMPLE DEPTH DATE UV ABS 

(ft) @ 254 nm 

EFFLUENT 0 4-20-89 
LS 3 11 0.054 
LS 5 13 0.052 
LS 2 27 0.052 
LS 4 • 28 0.037 
LS 1 40 0.048 
LS 6 45 0.035 
WR 63 118 
WR 61 118 
WR 60 145 

10K Ultrafiltration Sample 
SAMPLE DEPTH DATE UV ABS 

(ft) @ 254 nm 

LS 3 11 5-2-89 0.063 
LS 5 13 0.058 
LS 2 27 0.068 
LS 4 28 0.063 
LS 1 40 0.053 
LS 6 45 0.040 
WR 63 118 
WR 61 118 
WR 60 145 0.032 



IK Ultrafiltration Sample 
SAMPLE DEPTH DATE UV ABS 

(ft) 6 254 nm 

EFFLUENT 0 2-23-89 0.135 
LS 3 11 0.029 
LS 5 13 0.003 
LS 2 27 0.024 
LS 4 28 0.036 
LS 1 40 0.026 
LS 6 45 0.017 
WR 63 118 0.014 
WR 61 118 0.015 
WR 60 145 0.012 

IK Ultrafiltration Sample 
SAMPLE DEPTH DATE DOC 

(ft) (mg/L) 

FLD BLK 3-2-89 
EFFLUENT 0 
LS 3 11 2.15 
LS 5 13 2.12 
LS 2 27 1.24 
LS 4 28 1.89 
LS 1 40 1.87 
LS 6 45 1.29 
WR 63 118 1.48 
WR 61 118 0.75 
WR 60 145 1.54 

IK Ultrafiltration Sample 
SAMPLE DEPTH DATE UV ABS DOC UV/DOC 

(ft) @ 254 nm (mg/L) 

FLD BLK 3-16-89 0.68 
EFFLUENT 0 
LS 3 11 0.021 2.84 0.007 
LS 5 13 0.025 1.42 0.018 
LS 2 27 0.025 2.48 0.010 
LS 4 28 0.027 2.20 0.012 
LS 1 40 0.029 2.01 0.014 
LS 6 45 0.013 1.31 0.010 
WR 63 118 0.023 1.30 0.018 
WR 61 118 0.020 1.34 0.015 
WR 60 145 0.018 1.19 0.015 



IK Ultrafiltration Sample 
SAMPLE DEPTH DATE UV ABS DOC UV/DOC 

(ft) 6 254 nm (mg/L) 

LS 3 11 3-23-89 0.016 1.25 0.013 
LS 5 13 0.017 1.07 0.016 
LS 2 27 0.021 1.57 0.013 
LS 4 28 0.015 1.30 0.012 
LS 1 40 0.020 1.75 0.011 
LS 6 45 0.014 1.31 0.011 
WR 61 118 
WR 63 118 
WR 60 145 

IK Ultrafiltration Sample 
SAMPLE DEPTH DATE UV ABS 

(ft) 0 254 nm 

LS 3 11 5-2-89 0.031 
LS 5 13 0.038 
LS 2 27 0.043 
LS 4 28 0.027 
LS 1 40 0.029 
LS 6 45 0.033 
WR 63 118 
WR 61 118 
WR 60 145 0.024 



SOIL SAMPLE CHARACTERIZATION 

EOX (ug/g) 

POND AVG 0-1' 1.81 
POND AVG 1-2' 1.64 
B4DP 0-1' 1.43 
B4DP 1-2' 1.74 
B4M 0-1' 2.03 
B4M 1-2' 2.02 
B4LS 0-1' 1.98 
B4LS 1-2' 1.16 

BG AVG 0-1' 1.06 
BG AVG 1-2' 1.4 
BG1 0-1' 0.76 
BG1 1-2' 1.13 
BG2 0-1' 1.37 
BG2 1-2' 1.68 
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