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ABSTRACT 

The effectiveness of soil aquifer treatment (SAT) to 

renovate both tertiary (Site 1) and secondary (Site 2) 

wastewater was investigated using two small scale recharge 

basins. Suction lysimeters collected soil water samples at 

various depths within the vadose zone ranging from 0.5 to 20.0 

feet. Total organic halide (TOX) and dissolved organic carbon 

(DOC) were evaluated as an indication of the efficiency of SAT 

in removing organo-chlorine compounds and dissolved organic 

carbon found in the source waters. Approximately 77 percent 

of the TOX was removed from the tertiary wastewater during 

percolation through the vadose zone at Site 1, while the 

secondary source water underwent a maximum reduction of 

approximately 55 percent at Site 2. At Site 1 there was 

significant mobilization of in-situ humic materials causing 

increases in DOC concentrations at depth. These decreased 

with time and after 83 hours DOC concentrations at 20 feet 

were approximately 51 percent of inflow concentration. At 

Site 2 DOC removal ranged from 44 to 73 percent at a depth of 

15 feet for three flooding events. Discrepancies between the 

two locations are thought to reflect lithologic differences 

and dissimilarities in hydraulic loading rates. 
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INTRODUCTION 

Wastawatar R«u«« and Artificial Raoharga 

The increasing demand for water in the United States, 

particularly in the western region, has resulted in the 

realization that the expansive reservoirs formed by aquifers 

represent invaluable water supply sources as well as water 

storage facilities (Asano, 1985). Natural replenishment of 

the underground water supplies occurs very slowly. As the 

long-term demand increases, exploitation of groundwater 

resources continues to cause a decline in regional water 

levels. 

In recent years importance has been placed on the use of 

reclaimed municipal wastewater to augment natural water 

supplies. Wastewater reuse is now recognized as an important 

conservation measure by municipalities and other 

organizations. Many wastewater reuse projects are coupled 

with artificial recharge for the purpose of reclamation and 

storage. With rapid-infiltration systems, sewage effluent is 

applied to relatively permeable soils at rates that greatly 

exceed the evapotranspiration rates (Bouwer, 1984). In the 

most common scenario the recharged wastewater mixes -with the 

native groundwater and is subsequently recovered for direct 

non-potable purposes. By implementing rapid-infiltration soil 

aquifer treatment systems, renovated water that is free of 

much of the original biodegradable organics, suspended solids, 
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and bacteria can be available for many uses, thereby 

supplanting the need to use fresh water essential for domestic 

uses. However if the purpose goes beyond short term storage 

and recovery, and involves longer term goals which encompass 

potable reuse then the resulting water quality must be 

examined with greater scrutiny. 

Soil aquifer treatment (SAT) as a complement to standard 

treatment technologies has raised concern for the possible 

health effects associated with this process. The health 

aspects of wastewater reuse have been the subject of much 

recent research and are the prime concern for the safe use of 

wastewater for groundwater recharge as well as landscape and 

turf grass irrigation (Asano, 1985). The basis for these 

concerns is ensconced in the need for definitive information 

concerning the extent of contaminant removal by the soil 

system and the fate of micropollutants during the recharge of 

wastewater. Specifically, questions remain concerning the 

fate and transport of chlorinated trace organics which may be 

carcinogenic. 

The formation of trihalomethanes (THM's) during the 

chlorination of natural waters containing humic substances is 

well documented. Chloroform represents the most pervasive THM 

species, but accounts for only 10-20 % of the total organic 

chlorine (T0C1) observed in chlorinated drinking water (Amy 

and Wilson, 1989). T0C1 is comprised of a purgeable fraction 
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(POCl) and a nonpurgeable fraction (NP0C1). Humic substances 

comprised of humic and fulvic acids represent a large portion 

of the precursors to THM formation found in municipal 

wastewater. The organic matter that is found in treated and 

untreated municipal wastewater represents a wide range of 

organic compounds which include proteins, amino acids, 

carbohydrates, as well as humic substances. 

Dissolved organic carbon (DOC) that is found in untreated 

municipal wastewater typically occurs in concentrations of 

about 100 mg/L. Secondary and tertiary effluent commonly have 

DOC concentrations of about 15 mg/L and 10 mg/L respectively. 

Humic substances can account for as much as 50 % of the DOC in 

secondary and tertiary effluent. The apparent molecular 

weights (AMW) of these substances range from < 500 to > 

100,000 AMW (Amy, Bryant, and Beyani, 1987). In addition to 

the production of simple chloroform, use of chlorine in the 

disinfection of effluent results in the production of a 

heterogeneous mixture of chloro-humics and chloro-proteins 

that can be measured as NPOX (nonpurgeable organic halide). 

However these chlorinated disinfection products are not the 

sole source for organo-chlorine compounds in waste water, 

there are many anthropogenic sources as well. 

Strictly speaking total organic halide (TOX) is comprised 

of both of total organic chlorine (TOCL) and total organic 

bromine (TOBr). However, because of the low levels of bromide 
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in the effluent (<lmg/L), the vast majority of the TOX is 

T0C1. Therefore within the context of this research TOX and 

T0C1 can be used interchangeably. 

The fate and transport of wastewater derived TOX in the 

subsurface environment is currently ill-defined. In general, 

P0C1 related compounds can be expected to volatilize while 

NP0C1 compounds may be affected by biotic processes, chemical 

transformations, and adsorption. Planning for the eventual 

recovery of recharged effluent for potable reuse must include 

research focused to define the removal processes in operation 

during the percolation of effluent through the vadose zone. 

The City of Tucson has embarked on a recharge-recovery 

project, using reclaimed wastewater from the Rodger Road 

treatment plant. The wastewater is allowed to infiltrate from 

four basins covering an area of approximately 13 acres. 

Stored water is extracted during the peak demand season 

(approximately May through September) for crop and turf 

irrigation. The present purpose of this project is to balance 

the seasonal demands for nonpotable irrigation water. 

Eventually stored water may be recovered for potable uses. 

Sources for recharged water may include secondary as well as 

tertiary effluent. In this way the land treatment is a 

component in the overall process of treating the sewage 

effluent to potable standards. 
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Rtturoh Obj«otiv«s 

The objective of this research was to investigate the fate 

of organo-chlorine compounds (TOX) and dissolved organic 

carbon (DOC) in the vadose zone during the recharge of 

tertiary and secondary source waters. The nonpurgeable 

organic halide fraction was of primary interest in this 

research (NPOX = TOX) . Specifically the nonspecific parameter 

TOX was used to evaluate the fate and transport of organo-

chlorine compounds. In this way the risk of contamination of 

potable groundwater supplies due to rapid-infiltration of 

treated wastewater can be assessed. An additional task of 

this research was to contrast any differences in chemical 

changes that occur in both the tertiary and secondary source 

waters during soil aquifer treatment. In addition to TOX and 

DOC the following chemical parameters of applied and recovered 

tertiary and secondary effluent were examined: ultraviolet 

absorbance at 254 nm (UV), instantaneous trihalomethane 

(ITHM), specific absorbance (UV/DOC) and the TOX/DOC ratio. 

These parameters were evaluated in order to assess the 

performance of the soil profile in removing organo-chlorine 

compounds (TOX) and dissolved organic carbon (DOC) from the 

wastewater as it percolated through the vadose zone. Chemical 

changes with depth were examined by collecting soil-water 

samples from suction lysimeters installed throughout the 

profile beneath two small scale recharge plots at two 
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different sites. The two sites represent widely differing 

sediments which comprise the vadose zone. An additional task 

of this research was to contrast any differences in renovation 

due to site specific hydrologic and lithologic conditions. 

Generalised Site Description 

The first investigation was conducted at the Water 

Resources Research Center's Field Laboratory in Tucson, 

Arizona (Figure 1) . The facility is situated on the flood 

plain of the Santa Cruz River in the northwestern part of the 

Tucson Basin in Pima County. The basin is a broad sediment 

filled structural depression in the Basin and Range 

physiographic provence (Fenneman, 1931) . It is drained to the 

northwest by the Santa Cruz River, which is fed by Rillito 

Creek and Canada del Oro, all of which are ephemeral. The 

thickness of the unsaturated zone in the Tucson Basin ranges 

from 25 to 700 ft. It is thinnest along the Santa Cruz River. 

The lithology of the Water Resources Research Center site 

(herein referred to as Site 1) is comprised entirely of 

alluvial stream and flood-plain deposits. The depth to the 

static water table at this site is approximately 100 feet 

below land surface. Two test plots were employed at this 

site; one using tertiary effluent and a control plot using 

groundwater pumped from a nearby well. 

The second recharge experiment was conducted at the 

Sweetwater Storage and Recovery Facility (herein referred to 
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as Site 2) which is located in the northwestern part of the 

Tucson Basin in Pima County, on the west bank of the Santa 

Cruz River, approximately 1 mile from the Rodger Road 

Treatment Plant. Figure 2 illustrates the location of the 

Sweetwater Recharge and Recovery Facility. The lithology of 

the site consists of variably stratified alluvium ranging from 

over-bank deposits to high energy channel deposits. While the 

site is located on the flood plain of the Santa Cruz River, 

the experimental recharge plot is located within one of the 

larger basins itself (see Figure 3). The basin floor lies 

approximately 15 feet below the land surface and represents a 

horizon that has textural characteristics that are suitable to 

rapid-infiltration. The depth to the static water level in 

this area is approximately 120 feet below land surface (bis) . 

The first of these experiments was conducted in June of 

1989 at Site 1 (Water Resources Research Center). Tertiary 

effluent was used as the source water in this experiment. The 

second experiment at Site 2 was conducted during the months of 

July through November at the City of Tucson's Sweetwater 

Storage and Recovery facility. Secondary effluent was used as 

the source water for this experiment. 
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Wastewater Trntaant Prootsi at Rodgar Road 

The Rodger Road treatment facility provides secondary 

treatment which includes primary clarification followed by 

a trickling filter (biofilter), secondary clarification and 

chlorination. It is estimated that 80 % of the secondary 

effluent is discharged into the Santa Cruz River. During the 

first phase of the research at Site 1 excess was pumped to the 

tertiary treatment facility which provided dual media 

filtration and subsequent chlorination (Aamodt, 1990). The 

flow rate at the plant dictated the chlorine contact times and 

dose at both the secondary and tertiary facilities but both 

were typically higher at the tertiary facility. The tertiary 

effluent is presently pumped through the distribution system 

to a series of reservoirs located throughout the city. 
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LITERATURE REVIEW 

Groundwater recharge with reclaimed wastewater is 

gradually becoming a necessity in water-short areas such as 

Arizona. Where planned recycling of dwindling water supplies 

is being implemented, artificial recharge of the groundwater 

aquifers is seen as a promising approach for storage and 

additional treatment. When recycling includes domestic 

consumption, however, there are many unresolved questions 

(Roberts, 1980). Health-related water quality standards at 

the points of extraction are of primary concern. This is 

governed by water quality changes in the vadose zone and in 

the regional aquifers. These issues require further 

definition in order to evaluate the benefits and problems of 

this strategy to water reuse. 

This research is focused primarily on the fate and 

transport of chlorinated organics introduced to the vadose 

zone through artificial recharge of reclaimed wastewater. 

The scope of this review, therefore, will be limited to those 

processes, characteristics, and mechanisms which define the 

efficiency of soil aquifer treatment (SAT) of reclaimed 

wastewater. 

Soil aquifer treatment of wastewater depends on the 

direct passage of large quantities of water through the vadose 

zone for renovation. The degree of renovation is dependant on 

many factors such as soil characteristics, organic carbon 
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content {f̂ ) within the soil profile, pH, ion exchange 

capacity, flow rate, saturated vs. unsaturated flow, and the 

chemical characteristics of the wastewater itself. The 

dominant mechanisms which constrain the chemical evolution of 

the percolating water are functions of these elements in 

varying degrees. 

The chemical and biological nature of soil is complex, 

but can be generally divided into four components: 

atmospheric, aqueous, solid, and biotic. The fate of 

chlorinated organics during transport through the soil matrix 

is dependent of the partitioning of the compounds among these 

four components. 

Among the processes that may affect the attenuation and 

transformation of these compounds during the recharge of 

reclaimed water, adsorption, volatilization, and 

biodegradation are considered to be of primary significance. 

Additional processes include oxidation, reduction, hydrolysis, 

and dehalogenation reactions. 

The extent and importance of each of these mechanisms is 

specific to system conditions and the contaminant of interest. 

Because- of the heterogeneous nature of the organo-chlorine 

compounds found in reclaimed wastewater, the overall fate of 

TOX in the subsurface is likely to depend on all of these 

processes. The importance of each of these processes will 
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depend on the individual chemical species and their occurrence 

relative to the overall composition of the TOX in the 

wastewater. 

Adsorption 

Adsorption describes the process in which constituents 

are concentrated at the interface of two phases, either the 

solid-liquid, liquid-liquid, gaseous-liquid, or gaseous-solid 

boundary. Absorption describes the process when a component 

is transferred from the bulk state of one phase into the bulk 

state of the other phase. In many cases an independent 

determination of the nature of the process is not possible. 

In these instances sorption is the term used to describe the 

nonspecific process. Sorption occurs when the free energy 

(dG) of the sorption reaction is negative: dG = dH - TdS; 

where T is temperature (Hassett and Banwart, 1989). The 

enthalpy term (dH) is primarily a function of the difference 

in bonding between the adsorbing surface and the sorbate 

(solute) and bonding between the solvent (water) and the 

solute. The entropy term (dS) is related to the increase or 

decrease in the order of the system upon sorption. There is 

an assortment of forces and/or mechanisms that affect the 

relative bonding (dH) of the sorbate and sorbent vs. the 

solvent and solute that influence sorption, as well as factors 

that affect the overall randomness (dS) of the system (Hassett 

and Banwart, 1989). 
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Enthalpy Ralaf d Adsorption Forc«» 

London-van der Waals 

Attractive forces that arise from momentary dipoles about 

molecules due to small perturbations of electron distribution 

are referred to as London-van der Waals forces. Although the 

sign and location of the dipoles and induced dipoles are 

transient in nature, the net result is a weak attractive force 

(Hassett and Banwart, 1989). 

Coulombic 

Coulombic-electrostatic forces arise from a charged 

surface that is a result of either isomorphous substitution 

within the mineral lattice or protonation/deprotonation 

reactions of surface 02 and OH groups. Electroneutrality is 

maintained at the charged surface due to the attraction of 

oppositely charged ions (Hassett and Banwart, 1989). 

it Bonds 
Aromatic compounds have associated with them electron 

orbitals which are oriented perpendicular to the ring. These 

it bonds have been employed to better explain the bonding of 

alkenes, alkynes, and aromatic compounds to soil organic 

matter (Hassett and Banwart, 1989). 

Hvdroaen Bonding 

As the Is orbital of the H atom encounters a highly 

electronegative atom such as F, 0, S, or CI the electron 
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distribution becomes asymmetric. This results in an 

interaction that some have described as an induced dipole 

mechanism, resulting in a H atom bonding to two or more other 

atoms. Evidence suggests that this phenomena is more involved 

than a simple dipole interaction due to geometric 

configurations in certain H bonds (Hassett and Banwart, 1989). 

Liaand Exchange 

In this process one or more ligands is replaced by the 

adsorbing species. This can only occur if the adsorbing 

species is a stronger complexing agent than the supplanted 

ligand (Hassett and Banwart, 1989). 

Entropy Related Adsorption Forces 

Hydrophobic Sorption 

Hydrophobic sorption is the partitioning of nonpolar 

organics out of the polar aqueous phase onto hydrophobic 

surfaces in the soil (Hassett and Banwart, 1989). Although 

the primary hydrophobic surfaces are considered to be due to 

the soil organic matter, -Si-O-Si- bonds at the mineral 

surfaces are also responsible. The weak interaction between 

the solvent and solute is featured as the dominant 

characteristic in hydrophobic sorption. As the solute is 

removed from solution the cavity occupied by the solute is 

destroyed as well as the structured water shell around the 

solvated organic. This results in a large entropy change 

which drives the sorption process (Hassett and Banwart, 1989) . 
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Pradietinq the Distribution of Organic Compound* 

In the soil, adsorption can be defined as the process of 

chemical constituents migrating from the aqueous phase to the 

surface of the soil particles. As the solutes are temporarily 

or permanently immobilized into the stationary phase, the 

concentration of the trace organic substances in the pore 

solution will be reduced. Most often this is described as an 

equilibrium controlled process. Under what has become known 

as the local equilibrium assumption (LEA), equilibrium is 

assumed to exist at each point in space between dissolved 

solute, associated with the liquid phase, and solute 

associated, through sorption, with the solid phases of the 

soil matrix (Harmon et al., 1989). If the processes proceed 

rapidly with respect to the interstitial fluid velocity this 

assumption may be appropriate. However some studies have 

implied that sorption may be characterized by a fraction of 

sorption sites governed by rapid kinetics as well as one 

governed by rate processes that are orders of magnitude slower 

(Harmon et al., 1989). Brief discussions of both equilibrium 

and nonequilibrium models are presented below. 

The distribution of a solute between the aqueous phase 

and the solid phase at equilibrium can be mathematically 

described by either the Langmuir or Freundlich adsorption 

isotherm. Experimentally determined data may also be fitted 

into the simple proportionality equation: 
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S' ^ mKpC 

where X is the amount of solute adsorbed (ug), M, is the 

amount of soil (g), S is the adsorbed concentration (ug/g), C 

is the equilibrium solute concentration (ug/mL), and Kp is the 

soil adsorption constant (mL/g). In this equation Kp is 

particular to the soil and the chemical involved, and 

indicates the relative magnitude of adsorption. From the 

above equation it can be seen that when X is equal to zero , 

Kp is equal to zero, and no sorption or retardation of the 

compound occurs. 

Often when considering the above functionality in terms 

of transport, assumptions of instantaneous and equilibrium 

controlled reaction, isotherm singularity and isotherm 

linearity are made. Sorption-isotherm linearity is a major 

assumption when the advection-dispersion model is invoked. As 

seen above the linear sorption function is of the form: 

S=KpC 

Differentiating with respect to time yields 

dS „ dC 
dt'^dt 

This is then substituted into the one-dimensional transport 

equation 
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dC  ̂p BS_n&C BC 

to yield 

+-E -v-Hi 0 Bt dz2 Bz 

p B C - & C d C  
RSi DJP v~5i 

Where R is a retardation factor represented by 

R - i i * Z £ )  

When sorption isotherms for hydrophobic organic compounds 

(HOC's) are nonlinear they are typically represented by the 

Freundlich equation: 

S=KfCn 

Where Kf is the Freundlich isotherm partition coefficient and 

n is the power function describing the nonlinearity. The time 

differential of this equation yields: 

BS _ v w/in-1 BC _ y Be 
-Bt~KfnC It d~Bt 

The transport equation is the same as above except now R is 

defined as: 

J?=l+-̂  KfiiC0-1=1 "•"§ *d 

Where Kd is now the concentration dependent partition 

coefficient. The linearity of sorption isotherms is 

predicated and reflective of the partition coefficient being 
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independent of the equilibrium solution concentration 

(Brusseau and Rao, 1989). In a thermodynamic sense sorption 

equilibrium can be defined as the state at which the 

compound's fugacity in the sorbed phase and its fugacity in 

the solution phase are identical. Fugacity (f) is sometimes 

referred to as the escaping potential of a molecule and is 

related to the phase concentration such that 

f = F [ ]  

Where [ ] is the concentration and F is the fugacity 

coefficient, commonly expressed as the product of an activity 

coefficient (y) and a reference state fugacity (f0) . 

F = y f 0  

In general, nonlinear isotherms are a result of a 

concentration dependence exhibited by activity coefficients 

(Brusseau and Rao, 1989). The limiting values of these 

coefficients are approached in sufficiently dilute solutions 

and the isotherms therefore approach linearity (Karickhoff, 

1981). The term "sufficiently dilute" is ambiguous at best, 

but recent work has demonstrated that solution concentrations 

up to 0.056M can be considered infinitely dilute as a result 

of the aqueous activity coefficient remaining constant over 

this concentration range (Munz and Roberts, 1989). If the 

activity coefficient over a range of solution concentrations 
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remains constant, the solute-solvent interactions occurring in 

the solution remain of constant character over that range 

(Brusseau and Rao, 1989). This indicates an independence of 

solute-solvent interactions with respect to solution 

concentration which allows these interactions to go unchanged 

with increasing concentration except in amount. For example 

hydrophobic partitioning is controlled by a hydrophobic 

sorption mechanism; a constant activity coefficient implies 

that the partitioning process is independent of solute 

concentration and is by default constant over the 

concentration range. Because the process is invariant, the 

resulting partitioning coefficient is constant and the 

isotherm is linear. 

KBf and Solubility Relationships 

For non-polar hydrophobic organic substances, adsorption 

can be positively correlated to the organic carbon content of 

the soil. The influence of soil organic matter on adsorption 

can be expressed as follows: 

where f̂ . is the soil organic matter expressed in weight 

fraction, is the amount of soil organic matter (g) that 

equals mass of soil, M, (g) multiplied by the fraction of soil 
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organic matter, K,,,. is the soil adsorption constant in terms 

of the soil organic natter (mL/g) and X is the amount of 

solute sorbed. The slope of the relationship between Kp and 

percent organic carbon is the amount of sorption on a unit 

percent carbon basis (K̂ ). The K,,,. values are often 

interpreted as a measure of the contribution of hydrophobic 

forces to sorption. This assumption can be in error as there 

can be several different forces that can contribute to the 

resulting sorption isotherm. While hydrophobic forces may 

dominate for highly nonpolar species, it may or may not be 

accurate for polar species (Hassett and Banwart, 1989). The 

sorption of humic materials onto clays and oxide surfaces has 

been conceptualized as a ligand exchange mechanism. 

Although evidence for organic carboxylate ligand exchange is 

indirect, the sorption of humic substances is believed to 

occur in the following sequence: 

SOH+H*«SOH2 

S0H2+Hu-C(0) O-^SOHzO'CiO) -Hu 

SOHzO'CiO) -Hu**SOC(0) -Hu+HzO 

Where SOH represents the surface hydroxy1 group on the 

sorbent, and Hu-COCT represents the humic carboxyl group 

(Murphy et al., 1990). Because the protonation reaction is 
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the mechanism which renders the surface hydroxyl group more 

exchangeable there is a pH dependence on the sorption. 

Recent studies have indicated that the of an organic 

compound may be estimated from the octanol-water partition 

coefficient (K̂ ) of the compound. The octanol-water partition 

coefficient describes the hydrophobicity of an organic 

compound by partitioning it between the relatively polar 

aqueous phase and the nonpolar n-octanol phase. Several 

equations may be used to empirically estimate the K,,,. using the 

octanol-water coefficient: 

=̂0.63̂  

*̂ =0.72̂ *̂ +0.49 

compounds with a value of 200-300 or higher are expected to 

be effectively immobilized in the soil during most recharge 

operations. (Chang and Page, 1985). 

An important limitation concerning the use of or 

Ko,. - solubility relationships is that they do not include the 

potential contribution of soil minerals to sorption, 

particularly in low organic matter, high clay soils (Hassett 

and Banwart, 1989). When there is sufficient organic matter 

to mask the effect of clays good agreement between the 

calculated and predicted values for generally exists. 

However as the ratio of organic matter and clay decreases, 
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predicted values of sorption tend to underestimate 

experimental results. Some researchers believe that water 

reacts preferentially with the mineral fraction rendering it 

inert relative to nonpolar organic compounds (see Chiou et 

al., 1983). In contrast, research concerning the ability of 

zeolites to adsorb water has shown that -Si-O-Si- bonds are 

hydrophobic and hence potential sites for sorption of nonionic 

organic compounds (Hassett and Banwart, 1989). Water is 

adsorbed only at sites where there is a disruption of the 

bonding, creating —SiOH sites and at sites where cations are 

held to balance the negative charge of the mineral caused by 

isomorphous substitution (Hassett et al) . As isomorphous 

substitution increases the adsorption of water also increases. 

For various compounds sorption is the result of many 

simultaneous forces. While -K̂  and K,,,. - solubility 

relationships are adequate for many applications, they should 

not be used without great care. The structural and bulk 

chemical properties of organic matter in soils and subsoils 

vary between climatic and geochemical environments, and these 

variations influence HOC sorption (Murphy et al., 1990). For 

different soils the K̂ . of a single HOC compound may range over 

an order of magnitude, and such variations may be attributed 

to compositional differences in the organic matter, such as 

polarity and aromaticity (Murphy et al.,1990). Specifically 
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less polar humic substances with low 0/C ratios show greater 

binding affinities for HOC's (Murphy et al., 1990). Thus in 

a system such as that below a recharge basin, where the amount 

and nature of mineral bound humic matter is ephemeral, 

application of K,,,. relationships may not accurately describe 

the system behavior as the profile "ages" with time. In 

instances where, equilibrium controlled, hydrophobic 

contributions to sorption do not alone dominate, these 

relationships will not provide accurate predictions. In 

addition, these correlations are affected by such variables as 

PH, ionic strength, and the presence of other organic 

materials in solution, and should be taken into account when 

applying these concepts. 

Recently evidence has been presented (see Brusseau, 

1990) that in some situations sorption/desorption reactions 

are sufficiently slow as to invalidate the use of equilibrium 

concepts. In these situations the mass transfers are slew 

with respect to the advective flow of the pore fluids (Wu et 

al., 1986). Where fluid - solid contact times are short 

(minutes to days) and mass transfers do not proceed to 

completion before NnewM fluids have displaced incompletely 

equilibrated "old" fluids sorption kinetics will play an 

important role (Wu et al., 1986). Therefore in order to 

accurately describe fate and transport processes, during 
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rapid-rate recharge, the factors (if any) controlling sorption 

kinetics must be understood with respect to the chlorinated 

hydrophobic compounds found in wastewater. 

Rate-limited or nonequilibrium processes are generally 

grouped into two classifications: transport related and 

sorption related. Transport related nonequilibrium is 

described as a physical nonequilibrium which results from the 

heterogeneous nature of the flow regime. Preferential flow 

resulting from stratified media and/or macropores are examples 

of heterogeneities that result in physical (transport-related) 

nonequilibrium. In addition, using a bicontinuum 

representation, pore-water can be divided up into two domains: 

a mobile region and an immobile region. The conceptualization 

of the immobile region has been described as dead-end pores, 

intra-aggregate microporosity, surface films, and matrix 

porosity of fractured media (Brusseau and Rao, 1989). 

In these models, sorption at the sorbent-solvent 

interface is assumed to be instantaneous; the rate at which 

the solute is transported to and from this interface controls 

the sorption rate (Brusseau and Rao, 1989). Solute transport 

in the mobile region is assumed to occur through advection and 

dispersion processes, in contrast to the solute transfer in 

the stationary region which is presumed to occur only by 

diffusion. The mechanistic nature of this phenomena is 

emphasized by the fact that physical nonequilibrium is 
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exhibited by nonsorbing, as well as sorbing species. This 

demonstrates that a transport component and not a sorption 

reaction is involved as the mechanism for physical 

nonequ i 1 ibr ium. 

Sorption-related nonequilibrium may also result from 

chemical nonequilibrium or from rate-limited diffusive mass 

transfer (Brusseau et al.f 1991). Rate-limited interactions 

between the sorbate and sorbent can cause chemical 

nonequilibrium, but this is not felt to be of importance for 

the sorption of hydrophobic organic chemicals (HOC's). 

Generally this process is thought to be driven by the 

partitioning between the solution and organic matter component 

of the sorbent (Brusseau et al., 1991). Of the different 

processes involving diffusive mass transfer related to 

sorption nonequilibrium, intrasorbent diffusion is commonly 

believed to be the most significant with respect to HOC's. 

Data which is associated with sorption kinetics 

characteristicly shows a rapid initial uptake followed by a 

slow advance to equilibrium. Conceptually this can explained 

through the classification of sorption into two domains: 
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S^-FKpC 

dS~ 

where C is the solution-phase solute concentration (M/L3), Sj 

is the sorbed-phase concentration (M/M), in the 

"instantaneous11 domain, S2 is the 3orbed-phase concentration 

(M/M) in the rate limited domain, Kp is the equilibrium 

sorption constant (L3/M) , F is the fraction of sorbent for 

which sorption is instantaneous, t is time, and kt and k2 are 

forward and reverse first-order rate constants (1/T) 

respectively (Brusseau et al., 1991). This bicontinuum model 

can be the mathematical formulation for both physical 

nonequilibrium (i.e. transport nonequilibrium) and 

intraorganic matter diffusion. 

Intraorganic matter diffusion (IOMD) is considered to be 

the prime mechanism for the nonequilibrium resulting from 

mass-transfer resistance exhibited by HOC's. The two-stage 

sorption phenomenon is explained as sorption to external 

organic matter surfaces during the initial, rapid phase (St) 

and subsequent diffusion into the organic matter during the 

longer, rate-controlled phase (S2) (Brusseau and Rao, 1989). 

These are usually referred to as type I and type II domains 

respectively. Diffusion into the matrix of soil organic 

matter has been proposed by various investigators as the 
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primary sorption mechanism for HOC's, as well as a mechanism 

for rate-limited sorption/desorption (see Boesten and Van Der 

Pas, 1983, Bouchard et al., 1988, Chiou et al., 1979). Chiou 

has described the diffusion process as an uptake which results 

from the organic chemical permeating into the network of an 

organic medium by forces common to solution (i.e. van der 

Waals). Implicit in this conceptualization of sorption is 

that the soil organic matter is a homogeneous media. This is 

counter to the common knowledge that soil organic matter is a 

heterogeneous mixture of randomly oriented polymer chains and 

membrane-like aggregates. 

Nonideal behavior can be the result of several other 

processes in addition to those discussed above. Various 

transformation reactions such as chemical or biological 

degradation could lead to results that can be interpreted as 

nonequilibrium behavior. When transformation reactions are 

believed to be significant a term describing the attendant 

process can be included in the transport equation. A first-

order process has traditionally been used to describe 

biodegradation. 

Biodegradation 

Biological processes have long formed the basis of the 

treatment of wastewaters (Richards and Shieh, 1986). Within 

the subsurface environment microorganisms present within the 

soil are responsible for the metamorphosis and biodegradation 
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of organic compounds. In 'terms of ultimate fate, biological 

degradation is believed to be the only process that can affect 

the transformation of organics in the subsurface. Biological 

processes include biodegradation, biotransformation, 

bioaccumulation and biopolymerization. Products of such 

processes can be mineralized to inorganic species or organic 

by-products. Complete mineralization is a growth related 

process as is partial degradation. An increase in biomass and 

population is commonly associated with the assimilation of 

carbon and energy. Microbes responsible for converting the 

organic substrate into inorganic or organic by-products, 

utilize some of the substrate carbon to form intracellular 

components with an accompanied release of energy (Richards and 

Shieh, 1986) . Sometimes a pure culture will fail to 

mineralize or partially degrade a compound. In these 

instances persistence has been found to be a function of 

chemical structure and composition. Amines, methoxy, 

sulfonates, nitro groups and chlorine have been listed as 

chemical substituents which enhance persistence (Kobayashi and 

Rittmann, 1982). Molecular size is also believed to be a 

factor influencing biodegradability, with smaller molecules 

generally considered to be more degradable. 

Persistent organic compounds tend to undergo cometabolism 

(Richards and Shieh, 1986). The biologically mediated 

transformation of an organic compound that does not contribute 
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to the increased population or bioaass is referred to as 

cometabolism. This mechanism involves a primary substrate 

which controls the bacterial growth rates and hence the 

utilization rate of the secondary substrate (Davis and Olsen, 

1990). Often the utilization of the primary substrate 

produces enzymes which are involved in the subsequent 

transformation of the organic compound to a stage where the 

resultant metabolites can enter common metabolic pathways 

(Richards and Shieh, 1986). There is a minimum concentration 

of the primary substrate required to maintain the bacteria. 

Below this minimum, degradation will not occur because of 

bacterial decay. Various investigators have shown that 

substrate utilization declined to negligible quantities when 

the substrate concentration in a biofilm reactor approached a 

threshold value (McCarty et al., 1981) 

In addition to substrate availability, the interactions 

among environmental factors such as dissolved oxygen, redox 

potential, temperature, pH, competing organisms, 

concentrations of both compounds and organisms often control 

the feasibility of biodegradation (Kobayashi and Rittmann, 

1982). The availability of oxygen is a crucial factor in 

determining which substrates will be utilized by specific 

bacteria. Moreover, as oxygen is depleted other electron 

acceptors such as nitrate (denitrification), sulfate (sulphate 

reduction) and carbon dioxide (methanogenisis) become 
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increasingly important. Physio-chemical properties of the 

compound also play an important role in the degradation 

process. For example the compounds availability for 

degradation is directly related to its water solubility. The 

relatively recalcitrant compounds in solution can be degraded 

if they are first removed from the water. In addition, the 

structure of a compound determines if, and at what rate the 

compound will degrade under aerobic or anaerobic conditions 

(Davis and Olsen, 1990). It has been found that chlorinated 

aliphatics are more readily degraded under anaerobic 

conditions, while chlorinated aromatic compounds require 

molecular oxygen to break the ring structure and therefore 

degrade more efficiently under aerobic conditions (Davis and 

Olsen, 1990). Generally there is an inverse relationship 

between the extent of compound chlorination and the proclivity 

to be biodegraded. Hutchins and others (1984) have found that 

while some removal of trace organics found in wastewater 

occurred under anaerobic conditions, fractional breakthroughs 

for most of the heterocyclic compounds increased 

substantially when compared to aerobic conditions. Bouwer and 

others (1984) found that there was poor removal of 

chlorinatated aromatics during the recharge of secondary 

wastewater due to their persistence under anoxic conditions. 

Reductive processes are important in dehalogenation 

reactions for many compounds, however, and are well documented 
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especially for pesticides and chlorinated aliphatics. The 

mechanism involves the transfer of electrons from reduced 

organic substances via microorganisms or a nonliving mediator 

( i.e. Fe+3) (Koybayashi and Rittmann, 1982). The mediators 

are responsible for accepting electrons from reduced organic 

substances and transferring them to the halogenated compounds 

(Koybayashi and Rittmann, 1982). For reductive dechlorination 

to occur a substantial population of anaerobic bacteria must 

be present. 

Growth of anaerobic bacteria below a recharge basin 

requires ample utilizable substrate and a deficiency of 

oxygen. Investigations dealing with the maturation processes 

within a soil profile during artificial recharge have shown 

that as the penetration depth of organic material increases 

(due to an excess of aerobically biodegradable organic 

carbon), and the depth of oxygen transport decreases, 

anaerobic conditions are fostered (Wood and Bassett, 1975). 

As infiltration rates diminish through time the transport of 

oxygen rich water is inhibited and the anaerobic zone is 

thought to migrate upwards (Wood and Bassett, 1975). This 

spatially transient anaerobic zone is also thought to 

accelerate the decline in infiltration rates due to anaerobic 

growth and the accumulation of dead cells and the production 

of C02 in the pores (Wood and Bassett, 1975). 
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Anaerobic degradation of organic natter to carbon dioxide 

and methane involves interactions within consortia of 

fastidiously anaerobic bacteria (methanogenic consortia) 

(Koybayashi and Rittmann, 1982). The requirements of these 

detoxifying anaerobes include not only anoxic conditions but 

redox potentials of less than -0.2 V (Koybayashi and Rittmann, 

1982). Therefore the ephemeral nature of redox conditions 

during rapid-recharge of wastewater quite possibly could 

affect quality of treatment with respect to any chlorinated 

compound whose removal is dependent upon bacteria which are 

sensitive to such system conditions. This in turn could be 

incorrectly interpreted as an exhaustion of the soils sorption 

capacity. 

Of particular interest to SAT applications is the 

reductive dechlorination that occurs in algae. This process 

is thought to be a nonenzymatic photochemical transformation, 

which involves the absorbance of light energy by 

photosensitive compounds, which then transfer electrons to the 

chlorinated molecule. Phototrophic organisms (which include 

cyanobacteria, and photosynthetic bacteria in addition to 

algae) are important because of the ability to bioaccumulate 

hydrophobic compounds (Kobayashi and Rittmann, 1982). In 

general phototrophs do not promote complete degradation, but 

only transformation, therefore interactions with other 

organisms are important (Kobayashi and Rittmann, 1982). 
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Volatilization 

Trace organics in treated wastewater effluents consist 

primarily of low molecular-weight, non-polar organic 

substances whose high vapor pressure and relatively low 

solubility in water are especially conductive to rapid 

volatilization. During surface application of wastewater 

significant losses due to volatilization are expected. Low 

molecular weight volatile organic compounds can evaporate from 

dilute solutions with half-lives of only a few hours. 

In a moist soil, volatilization from the dilute aqueous 

phase is determined by the partitioning coefficient (1̂ ) 

between the water and the atmosphere. This parameter provides 

a comparative measurement of the ability of a chemical to 

partition between the air and water. The lower the numerical 

value of K„ the greater the tendency for the compound to be 

volatilized. Mathematically, the value of Ky equals the 

inverse of the Henry's Law constant and can be approximated by 

dividing the water solubility (C in ug/ml) by the saturated 

vapor pressure concentration (ug/cm3) (Chang and Page, 1985). 

The perfect gas law may be used to evaluate the saturated 

vapor concentration and Ky may be expressed as: 

K." [S X 0.062366 X (273.15 + T)]/[VT x H] 
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where T is the temperature (°C) at which the water solubility 

(S) was measured, VT is the saturated vapor pressure at T 

(mmHg), and M is the molecular weight of the organic compound. 

Bouwer (1985) reported that between 30 and 70 percent of 

the inflow concentrations of volatile organic micropollutants 

decreased as chlorinated effluent moved through recharge 

basins at the Flushing Meadows recharge facility. Many of the 

chlorinated compounds initially found in wastewater have high 

Henry's law constants and therefore are readily stripped from 

the wastewater. 

Chemical Degradation 

Included among the chemical mechanisms that may occur 

during SAT operations are: hydrolysis, oxidation, reduction 

reactions and photolysis. When compared to biological 

degradation however, these processes are likely to be of 

minimal importance because of the very long reaction rates. In 

sterilized soil for example, the half-life of halogenated 

organics ranges from months to years (Aamodt, 1990). 

Formation of Organo-chlorine Compounds During Disinfection 

Since the discovery that the disinfection of drinking 

water produced trihalomethanes (THM's), and particularly 

chloroform, much research has focused on aquatic humic 

material as the principle precursor. Much of the research on 

chlorination reactions in natural water has emphasized the use 
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of model compounds that represent degradation products of 

humic and fulvic acids. There is compelling evidence that 

there is a correlation between CHC13 formation and color 

intensity resulting from the presence of large humic and 

fulvic acid molecules (Faust and Aly, 1983). Particularly 

germane to this research is evidence that in addition to the 

formation of THM's many other chlorinated compounds are formed 

during the disinfection process. Research has shown that a 

majority of the components that result from the chlorination 

of humic acid are aliphatic and not aromatic, whereas the 

remainder are unchlorinated aromatic compounds (Norwood et 

al., 1981). However Glaze and Henderson (1975) noted that the 

majority of compounds identified in wastewater effluent were 

aromatic derivatives. The resulting components have been 

shown to include chloral, methyl mono,di-, and 

trichloroacetate, methyl-2,2dichloropropionate, 

dimethylmonochlorosuccinate, dimethylmonochloromaleate, 

dimethyldichloromaleate and various other less abundant 

compounds (Norwood et al., 1981). Comparison of yields 

between fulvic and humic acids shows that fulvic materials are 

responsible for approximately 60 percent more organically 

bound chlorine. 

This is consistent with the findings of Veenstra and 

Schnoor (1980) who illustrated that 87 percent of the THM's 
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formed during chlorination reactions resulted from precursors 

that were less than or equal to 3000 apparent molecular weight 

(AMW). In addition to molecular weight organo-chlorine 

production is a function of pH, temperature and precursor 

concentration. In many instances pH affects not only the 

yield but the type of chlorinated organics formed. Results 

from various studies have shown that THM formation is enhanced 

under alkaline or slightly alkaline conditions. Organo-

chlorine production is also augmented by increased temperature 

and precursor concentration. 

Urano and Takemasa (1986) obtained an empirical based 

equation that describes the formation of TOX when reagent 

humic acid and leaf mold are chlorinated. 

tTOX] =k7VX[TOC] [Cl2]'t* 

Where [TOX] is the total organic halogen after t hours in 

units of mg/L chlorine; [TOC] and [Cl2]0 are concentrations of 

total organic carbon and dosed chlorine in units of mg/L; kTOX 

is the rate constant and a and 0 are fitting parameters which 

describe the character of the organic precursor. 

Characterization of Chlorinated Constituents in Wastewater 

Many environmentally important anthropogenic compounds 

are halogenated. The list includes pesticides, plasticizers, 

plastics, and solvents to mention only a few (Koybayashi and 

Rittmann, 1982). The associated halogenated compounds 
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inevitably end up at the wastewater treatment plant. Any 

contaminants which are recalcitrant with respect to the 

treatment process, or result from the treatment process 

itself, will remain in the effluent and subsequently be 

COMPOUND NAME 
Chloroform Dichloromethoxytolulene 
1,1,1-trichloroethane* Trichloromethylstyrene 
Carbon tetrachloride* 
Tr i ch 1 or oethy lene* 
Dibromochloromethane* 
Tetrachloroethylene* 
Dichloroethene® 
o-dichlorobenzene* 
m-dichlorobenzene* 
p-dichlorobenzene* 
1,2,4-trichlorobenzene* 
Tr i ch 1 or opheno 1* 
Pentachlorophenol* 
Pentachloroanisole* 
3-chloro-2-methylbut-l-eneb 
Tetrachloroacetoneb 
Chloroethylbenzeneb 
Pentachloroacetoneb 
Hexach1oroacetoneb 

Trichloroethyl benzene 
Tr i ch1orocumene 

Trichloro-N-methylanisole 
Tetrachlorophenol 
Tetrachlorostyrene 

Tetrachlorophalate Deriv. 
Trichlorophalate Deriv. 
Dichloroacetate Deriv. 
Trichloroacetate Deriv. 
Dichloroaromatic Deriv. 
Dichloroaniline Deriv. 

Chiorocumene 
Dichlorotolulene 
Dichlorobutane 
5-Chlorouracilc 
5-Chlorouridinec 
8-Ch lor oca f fine* 
6-Chloroguaninec Dichloroethyl benzene1* 

Chloro-a-methyl-benzyl alcoholb 
Dichloro-a-methylbenzyl alcoholb 
Trichlorod imethoxyben z eneb 8-Ch1oroxanthine° 
Tetrachloromethoxytolueneb 4-Chlororesorcinol* 

Table 1. Chlorinated Organic Compounds Commonly Found in 
Wastewater. 

•Bouwer, 1985. 
bGlaze and Henderson, 1975. 
eJolley, 1975. 

recharged. Table 1 is an attempt to illucidate the broad 

spectrum of chlorinated compounds identifiable in wastewater 

effluent, both anthropogenic and those resulting from the 
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chlorination process. Glaze and Henderson (1975) found that 

most of the chlorinated compounds identified were aromatic 

derivatives and had concentrations in the microgram per liter 

range. Jolley (1975) found that the yield of chlorinated 

compounds increased with both reaction time and chlorine dose. 

BITE GEOLOGY 

Site 1 

Site 1 occupies the flood plain approximately 10-15 feet 

above the active channel of the Santa Cruz River. The parent 

material is mixed stratified alluvium. From 0 ft. to 

approximately 10.5 ft. the soils can be characterized as sands 

and loamy sands. Figure 4 shows a trilinear plot of the 

particle size distribution of ring samples taken with depth 

while drilling. The profile is dominated by sands (0.05-

2.0mm) and gravels (> 2mm). The highest amount of silt 

(0.002-0.05mm) is found at 1.5 feet (27.6 %) and quickly 

diminishes with depth until 13.5 feet. Between 0 feet and 3.0 

feet the soils can be classified as sandy loams and loamy 

sands, the primary difference being the amount of silt and 

clay present. From 4.5 feet to 13.5 feet the soils are 

comprised primarily of sands and gravels and are classified 

texturally as sands. At 13.5 feet, there is a well defined 

change in texture to a sandy loam. It is at this depth that 
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the clay content reaches a maximum of 13.9 %. Below 13.5 feet 

the soil texture quickly changes back to sand, with silt as 

low as 1 % and clay entirely absent. The fraction of organic 

carbon in the profile closely mirrors the clay content. 

Organic carbon content is at a maximum of 0.1 % at depths of 

1.5 feet and 13.5 feet where the clay content is highest. A 

minimum value of 0.01 % is found at 16.5 and 20.0 feet. 

Figure 5 illustrates the variability of organic carbon with 

depth and clay content. Volumetric moisture content appears 

to be a function of clay content as well. The two highest 

percentages occur at 1.5 feet (10.40 %) and 13.5 feet (15.50 

%), where clay content is also found to be highest. It was 

observed based on logs made while hand augering that there was 

a clay layer at a depth of approximately 4.5 feet. This layer 

is described qualitatively as a dense, dark, moist clay with 

little or no sand and approximately 0.5 feet thick. 

Qualitatively the soils at Site 1 can be described as 

loose, light to dark brown, moderately to well sorted, 

subangular to rounded, well drained, sand and silt with some 

interspersed fine gravel. 
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Percent by weight Sand 

Figure 4. Textural Classification of the soil Profile 
Below the Tertiary Test Plot at Site 1. 
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FRACTTION OF ORGANIC CARBON vs DEPTH 
TERTIARY WATER PLOT 

Site 1 

PERCENT ORGANIC CARBON 
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Site 1 

Figure 5. Variation of Percent Organic Carbon with Depth 
and Percent Clay Below the Tertiary Test Plot at Site 1. 
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Iiitholoaic Description; Site 1 

DEPTH GRAVEL SAND SILT CLAY MOISTURE foe 
(Ft) % % % % % % 
0.0 6.96 76.33 12.9 3.8 7.06 .08 
1.5 .52 67.80 27.6 4.1 10.40 .10 
3.0 3.27 79.40 14.7 2.6 7.76 .07 
4.5 12.60 84.20 3.1 0.2 2.89 .03 
6.0 38.70 53.60 6.1 1.7 3.70 .07 
7.5 22.00 75.10 2.8 0.2 2.79 .03 
9.0 22.20 75.90 1.8 0.2 2.66 .03 
10.5 30.60 65.90 1.7 1.7 2.84 .03 
13.5 26.30 38.20 21.4 13.90 15.50 .10 
15.0 41.20 55.20 2.2 1.5 4.36 .04 
16.5 21.20 77.90 1.0 0.0 2.45 .01 
20.0 8.35 89.40 2.3 0.0 2.77 .01 

Table 2. Particle Size Distribution for Tertiary Water Plot 
at Site 1. 

Site 2 

Site 2 is located inside of Basin 1 of the Sweetwater 

Underground Storage and Recovery Facility adjacent to the 

Santa Cruz River (see Figure 3). The floor of Basin 1 is 

approximately at the same elevation as the active channel of 

the river. The profile is dominated by coarse sands and 

gravels throughout. At most sampling points the silt and clay 

fraction are well below 10 % (on a weight basis) of the total. 

From the surface to approximately 3.5 feet the silt and clay 

fraction range from 8.17 % to 9.86 % and then decrease 

rapidly. The minimum silt and clay percentage is found 

between 6.5 feet and 9.5 feet with a value of 1.88 %. Below 

9.5 feet the fraction of silt and clay gradually increases to 
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a maximum value of 10.14 % found at approximately 18 feet. At 

19.5 feet this value decreases slightly to 8.47 %. Figure 6 

illustrates the textural classification of the profile below 

the secondary test plot. These deposits can be described as 

unconsolidated, moderately drained, buff to dark brown, 

moderate to poorly sorted, coarse, subangular to rounded, 

gravelly quartz sands and sandy gravels. 

At depths below approximately 15.0-16.0 feet the channel 

alluvium diminishes and basin fill material dominates. The 

contact between the two stratigraphic units is sharp at this 

location and can be defined by a clay layer that is found at 

the top of the basin fill unit. The clay layer is thin and 

was missed in the samples that were taken for the particle 

size analysis presented here. The clay was encountered in 

other sampling activity and can be qualitatively described as 

dense, massive, sticky, and dark brown in color. Below it the 

basin fill can be qualitatively described as slightly 

compacted to unconsolidated, light to dark reddish brown, 

moderately to poorly sorted, angular to subangular volcanic 

fragments, and coarse gravelly sands, with interbedded clay 

layers. 



Percent by weight Sand 

Figure 6. Textural Classification of the Soils at Site 2. 
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Litholoaic Description: Site 2 
DEPTH GRAVEL SAND SILT CLAY MOISTURE foe 
(Ft) % % % % % % 
0 65.5 26.32 3.93 4.24 1.58 0.098 
2.0 67.1 23.03 4.90 4.96 3.70 0.087 
3.5 72.6 23.73 1.86 1.80 3.65 0.059 
5.0 60.8 37.32 0.90 0.98 4.52 0.013 
6.5 52.0 43.87 1.73 2.40 2.94 0.021 
8.0 61.6 37.51 0.90 0.98 3.19 0.018 
10.5 45.9 48.85 3.03 2.22 3.77 0.022 
12.0 69.1 26.70 4.20 1.64 3.87 0.021 
13.5 58.8 35.10 3.25 2.84 3.90 0.022 
15.0 63.3 27.56 4.95 4.18 8.34 0.017 
16.5 61.3 28.56 7.08 3.06 9.24 0.022 
18.0 57.0 34.53 5.76 2.71 7.21 0.015 

Table 3. Particle Size Distribution For Secondary Plot 

A comparison of both sites in terms of organic carbon 

fractions indicates that while site 1 has a higher organic 

carbon content at the surface, both sites have approximately 

the same fractions until 5 feet. Figure 7 shows that at the 

5 foot depth the organic carbon content at Site 1 increases 

significantly higher than that of Site 2, which remains 

somewhat constant with depth. At Site 1 a maximum 0.10 % is 

reached at a depth of approximately 13.5 feet and then 

decreases to a minimum value of 0.01 %. This decrease 

corresponds directly with a decrease in the silt and clay 

fraction (and an increased sand fraction) as seen in Figure 7. 

The organic carbon content as a function of clay and silt 

content is well correlated at Site 1. Site 2 shows some 

correlation but while the percent silt and clay increase with 

depth the fraction of organic carbon tends to remain constant. 
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FRACTION OF ORGANIC CARBON vs DEPTH 
Site 1 and Site 2 

PERCENT ORGANIC CARBON 
0.00 0.02 0.04 0.06 0.08 0.10  0.12 

0.00 

5.00 

O 10.00 

- o 

[2 15.00 

20.00 

Site 2 
oo-oo-o Site 1 

Figure 7. Comparison of Variations in Percent Organic 
Carbon as a Function of Depth for Site 1 and Site 2. 
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As shown in Figure 8 Site 1 shows a greater variation in 

the percent silt and clay as a function of depth than does 

Site 2. Site 1 contains lenticular clay deposits throughout 

the profile, specifically at 1.5 feet and 13.5 feet, while the 

clay occurrence within the profile at Site 2 is more evenly 

distributed with depth. A depth-wise average of silt and clay 

for Site #1 and Site 2 indicates values of 10.62 % and 6.21 

% respectively. 
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PERCENT SILT AND CLAY vs DEPTH 
for 

Site 1 and Site 2 

PERCENT SILT AND CLAY 
0.00 10.00 20.00 30.00 40.00 

0.00 

5.00 -

S3 10.00 -

S 15.00 -

20.00 -

25.00 J 
Site 2 

oo*oo Site 1 

Figure 8. Variations in Silt and Clay as a Function of 
Depth for Site l and Site 2. 
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MATERIALS AMD METHODS 

T«8t Plot Configurations 

Site 1 

Two identical plots were constructed at Site 1 using 

plastic covered wooden walls. One plot was supplied with 

tertiary effluent while the other acted as a control and was 

supplied with goundwater pumped from a nearby well. Each plot 

measured 12 feet by 12 feet and had approximately 2 feet of 

freeboard above the land surface. There was no excavation of 

surface deposits other than what was required to install the 

plot walls. A float valve was installed in each plot to 

maintain a constant head during testing. Small diameter pipes 

conveyed both the tertiary effluent and the groundwater to the 

plots. The cumulative inflow was measured for each, in ft3, 

using flow meters. 

Ceramic cup suction lysimeters were installed at depths 

of 0.5, 1.0, 2.0, 5.0, 8.0, 15.0, and 20.0 feet below land 

surface (bis) in the reclaimed water basin. Tensiometers were 

located at depths of 0.5, 1.0, 2.0, 5.0, and 6.75 feet (bis) 

as well. An 8 foot aluminum cased access hole was located in 

the center of the plot for the purpose of logging with a 

neutron moisture probe. The instrumentation of the freshwater 

basin was similar, with lysimeters located at depths of 0.5, 

1.0, 2.0, 4.0, 9.0, 15.0, and 20.0 feet (bis). The ten-
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siometers were installed at depths of 0.5, 1.0, 2.0, and 9.0 

feet (bis). A 7 foot aluminum cased neutron access hole was 

installed in the center of the plot. Between the two plots 

another aluminum cased neutron access hole was completed to 8 

feet in order to monitor any lateral movement of water during 

recharge. In each basin the 15 foot and 20 foot lysimeters 

were installed in holes constructed by hollow-stem auger. 

Based on the characterization of the lithology the samplers 

throughout the profile were located above the interface of low 

permeability layers to take advantage of local regions of 

saturation which would enhance sample collection. 

Site 2 

At Site 2 a plastic covered, steel-walled 12 foot by 12 

foot plot was employed during the testing with secondary 

source water. The installation procedure was virtually the 

same as that at Site 1. The secondary effluent source water 

was delivered via a diversion pipe from the main pipeline 

coming from the Rodger Road Treatment Plant. A float valve 

similar to that at Site 1 was used to regulate the head within 

the plot. A flow meter was used to measure cumulative inflow 

and inflow rates. No freshwater control plot was used at this 

site. 

Stainless steel lysimeters were installed at this site at 

a depth of 1.0, 2.5, 5.0, 7.5, 9.0, 15.0, and 20.0 feet (bis). 

The 7.5, 15.0 and 20.0 foot lysimeters were installed using a 
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hollow-stem auger rig. Tensiometers were installed at depths 

of 1.0, 2.5, 5.0, and 7.0 feet (bis). A steel neutron access 

tube was driven to a depth of approximately 15 feet in the 

center of the basin to allow monitoring of the wetting front 

to be followed with a neutron moisture probe. In addition 

there were two other access holes installed adjacent to the 

plot completed to a depth of approximately 17 feet. 

Ceramic Cup suction Lvsimetora 

Each lysimeter consists of a porous ceramic cup which 

acts as the intake for soil water collection, a body tube, a 

pressure/vacuum line, and a sample discarge line. Samples are 

collected by evacuating the lysimeter with a hand-operated 

pump to obtain a partial vacuum. If the pressure in the 

sampler is lower than the soil tension in the surrounding 

sediments, water will migrate into the porous cup. Intimate 

contact between the ceramic cup and the unsaturated sediments 

is essential in order to collect sample. This hydraulic 

contact was achieved through the use of 200 mesh silica flour 

installed as a slurry in the annular space surrounding the 

ceramic cup. In addition to establishing a good hydraulic 

contact, the silica flour increases the area of influence and 

allows more water to be intercepted. After sufficient'time to 

collect sample has passed, the water is then brought to the 

surface under positive pressure through the sample discharge 

line. 
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The ceramic lysimeters consist of a polyvinylchloride 

body 2 feet long with an outside diameter of 1.9 inches. The 

separate sample and vacuum lines consist of .25 inch O.D. 

polyethylene tubing and a small portion of neoprene tubing 

retrofit on the end at the land surface. After being 

evacuated a pinch clamp was attached to each line at the land 

surface to preserve the vacuum. Figure 9 illustrates the 

configuration of the ceramic cup lysimeter used. The bubbling 

pressure of these units is 2300 cm of water, however the 

effective operational limit is between 600 and 800 cm of 

water. 

Stainless steel Lvsimeters 

All components of these lysimeters were constructed from 

316 stainless steel. The lysimeters are approximately 1.5 

feet in length and 2 inches in diameter. A 4 inch section of 

porous stainless steel acts as the intake for soil water 

collection. The bubbling pressure of the porous stainless 

steel was 200 centimeters of water. As shown in Figure 10 

there are two stainless steel tubes extending from the top of 

the unit, one for air pressure and one for fluid return. 316 

stainless steel tubing was used to extend these leads to the 

surface where tygon tubing was connected to a vacuum 

manifold. The operation of these units differed from that of 

the ceramic samplers. The stainless steel lysimeters were 

operated under a continuous vacuum, while the ceramic units 
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Figure 9. Schematic of Ceramic Cup Lysimeters used at 
Site l. 
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Figure 10. Schematic of the Stainless Steel Lysimeters 
used at Site 2. 
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were evacuated using a hand pump and then closed off at the 

surface. Each of the stainless steel lysimeters was connected 

to a manifold which was subsequently connected to an electric 

vacuum pump that operated continuously. 

Installation Procedure for Lvimefr» 

As mentioned above, the lysimeters that were placed at 

the greater depths were installed using a hollow-stem auger 

rig. The installation procedure for both sites 1 and 2 were 

practically identical, and a generalized installation 

procedure that was employed is found in Appendix A. The 

primary difference between installation procedures for Sites 

1 and 2 is that screened native material was used as the 

slurry rather than silica flour at Site 2. 

Prior to installation the silica flour was checked to see 

if it acted as a source or sink for either TOX and DOC. Using 

the tertiary effluent, batch experiments indicated that both 

the TOX and DOC concentrations were unaffected by the silica 

flour. 

Raii aampiinq Protocol 

During drilling operations at both Site 1 and Site 2 soil 

samples were taken using an 18 inch core-barrel sampler. 

Samples were collected in three 6 inch brass sleeves that were 

approximately 2 inches in diameter. After retrieval the 

individual sleeves were covered with Parafilm and capped. An 

airtight seal was maintained by taping the plastic caps firmly 
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in place. The samples were then transported to the Soil and 

Plant Testing Laboratory at the University of Arizona where 

the bulk density, moisture content, particle size distribution 

and percent organic carbon were determined. 

Water Sampling Protocol 

Because the silica flour at Site 1 was installed as a 

slurry it was necessary to remove any water that remained. 

This was done by evacuating and purging each sampler until no 

more water could be collected. This ensured that any dilution 

of tertiary wastewater was minimized, and also allowed another 

means to determine the arrival time of the water. Upon 

arrival of the wetting front, samples were collected as often 

as the intake rate of the sampler would allow, by applying a 

positive pressure to the pressure vacuum line of the unit. At 

Site 2 the low bubbling pressure of the stainless steel units 

did not allow immediate sampling of the wetting front. 

Therefore the first samples collected are not considered to 

represent the arrival time of the wetting front. At both 

sites a time-lagged series of samples was generated. To 

minimize contamination between sampling times, approximately 

the first 100 ml of each sample was discarded. 

After the sample was collected any excess water was 

removed from the sampler as thoroughly as possible. The 

ceramic cup lysimeters were evacuated to a pressure of 

approximately 700 centimeters of water (70 centibars). 
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Continuous vacuum applied to the stainless steel lysimeters 

was approximately 270 centimeters of water (27 centibars). 

Because it was assumed that the TOX concentration of the 

source water did not vary with time, at either site, any 

intake rate variability did not effect the representativness 

of lysimeter samples. The samples were collected in 240 ml 

acid washed amber bottles with teflon septa, which were then 

put on ice until they could be transported to the refrigerator 

at the University of Arizona Environmental Engineering 

laboratory where they were stored at 4 °C. 

Calibration of the Neutron Moisture Meter 

A neutron moisture meter was used to determine changes in 

moisture content in the profiles below the test plots at both 

Site 1 and Site 2. The relationship between volumetric water 

content and the neutron logging data (counts/time) was based 

on a linear regression between volumetric water content 

(determined gravimetrically) and the corresponding count/time 

data (or count ratio for Site 2) for the depth of interest. 

At Site 2 the count ratio was determined by dividing the 

average of two count/time readings at the depth of interest by 

the average of 10 standard shield counts taken just prior to 

logging the hole. The count ratio was then regressed against 

moisture content to determine the equation of the line. 
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At Site 1 the initial water content was determined from 

soil samples taken at three depths: 2.0 ft, 3.0 ft, and 4.0 

ft, at two different locations within the tertiary water plot 

before flooding. Shortly after the plot was drained, the same 

depths were sampled again, and then once more at a later time 

which represented an intermediate wetness between initial 

conditions and those that existed directly after flooding. 

The volumetric water content (6) was calculated by determining 

the mass of the water in the sample by gravimetric analysis 

and assuming that the density of the water approximated 1 

g/cm3. The following relationship was then used: 

q. Mhi°x 1 - Vh*° 
ph2o ^total ^total 

Since the intent was to observe gross changes in volumetric 

water content, hysteretic effects were neglected. The 

moisture data was correlated to the corresponding neutron 

logging data taken at the time of sampling. Inherent is the 

assumption that the soil properties (i.e. bulk density) in the 

vicinity of the neutron access tube did not differ greatly 

from the sampling points. 

The procedure was virtually the same at Site 2, however 

the nature of the material made it difficult to collect soil 

samples below 2 feet by hand. Therefore an attempt was made 



72 

to correlate the moisture contents from the ring samples taken 

during drilling to the initial count/time readings observed 

prior to flooding. The bulk density, which was determined 

from the ring samples, was used to determine a porosity at 

each depth sampled. This was done by assuming a mean particle 

density of 2.65 g/cm3 and using the following relationship: 

x Pb 

The count/time data generated during flooding was then 

examined. The stabilization of the counts/per time at each 

depth of interest during flooding was taken to represent 

saturated or near saturated conditions and the water content 

was assumed to equal the porosity. A linear regression was 

developed using those points considered to represent saturated 

conditions and initial conditions. The linear regressions 

that were generated for Site 1 and Site 2 are illustrated 

below in Figure 11. The calibration procedure and moisture 

determination at Site 2 was complicated by equipment failure. 

Initially a Troxler Moisture Probe and Scaler was used, but 

failed during testing. A Campbell Pacific Moisture Meter was 

then obtained and logging continued using this instrument. 

Some error was undoubtably introduced by differing responses 

of the two instruments, this was not possible to quantify 
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however. Strictly speaking the differences in calibration for 

the two meters should be accounted for. 

Boil Pressure Meaur—nt« 

Estimates of changes in soil suction were monitored using 

tensiometers and a Tensimeter*. The tensiometers were filled 

with Milli-Q water and sealed at the top with a replaceable 

silicon filled septa. Soil pressures were measured with the 

Tensimeter, which pierced the septa with a syringe. This 

elicited a response from a pressure transducer depending on 

the air pressure in the tensiometer above the water column. 

A digital readout gave pressure in millibar. The corrected 

pressures were obtained by subtracting off the length of the 

water column above the ceramic tip of the tensiometer. 

ANALYTICAL PROTOCOL 

Inflow, pond and lysimeter samples were analyzed 

according the following analytical procedures. 

1. Upon returning samples to the laboratory an aliquot was 

transferred to a 72 ml septa sealed, headspace free, serum 

vial for trihalomethane analysis. 

2. The remaining water was filtered through a prewashed 0.45 

um filter to segregate the dissolved organic matter (DOM). 

Following filtration each of the samples were then sparged 

with nitrogen gas at a flow rate of approximately 30 ml/minute 

for no less than five minutes to ensure the removal of any 
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volatile organics that might remain. This portion was then 

analyzed for DOC, UV (6 254 nm), and TOX. Data quality was 

affirmed through random replicate analysis. 

Trihalomethanes 

Concentrations of chloroform (CHC13), 

dichlorobromomethane (CHBrCl2) , dibromochloromethane (CHBr2Cl), 

and bromoform (CHBr3) were determined using a Hewlett Packard 

5794 Gas Chromatograph with an electron capture detector. 

Compound separation was accomplished using a DB-1 Hegabore 

Capillary column. Chromatographic information was processed 

and recorded using a Hewlett Packard 3390 Reporting Integrator 

(Aamodt, 1990). 

Periodic instrument calibrations were done against 

prepared standards for the compounds of interest. Various 

volumes of the standard solutions were then injected into 72 

ml serum vials containing Milli-Q water and fit with teflon 

septa. Pentane extracts were obtained by injecting five 

milliliters of THM grade pentane into the vial using the 

double syringe technique. The vials were then agitated for 

two minutes. Two microliters of the pentane were then 

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

Accurate sample concentration was determined by standards 

prepared over the expected concentration range. Samples used 

to generate the calibration curve were run in triplicate to 
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assure a statistically reliable result. Calibration curves of 

concentration verses integrated peak area were constructed to 

determine response factors for each compound of interest. 

These response factors were then programmed into the 

integrator (Aamodt, 1990). 

The analysis of the samples followed a similar procedure 

by decanting the sample from the sealed amber bottles into a 

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

crimped metal top. The remainder of the procedure was 

identical to the sample preparation and analysis. Duplicate 

samples were run to ensure analytical accuracy. Discrepancies 

between duplicate samples of 10 percent or less was considered 

acceptable (Aamodt, 1990). 

n.as urn Filtration 

All samples were filtered with Millipore 0.45 um filters 

via a vacuum filtration apparatus. In order to remove any 

impurities present due to manufacturing residues each filter 

was washed with a minimum of 500 ml of Milli-Q water prior to 

use. The samples were then filtered using an acid washed 

vacuum flask. If the sample was not immediately analyzed it 

was stored at 4 degrees Celsius in an acid washed amber glass, 

bottle. 

Ultraviolet Abaorbance (Q2S4 

Using a Shimadzu UV-160A Recording Spectrophotometer 

ultraviolet absorbance was measured. Matched one centimeter 
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quartz cuvettes were used for both the ultra pure standard and 

the sample. Prior to each analysis the sample was allowed to 

equilibrate with the ambient temperature and the instrument 

was zeroed using Milli-Q water. To minimize crossover the 

sample cuvette was rinsed with Milli-Q water between analyses. 

Dissolved Organic Carbon 

Using a Dohrmann DC-80 Total Organic Carbon analyzer 

dissolved organic carbon (DOC) was measured in the filtered 

samples. The calibration of the instrument prior to sample 

analysis involved injecting 1 ml of a 10.0 mg/L DOC standard 

prepared with potassium acid phalate solution. Standard 

calibration injections were done until the instrument display 

was reading within 1 percent of the standard concentration. 

Samples were placed in acid washed 10 ml vials and acidified 

to a pH of 2 or less using a 15 percent phosphoric acid 

solution and subsequently sparged with ultra high purity 

nitrogen for five minutes. A Unimetrics 1 ml syringe was used 

to inject a 1 ml aliquot of sample into the instrument. All 

samples were run in duplicate and the average was reported. 

Discrepancies of 5 percent or less was considered acceptable. 

Total Organic Halide 

Total organic halide concentrations were determined using 

Dohrmann DX-20 and DX-20A Total Organic Halide analyzers. The 

procedure involves an initial adsorption stage followed by a 

quantification stage (Aamodt, 1990). 
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Organo-chlorine compounds were first adsorbed onto 100-

200 mesh activated carbon using the Dohrmann adsorption 

module. Each adsorption channel was cleaned with methanol and 

rinsed with one channel volume of Milli-Q water to prevent 

cross contamination between samples. This was done prior to 

using the instrument and between each sample. 

A 25 ml sample was prepared by the addition of 0.5 ml of 

sodium sulfate to reduce any residual chlorine to chloride. 

To enhance adsorption efficiency 0.5 ml of nitric acid was 

then added- These prepared samples were then passed through 

two pyrex columns, in series, containing the activated carbon. 

EPA method 506 was followed in packing the carbon columns 

(Aamodt, 1990). To facilitate sample passage through the 

columns the channels were pressurized by high grade (99.995 %) 

C02 at 20 psi. The final step in the adsorption stage 

involved removing adsorbed chloride with a wash of 5000 mg/L 

potassium nitrate solution. The nitrate channel was 

pressurized to 5 psi with high grade C02. 

The second stage of the procedure involved the 

quantification of halogen adsorbed on the carbon. The first 

step of this procedure involved instrument performance checks. 

Initially a standard of known chlorine concentration was run. 

A 5 uL aliquot of pentachlorophenol (in Baxter HPLC-grade 

methanol) containing 1 ug/uL of chlorine was injected onto a 



79 

combusted piece of cerafelt in the sample boat. The response 

of the instrument was checked for percent recovery and 

tailing. A result that was within 5 percent of the standard 

was deemed acceptable. Blanks of activated carbon (two 

columns in series) washed with 5 ml of nitrate solution were 

prepared and subsequently combusted to establish a background 

resulting from the carbon. Instrument performance and blank 

quantification was done regularly throughout the day during 

operation. 

Samples were prepared and analyzed only after it was 

established that the instrument was operating properly. TOX 

concentrations were calculated in the following manner: 

TOX(ugCl /L)  = ( ( T ^ B ) ~ B L A N K )  

rUXi 

Where T = mass reading for top column 

B = mass reading for bottom column 

BLANK = global average reading for the blanks 
» 

VOL = volume of sample adsorbed in liters. 

The bulk water parameters of THM's, TOX, DOC, and UV 

absorbance (@254 nm) were selected in order to evaluate the 

performance of the vadose zone in removing organo-chlorine 

compounds and dissolved organic carbon from the the wastewater 

effluent during recharge. 
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During the summer of 1989 both the freshwater and 

tertiary test plots at Site 1 were flooded. The freshwater 

plot was flooded first from June 7, 1989 to June 9, 1989. The 

total amount of water applied from the basin was 656 cubic 

feet. The tertiary test plot was flooded a week later from 

June 15 to June 19, 1989. The cumulative inflow for the 

tertiary basin was 1336 cubic feet. The head in the 

freshwater plot was kept at a constant height of approximately 

0.5 feet while the head in the tertiary plot was maintained at 

approximately 0.6 feet. Because of restrictions relating to 

permitting requirements, both test plots were shut down after 

it was determined that the wetting front had reached 20 feet. 

The secondary test plot at Site 2 was operated to more 

closely coincide with an actual SAT system. This was possible 

because the test plot was located within Basin 1 of the 

Sweetwater Underground Storage and Recovery Facility (see 

Figure 2) which is permitted for the recharge of wastewater. 

A total of nine flooding cycles of approximately 7 days were 

run, each of which was followed by a 7 day drying cycle. The 

first, third and fifth cycles, are referred to in this report 

as Cycle 1, Cycle 2 and Cycle 3, respectively. The dates of 

these cycles are: July 11 to July 18 (Cycle 1), September 4 to 

September 11 (Cycle 2) and October 9 to October 17, 1990 

(Cycle 3). A total of 9330 cubic feet, 8712 cubic feet, and 
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6810 cubic feet were applied to the profile for Cycles 1 

through 3 respectively. A constant head of approximately 1 

foot was maintained during all of the cycles. 

Hvdrologic Data 

Site it Tertiary Teat Plot 

Figure 12 illustrates the changes in infiltration rate as 

a function of time for the tertiary test plot at Site 1. The 

initial infiltration rate was approximately 3.25 ft day"1. 

This rate diminished rapidly as soil suction was reduced and 

gravity flow predominated. The infiltration capacity was 

approached asymptotically and reached a near-steady value of 

approximately 1.52 ft day"1. 

As the wetting front advanced downward the soil suction 

decreased rapidly as illustrated in Figure 13. Except where 

initial soil moisture contents were high, there is a sharp 

decrease in the pressure upon arrival of the wetting front. At 

depths where the initial water content was high the drop in 

suction was more subdued. From Figure 13 it can be seen that 

after approximately 2.5 hours the soil pressure at 1 foot in 

the tertiary plot drops off sharply as the water content in 

the soil increases. The tensiometer data is summarized in 

tabular form in Appendix B. 

In addition to the use of tensiometers, a neutron 

moisture probe was used to monitor the movement of the water 
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INFILTRATION RATE vs. TIME 
TERTIARY EFFLUENT TEST PLOT 

Site 1 
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Figure 12. Infiltration Rate Curve for the Tertiary Water 
Test Plot at Site 1. 
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SOIL WATER PRESSURE vs. TIME 
TERTIARY WATER PLOT 
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Figure 13. Changes in Soil Suction as a Function of Time 
at the Tertiary Test Plot at Site 1. 
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below both the freshwater and tertiary effluent test plots at 

Site 1. Figure 14 illustrates the change in volumetric water 

content with depth below the tertiary test plot at three 

different times. This diagram clearly shows increased water 

contents as the wetting front proceeded downward. The 2 foot 

depth shows the most pronounced increase in water content from 

19.40 % to approximately 47 %. The lines representing the 

initial conditions and time equal to 13 hours converge at 

approximately 5.0 feet (see Figure 14) which implies that as 

of 13 hours the wetting front had not reached 5.0 feet. 

A plot of each depth monitored, found in Figure 15, 

indicates that the 2 foot depth exhibits the most dramatic 

increase in water content, going from approximately 19.40 % to 

a value approaching 47 %. This seem exceptionally high, 

considering the porosity of a soil of this nature would be 

expected to be in the range of 35 %. Some of the depths show 

steady values that seem to underestimate the expected porosity 

if saturated conditions are assumed. At 4.0 feet for example, 

the water content increases from approximately 9.68 % to just 

about 24 %, far below the expected porosity given the nature 

of the material. A possible explanation for this behavior 

could be that this is a zone of transmission, and storage is 

minimal at this depth. A close look at the lithology in this 

vicinity indicates that sands and gravels are at a maximum (= 

96 %) , and silt and clay are minimal; roughly between 4.5 and 
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VOLUMETRIC WATER CONTENT vs. DEPTH 
TERTIARY WATER PLOT 

Site 1 
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Figure 14. Changes in Volumetric Water Content for Various 
Times During Flooding of the Tertiary Water Plot at Site 1. 
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Depths below the Tertiary Water Test Plot. 
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9.0 feet. Within this interval, the 6 foot depth contains the 

highest percentage of silt and clay which corresponds to the 

highest initial water content found in this section of the 

profile. From 5 to 7.7 feet the graphs show minimal increases 

in water content as compared to 2,3 and 4 feet. Again, this 

could be interpreted as a reflection of the transmissive 

characteristics of the soils in this portion of the profile. 

The indirect measurement of soil water using a neutron probe 

is dependent on other properties in addition to 0. Count 

rates are affected by soil properties such as dry bulk 

density, various chemical components of the soil and the soil 

solution. Therefore this data should be regarded as 

qualitative rather than quantitative. 

The tensiometer data (see Appendix B.) indicates that the 

soil pressure at the 5 foot depth drops off but does not go to 

zero, which implies some degree of unsaturation. At the 6.75 

foot depth, however, the soil pressure does go to zero at 

approximately 22 hours. 

Sita l: Freshwater Taat Plot 

The freshwater test plot was operated in an identical 

fashion to that of the tertiary water test plot. Figure 16 

illustrates the change in infiltration rate as a function of 

time for the freshwater plot. The initial rate of 

approximately 2.51 feet day'1 diminished through time to a near 
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Figure 16. Infiltration Rate as a Function of Time for 
the Freshwater Test Plot at Site 1. 
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steady value of approximately 1.86 feet day1. From Figure 16 

it can be seen that the initial rate dropped off quickly to a 

minimum rate of 1.73 feet day1 and then increased to a steady 

value of 1.86 ft day1. 

No calibration was done for the neutron moisture probe to 

determine changes in water content during flooding for the 

test plot. The wetting front was followed by observing the 

increase in the count rate throughout the profile during 

flooding. The tensiometer data indicates that the profile 

reached saturation at all depths observed, except at the 1 

foot level which indicated slightly negative pressures. The 

tensiometer data for the test plot is summarized in Appendix 

B. 
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WATgR QUALITY KBgTOTg 

The tertiary effluent and freshwater sources at Site 1 

were characterized with respect to THM's, TOX, DOC, and UV 

absorbance at 254 nm. The results are summarized in Table 4 

below. A tabular summary of the chemical results for both the 

THM TOX E>OC UV Absorbance 
(ug/L) (ug/L) (mg/L) (0254 nm) 

Freshwater <1.0 6.0 1.5 0.01 

Tertiary Eff. 17.0 181.3 11.4 0.17 

Table 4. Average Characteristics of Freshwater and 
Tertiary Effluent Source Waters at Site 1. 

tertiary water plot and freshwater plot are presented in 

Appendix C. 

Freshwater Plot: Total Organic Halide Results 

The used for the control plot had a background of 

approximately 6 ug/L for TOX, which is very close to the limit 

of detection. The average TOX concentrations within the 

profile during flooding ranged from 4.21 ug/L (actually below 

the detection limit) for the 0.5 foot depth to 31.77 ug/L for 

the 20 foot depth. The complete data base for the freshwater 

plot is found in Appendix C. Figure 17 characterizes the 

averaged TOX values for each depth below the freshwater plot. 

The average for all depths combined was 16.9 ug/L. The source 

for the TOX is unknown, however it can be speculated that the 

extensive agricultural activity on the farm adjacent to the 
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AVERAGE TOX VALUES vs. DEPTH 
FRESHWATER PLOT 

Site 1 
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Figure 17. Average TOX Concentrations for the Freshwater 
Control Plot at Site 1. 
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site may have been an influence. The area where the test 

plots are located has an agricultural history and it is 

possible that pesticides used in the past or present resulted 

in the positive interference observed. If the compounds were 

applied long ago, however, it would be expected that they 

would have been degraded by the time of the experiment. 

Trace amounts of naturally occurring organic halogens are 

thought to be ubiquitous in the environment and have been 

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

anthropogenic activities (U.S. EPA, 1980). Groundwater in 

southern Sweden ranging in age from 1300 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 (Aamodt, 1990). Soils were found to contain 

210 to 1400 ug AOX per gram of soil organic matter (Aamodt, 

1990). 

Freshwater Plot; Distribution of DOC in the Profile 

The background DOC concentration for the freshwater was 

found to be approximately 1.5 mg/L. As flooding proceeded all 

the lysimeters sampled showed significant increases in DOC 

concentrations. Figure 18 illustrates the changes in DOC with 

time for the 0.5 foot depth.The samples that were collected 

from the lysimeters exhibited a "tea" color that was not seen 

in the samples taken from the profile below the tertiary water 

plot. No inorganic analysis was done for either of the source 
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DOC CONCENTRATION vs. TIME 
FRESHWATER TEST PLOT 
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Figure 18. DOC as a Function of Time for 0.5 feet Below the 
Freshwater Plot at Site 1. 
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waters at Site 1. It is suspected that differences in ionic 

strength and composition between the tertiary and freshwater 

may have resulted in increased leaching of humics from beneath 

the freshwater plot as compared to the tertiary test plot. 

Freshwater Plot; PV Absorbance g ?M 

Generally the ultra-violet absorption was higher for the 

freshwater samples than for the tertiary water samples. This 

is not surprising considering their color which resulted from 

leaching organic matter from the soil. A plot of the changes 

in UV absorbance for the 0.5 foot depth below the test plot 

are found in Figure 19. It is evident that there is a 

significant increase over the absorbance value of the source 

water (0.011 cm *!) . 

Tertiary Test Plot; Total Organic Halide Removal 

The average TOX concentration in the tertiary pond water 

was 181.3 ug/L. The coefficient of variance for the entire 

TOX database was 5.13 %. From Figure 20 it can be seen that 

the overall trend indicates there is a decrease in TOX 

concentration with depth. Figure 20 also indicates that there 

is an increase in TOX concentration at a given depth with 

time. The- exception to this seems to be the 5 foot depth 

which shows a significant decrease in TOX concentration 

between 53 hours and 83 hours. This is contrasted by 

increases in TOX concentration during that time period at 
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UV ABSORBANCE vs. TIME 
FRESHWATER TEST PLOT 
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Figure 19. UV Absorbance as a Function of Time; 0.5 feet 
Below the Freshwater Plot at Site 1. 
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TOX CONCENTRATION vs. DEPTH 
TERTIARY WATER PLOT 
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Figure 20. TOX Profiles for the Tertiary Water Plot at 
Various Times During Flooding at Site 1. 
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depths of 15 and 20 feet. It is felt that this data point is 

erroneous as it contrdicts the other data. The increases at 

lower depths could be indicative of a potential decrease in 

treatment efficiency in the overlaying portions of the soil 

profile. From 0.5 feet to 2 feet, TOX concentrations decrease 

between 42 and 53 hours then increase to a concentration very 

close to, or above the initial concentration at 42 hours. 

This increase after 53 hours could be a reflection of 

desorption processes and/or a deterioration of the mechanisms 

responsible for the disappearance of TOX at those depths. In 

order to evaluate the removal efficiency of the profile 

through time more closely, relative concentrations (C/C0) 

expressed as percentages are used. The average TOX 

concentration in the pond was used as CD. Table 5 summarizes 

the relative concentrations (expressed as percentages) at 

various times. 

If the 5 foot depth is neglected at 83 hours, the TOX 

profiles in Figure 20 suggest that there is a decrease in 

removal potential within the upper portions of the profile 

with time. This is supported, but not very strongly, by the 

data in Table 5. While all the depths (with the exception of 

5.0 feet) do show increases they are not strong, and well 

within the limits of analytical error as mentioned above. 

There are significant increases at 15 and 20 feet between 53 
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HRS/FT 12 20 48 53 83 

0.5 55.82 56.97 58.60 49.05 57.35 

1.0 N/A 68.13 46.14 54.04 57.35 

2.5 57.65 55.03 44.80 41.57 50.59 

5.0 N/A 16.14 47.98 54.63 28.91 

8.0 N/A N/A 47.33 43.80 48.21 

15.0 N/A N/A 13.93 12.52 24.59 I 
1 20.0 N/A N/A 10.49 BDL 23.02 I 

Table 5. Relative Concentrations of TOX (C/C„) for the 
Tertiary Test Plot at Site 1. 

and 83 hours, which may suggest increased desorption and /or 

decreased sorption from higher in the profile. 

At 8 feet the removal of TOX between 48 and 83 hours 

remains fairly constant which could be indicative of some sort 

of pseudo-equilibrium at this depth. From 8 feet to 20 feet 

there is additional removal; resulting in a further decrease 

in TOX concentration. The increase observed from 53 hours to 

83 hours at both 15 and 20 feet could be a reflection of a 

decrease in the treatment capacity of the profile between 8 

and 20 feet. Because the redox conditions within the profile 

are transient during recharge, it could be that the microbial 

populations are susceptible to changes in such system 

conditions and therefore were not able to contribute to the 

removal of TOX. Moreover, because there was only one 
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relatively short flooding event there nay not have been 

sufficient time for the microbes to completely assimilate. 

Additionally there could be concurrent exhaustion of the 

sorptive capacity of the soil leading to further decreases in 

removal. 

TTtiarv W«t>r Plots Distribution of DOC Within th» Profil* 

The average DOC concentration found in the tertiary 

effluent source water was approximately 11.4 mg/L. The 

complete database for the DOC is found in Appendix C. At the 

onset of flooding there was a distinct pulse of DOC picked up 

by the shallow lysimeters. The most dramatic increase in DOC 

was at the 1 foot depth which had an initial concentration of 

approximately 26 mg/L after 9 hours. Figure 21 is an 

illustration of the changes in DOC with depth for various 

times. The initial pulse of dissolved organic carbon is 

attributed to the mobilization of in-situ humic material that 

was leached out of the profile during flooding. As with the 

TOX data, an analysis of the relative concentrations of DOC 

was done for various times. Table 6 summarizes the results. 

From Table 6 it is clear that the profile is acting as a 

source of DOC. The pulse seems to be dampened with depth but 

there are clear increases in DOC at 15 and 20 feet at 53 and 

83 hours respectively. At 8 feet the relative concentrations 

remain fairly constant through time. This is similar behavior 

to that which was observed for the TOX. This could further 
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DOC CONCENTRATION vs. DEPTH 
TERTIARY WATER PLOT 
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Figure 21. Dissolved Organic Carbon Concentrations 
versus Depth for the Reclaimed Test Plot at Site 1. 
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HRS/FT 12 20 48 53 83 

0.5 113.42 108.16 78.1 76.31 78.59 

1.0 N/A 154.38 105.10 88.68 71.05 

2.0 71.05 115.9 70.53 105.96 56.93 

5.0 N/A 50.44 73.60 68.33 55.53 

8.0 N/A N/A 66.50 68.51 64.91 

15.0 N/A N/A 63.24 66.23 70.35 

| 20.0 N/A N/A 30.89 37.72 49.74 

Tabls 6. Relative Concentrations of DOC (C/C0) for the 
Tertiary Test Plot at Site 1. 

support the hypothesis that this horizon attained a local 

equilibrium during flooding. 

It is interesting to note that at early times when the 

concentrations of DOC are at the highest levels, there is 

still a decrease in TOX concentrations. For example, at 20 

hours the relative concentration of DOC at 1 foot is 154.38 % 

while that for the TOX is 68.13 %. Similarly at 48 hours the 

relative DOC concentration at this depth drops to 105 % while 

the relative concentration of TOX is reduced to 46.15 %. This 

replacement of in-situ organic matter for the organic matter 

found in the tertiary effluent, which represents a fraction of 

the TOX concentration (i.e. chlorinated organic compounds), is 

a direct reflection of the additional mass available and the 
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undersaturation of the solution with respect to dissolved 

organic carbon. 

Because the tertiary test plot was not flooded again 

after this test, it was not possible to determine whether or 

not the presence of soluble in-situ humic material enhanced or 

inhibited the uptake of TOX. The presence of this soluble and 

mobile organic matter is important for a number of reasons. 

It is possible, for example, that if some components of the 

TOX partitioned into or sorbed onto this mobile fraction of 

organic matter, their transport may have been facilitated to 

lower depths. Although these humic macro-molecules are 

themselves subject to various mechanisms of retardation, their 

movement to lower depths can be aided by transport through 

preferential flow paths. This is only conjecture as there is 

no direct evidence of this occurring. It is important however 

to recognize that such mechanisms do pertain to, and can 

effect, this particular system. 

Changes in the TOX/DOC ratio can give an indication as to 

the relative mobility of TOX with respect to the bulk 

dissolved organic carbon. For example, if the TOX/DOC ratio 

(ug/L) decreases with depth for a particular time then this 

suggests that the TOX fraction of the DOC experiences 

retardation relative to the bulk organic carbon in solution. 

On the other hand if the ratio increases then this may imply 

that the TOX is relatively mobile with respect to the bulk 
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dissolved organic carbon. Table 7 summarizes the changes in 

the TOX/DOC ratio at various times. 

HRS/FT 12 20 48 53 83 

0.5 7.83 8.38 11.94 10.22 11.61 

1.0 N/A 7.02 6.98 9.69 12.84 

2.0 12.91 7.55 9.14 6.24 14.14 

5.0 N/A 5.09 10.37 12.72 8.28 

8.0 N/A N/A 11.33 N/A 11.86 

15.0 N/A N/A 3.50 5.18 5.56 

20.0 N/A N/A 5.41 BDL 7.36 

Table 7. Summary of the TOX/DOC Ratio (ug/mg) for the 
Tertiary Test Plot at site 1. N/A = Data Not Available. 

While it is difficult to define strong trends in the 

data, it is apparent that at most depths (the 5.0 foot depth 

being the exception) there is an increase in the TOX/DOC ratio 

at 83 hours. This is presumably influenced most strongly by 

the decreasing DOC concentrations with time as the initial 

pulse of mobile organic matter is distributed throughout the 

profile. Because the profile was acting as a source for DOC 

it is difficult to draw any conclusions with respect to the 

transport of TOX using this data. 

Tertiary Water Plot: PV Absorbing a 254 m 

Ultra-violet absorbance is a surrogate parameter for the 

humic substances present in the DOC portion of a sample. 

Double bonds and especially aromatic rings tend to absorb 



104 

ultra-violet light at the 254 nm wavelength. Some positive 

interference can result from the presence of amino acids and 

proteins, however humic substances tend to absorb light much 

more strongly at this wavelength and their interferences are 

not thought to be significant. Figure 22 illustrates the UV 

absorbance profiles at various times for the tertiary water 

plot at Site 1. The average UV absorbance for the pond water 

was calculated to be 0.17 cm The summary for the UV data 

from the tertiary test plot is presented in Appendix C. The 

trend of the data illustrated in Figure 22 corresponds well 

with the observed increases in DOC at the same times and 

depths. 

Normalizing the UV absorbance relative to the DOC 

concentration can give an indication as to the humic content 

of the DOC fraction (sometimes referred to as specific 

absorbance). An increase in this parameter would indicate 

that humic substances (which includes humic and fulvic acids) 

are increasingly mobile, while a decrease would indicate a 

recalcitrance to transport with respect to the bulk DOC, 

during recharge. The average specific absorbance for the 

tertiary pond water was approximately 0.015. 

Figure 23 illustrates the behavior of the specific 

absorbance parameter with depth at various times. From the 

trends illustrated, it is evident that the specific absorbance 



105 

UV ABSORBANCE vs. DEPTH 
TERTIARY WATER PLOT 
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Figure 22. UV Absorbance Profiles for Various Times 
during Flooding of the Tertiary Water Test Plot. 
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SPECIFIC ABSORBANCE vs. DEPTH 
TERTIARY WATER PLOT 
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S3 HOURS 
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Figure 23. Specific Absorbance Profiles for Various Times 
during Flooding of the Tertiary Water Test Plot. 
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data substantiates the hypothesis of a mobile humic fraction, 

and corresponds veil with the observed increase in DOC during 

the initial stages of flooding. With the exception of the 20 

foot depth, there is an increase in specific absorbance 

throughout the profile, which indicates that there is an 

increased humic component to the DOC at these depths and 

times. Of particular importance is the lack of response at 20 

feet. While the 15 foot lysimeter shows increases from 48 to 

83 hours the 20 foot lysimeter remains constant. As discussed 

earlier the DOC at 20 feet does increase with time, as does 

the UV absorbance (see Figure 21) . This implies that the 

humic materials are conservative with respect to the bulk DOC. 

In other words as the DOC changes so does the humic content. 

This has important implications concerning potential reuse 

schemes. If the objective is to extract recharged water for 

potable reuse then the THM formation potential of the 

extracted water could be significantly increased if measures 

are not taken to reduce precursor concentrations prior to 

disinfection. Because the flooding cycle was not repeated the 

extent of the organic source within the profile could not be 

determined. It is possible that a significant mobilization of 

humic material would not occur again after the initial pulse 

was exhausted. 
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At depths where neutron logging enabled the determination 

of moisture content, it was possible to complete a mass 

balance with regard to TOX. At Site 1 neutron logging allowed 

volumetric moisture contents to be calculated from 2 feet to 

approximately 8 feet below the tertiary test plot at various 

times during flooding. Lysimeters were located at 2, 5, and 

8 feet which permitted a depth-wise TOX profile to be 

generated at each time of interest. The areas under each of 

these respective curves was determined by graphical 

integration. The following dimensional analysis is helpful in 

illustrating the mass balance procedure. The TOX and 

volumetric water content profiles developed for T = 48 hours 

are used as an example. 

Let A* = Area under $ vs. depth curve 

Arox = Area under TOX vs. depth curve 

such that: 

* - ( - £ •  > < w  

SOIL 

and 

<w 
too 

Where: 
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Yk20 = Volume of water 

VgoiL m Volume of soil 

1 = Depth of soil. 

Multiplying the two areas yields: 

Mmvi 2 > a — TOX ™fr*tox rr 
SOIL 

aq^tox^soil _ U  
r  2 

Referring to Figures 24 and 25 ATOX =610.0 (fig Ft L"1) and A, 

1.755 (6 Ft). The mass in the profile at 48 hours is then: 

(610.0 P&Ft) (1.7550ft) (24451.2L) 
mnx= ; =7 27 ,117 . 56 \lgtox 
mx 36 Ft2 

This in turn can be compared to the mass of TOX that would be 

in the profile had no removal taken place (M*). M* is obtained 

by multiplying the volume of water in the profile (liters) by 

the initial TOX concentration of the tertiary effluent source 

water (ug/L). The ratio of these values is an indication of 

the percent removal of TOX to 8 feet at a given time. 
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TOX CONCENTRATION vs. DEPTH 
TIME = 48 HOURS 

TERTIARY WATER PLOT 
Site 1 

TOX CONCENTRATION (ug/L) 
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Figure 24. TOX Profile Below the Tertiary Water Plot 
T=48 Hours, at Site l 
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VOLUMETRIC WATER CONTENT vs. DEPTH 
TIME = 48 HOURS 

TERTIARY WATER PLOT 
Site 1 
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Figure 25. Volumetric Water Content Profile below the 
Tertiary Water Plot at T=48 Hours, Site 1. 
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MPxotii0m 727,117 .56 jiff =56.1Q% (.-.-43.9%) 
AT* 1,296, 867 . 8|igr 

The percent removal for various times is summarized in 

TIME (HR8) 
25 

48 

53 

83 

PERCENT REMOVAL 
67.83 % 

43.90 % 

41.55 % 

55.65 % 

Table 8. Percent Removal of TOX Below the 
Tertiary Water Plot at Site 1. 

Table 8; the corresponding graphs are found in Appendix D. 

From Table 8 it appears that the reductions in mass calculated 

using this method are similar to what would be expected 

considering the relative concentration data. There is a 

decrease in percent removal with time that may be attributed 

to an exhaustion of sorption capacity with time. There are 

limitations to this method that should be addressed. 

Since the volumetric water content is determined 

indirectly by the neutron moisture probe the calculated masses 

are subject to any errors associated with the calibration of 

the probe as well as other errors inherent in using the 

moisture probe. At 3.0 feet the percent moisture before 

flooding was found to be 7.06 % by mass. Assuming a pb of 
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1.65 g/cm3 the volumetric moisture content would be 

approximately 11.65 on a volume basis. This compares well to 

the value of 11.90 obtained from the regression for initial 

conditions. However at 6 feet the comparison is not as 

favorable. The percent moisture at this depth was found to be 

3.7 % by mass prior to flooding. Assuming the same pb the 

calculated volumetric water content is 6.10 which is 

significantly lower than the value of 36.14 obtained from the 

regression for inital conditions. While the above method of 

analysis may be valid, it is entirely dependent on the proper 

calibration of the instrument. It is apparent from the data 

that the initial volumetric water contents calculated for 

various points within the profile are far greater would be 

considered reasonable. 

A major assumption in the above analysis that may also 

contribute to the error, is that the concentrations used to 

generate the mass of TOX are absolute. Pore liquid 

composition can vary according to the size of pores being 

sampled. The pore liquid extracted from sequences of large 

pores can vary greatly in composition from that which is 

extracted from smaller micropores (Wilson, 1990). For these 

reasons it is felt that the relative TOX concentrations are 

more representitive of the actual removal within the profile. 
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Bite 2t Secondary Bffluent Plot 

Hvdroloaic Data 

There were a total of nine flooding and drying cycles at 

Site 2. The three cycles addressed in this discussion 

correspond to the first (Cycle 1) the third (Cycle 2) and the 

fifth (Cycle 3) flooding/drying cycles. The hydraulic loading 

rates at the Sweetwater Storage and Recovery Facility were 

much greater than at Site 1. Figure 26 illustrates the 

infiltration rate curve for Cycle 1. From this figure it can 

be seen that the highest rate approached 50 feet day1. This 

represents an order of magnitude increase in rate as compared 

to the tertiary effluent plot at Site 1. 

The shape of the curve in Figure 26 indicates that the 

rate declined as the air in the profile was removed then 

increased to approximately 30 feet day'1. The rate then 

decreased steadily to approximately 2 feet day'1. This 

behavior is similar to that observed in the freshwater plot at 

Site l. Figure 27 illustrates changes in volumetric water 

content during Cycle 1 at various times. Volumetric water 

contents in this illustration are qualitative at best. The 

initial rates in Cycle 2 (Figure 28) approached 65 feet day1, 

then declined rapidly to approximately 2 feet day'1. This 

large infiltration rate is attributed to the textural nature 

of the profile which is predominantly coarse gravels, sand and 



80- INFILTRATION RATE vs. TIME 
~ FLOODING CYCLE 1 

JULY 11, 1990 TO JULY 16, 1990 
SECONDARY EFFLUENT TEST PLOT 
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40-
© 

20-
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Figure 26. Infiltration Rate versus Time for Cycle 1; 
Secondary Effluent Test Plot at Site 2. 
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VOLUMETRIC WATER CONTENT vs. DEPTH 
SECONDARY WATER PLOT 

Site 2 

VOLUMETRIC WATER CONTENT 
0.00 10.00 20.00 30.00 40.00 50.00 

0.00 

T1 4.00 -

3 8.00 -

T2 

12.00 - T4 T3 

T1 — Initial Conditions 
T2 = 2.5 Hra 
T3 = 6.5 Hra 16.00 J 
id — D.J ara 
T4 = 27.0 Hra 

Figure 27. Changes in Volumetric Water Content with Depth 
for Various Times During cycle 1 of the 

Secondary Test Plot at Site 2. 
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cobbles. 

An interesting point is that although the rates in Cycle 

2 were much greater initially, the total volume of water 

applied to the profile was less; 9330 cubic feet in Cycle 1 as 

opposed to 8712 cubic feet in Cycle 2. This is a direct 

indication of the onset of plugging at the surface and in the 

profile. 

This trend continued into Cycle 3 in which 6810 cubic 

feet of secondary effluent was applied. Figure 28 also 

illustrates the infiltration curve for Cycle 3. While the 

initial rate is consistent with Cycle 1 the decline is much 

more rapid due to the increased effects of clogging. The soil 

pressure data indicate that the suction drops off rapidly 

during flooding and at some depths goes positive. This is 

illustrated in Figure 29 which shows the response of the 1 

foot tensiometer during flooding Cycle 1. Figure 29 

exemplifies a characteristic response of soil pressures during 

Cycle 1. 

Water Quality Raaulta 

The secondary effluent source water at Site 2 was 

characterized similarly to the tertiary effluent at Site 1 and 

was evaluated in terms of DOC, TOX, and UV absorbance. The 

analysis was performed at the Environmental Engineering 

Laboratory at the University of Arizona by Amiee Conroy. The 

average water quality results are presented below in Table 9 
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flOl INFILTRATION RATE va.TIME 
FLOODING CYCLE 2 

SEPTEMBER  4  TO SEPTEMBER 11. 1990 
SECONDARY EFFLUENT TEST PLOT 
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FLOODING CYCLE 3 

OCTOBER 9 TO OCTOBER 17. 1990 
SECONDARY EFFLUENT TEST PLOT 
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Figure 28. Infiltration Rate versus Time for Cycles 2 and 
3 of the Secondary Effluent Test Plot at Site 2. 
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100-1 

SOIL WATER PRESSURE vs. TIME 
CYCLE 1 

DEPTH = 1.0 FT 
SECONDARY EFFLEUNT TEST PLOT 

Site 2 
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Figure 29. Change in Soil Pressure With Time for the l Foot 
Depth During Cycle 1 of the Secondary Effluent Test Plot at 
blu6 2• 
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along with the tertiary effluent characteristics for 

source DOC UV ABB TOX 
(mg/L) (§254nm) (ug/L) 

Secondary 12.2 0.15 93.5 9 

Tertiary 11.4 0.17 181.3 

Table 9. Average Water Quality Results for the 
Tertiary and Secondary effluent source waters at 
Sites 1 and 2 respectively. (After Conroy, 1990). 
' Represents average from Cycles 1 and 2. 

comparison. The average TOX concentration for the secondary 

effluent is from the first and second cycles only. The 

complete database concerning the water quality results from 

Site 2 is found in Appendix E. The two source waters are very 

similar in their bulk water characteristics, although the 

tertiary effluent has approximately twice the TOX as that of 

the secondary effluent(181 ug/L as opposed to 93.5 ug/L). The 

DOC and UV absorbance values are comparable for both the 

source waters. This implies that while the organic carbon 

contents of the two waters are similar, approximately twice 

the amount of the dissolved organic carbon in the tertiary 

effluent is halogenated. Normalizing the TOX with respect to 

the DOC gives an indication of the mass of TOX (ug) per unit 

mass of dissolved organic carbon. The TOX/DOC ratios for the 

tertiary and secondary source waters are approximately 15.90 

ug/mg and 7.66 ug/mg, respectively. 
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Secondary Tmat Plot: Total Organic Halide Rwovil 

The average inflow concentration of TOX for Cycle 1 was 

approximately 108.1 ug/L, and the average basin concentration 

was 105.3 ug/L. The TOX profile with respect to depth for 

Cycle 1 is found in Figure 30. From this illustration it is 

clear that at any given depth the TOX concentration decreases 

with time. The exceptions to this seem to be the 1 foot and 

2.5 feet depths which show some increase in concentration 

between 11 and 99 hours. This is similar to the behavior seen 

at Site 1 below the tertiary test plot. The flooding duration 

for Cycle 1 was approximately 168 hours. Approximately 20 

hours later there is significantly greater reduction in TOX 

concentrations within the profile. This trend continues to 

380.5 hours. The relative concentration (i.e. C/CQ expressed 

as a percentage) for each depth sampled at various times is 

summarized in Table 10. The relative concentrations presented 

below are a reflection of the processes contributing to the 

reduction in TOX concentrations within the profile, because 

the basin concentration is used as C0. The difference between 

the average inflow concentration and average basin 

concentrations during Cycle 1 was negligible (108.1 ug/L 

versus 105.3 ug/L). For Cycle 2 the difference between the 

two was greater (112.2 ug/L versus 81.7 ug/L) for this reason 

the basin concentration is thought to be more representative 
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TOX CONCENTRATION vs. DEPTH 
FLOODING CYCLE 1 

SECONDARY EFFLUENT TEST PLOT 
Site 2 

CONCENTRATION (ug/l) 

20.00 40.00 60.00 80.00 100.00 120.00 
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<H> 0-6-0 99 HOURS t e a  h o u r s  , 38o hours 

Figure 30. TOX Profiles for Cycle 1 of the Secondary 
Effluent Test Plot at Site 1. 
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HRS/FT 11 99 188 284 380 

o
 • 

H
 81.29 78.44 57.74 43.30 47.10 

2.5 66.57 77.11 56.60 61.92 50.33 I 
5.0 68.37 68.37 63.05 51.28 39.50 I 
7.0 72.55 66.09 59.63 35.71 33.43 

9.5 77.11 71.41 54.32 46.72 44.44 

15.0 71.41 68.75 43.68 42.16 27.35 

20.0 1 N/A 92.59 46.62 46.15 49.57 

Tabl* 10. Relative Concentrations of TOX (C/C0) for Cycle 
1 of the Secondary Test Plot at Site 2. 

of what is moving across the soil surface. 

There appears to be a direct response in TOX 

concentrations to the conditions associated with the drainage 

cycle. For example at 15 feet the relative concentration at 

11 hours was 71.41 %. This decreased slightly to 68.75 % 

after 99 hours. The most dramatic reductions at this depth 

occurred after flooding was stopped; between 99 and 188 hours 

and between 284 and 380 hours. During these times the relative 

concentrations decreased from 68.75 % to 43.68 % and from 

42.16 % to 27.35 % respectively. During drainage the soil 

profile becomes increasingly aerobic, giving rise to 

rejuvenated bacterial performance. As the profile drains, the 

larger pores will empty first and water will remain in those 

pores that are not able to drain readily under the force of 



124 

gravity. Consequently, at later sampling times the soil 

solution is collected from increasingly smaller pores. As a 

result the soil solution sampled at 380 hours had a 

significantly longer residence time in the profile than that 

collected at 188.5 hours, promoting increased treatment. 

Figure 31 illustrates the TOX concentration profiles for 

Cycle 2. The average basin TOX concentration for Cycle 2 was 

81.7 ug/L which is much lower than in Cycle 1. The relative 

concentrations for Cycle 2 are found in Table 11. 

I HRS/FT 21 71 167 239 I 

I 1.0 120.93 79.07 61.20 43.08 1 

1 2,5 123.86 N/A 80.29 47.49 I 
I 5.0 109.67 105.75 72.46 60.71 1 

1 7,0 105.75 76.88 61.69 43.57 I 
I 9'5 86.66 99.39 44.06 42.59 I 

I 15.0 62.67 55.81 67.56 32.31 1 

| 20.0 1 137.08 55.81 53.85 N/A I 

Table 11. Relative Concentrations of TOX (C/C0) for 
Cycle 2 of the Secondary Test Plot at Site 2. 

What is most immediately apparent about the data in Table 11 

is the greater than 100 % relative concentrations at 21 hours 

(at most depths) and at 71 hours (at 5.0 feet). This suggests 

possibly a mobilization of TOX early in the flooding cycle. 

As mentioned above, the initial infiltration rates for this 
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TOX CONCENTRATION vs. DEPTH 
FLOODING CYCLE 2 

SECONDARY EFFLUENT PLOT 
Site 2 

CONCENTRATION (ug/l) 

20.00 40.00 60.00 80.00 100.00 120.00 
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15.00 -
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« »• 

20.00 
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Figure 31. TOX concentration Profiles for Cycle 2. of the 
Secondary Test Plot at Site 2. 
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test were much greater than the first and this may have 

enhanced the mobilization of loosely held organics. The pond 

TOX concentration was much lower than that of the first cycle, 

consequently any TOX that may have been recalcitrant to 

degradation through the drying cycle could have been subject 

to mobilization. This would have greatly affected the 

relative concentration by acting as a source of TOX. 

Variations in inflow concentrations may have also contributed 

to the observed results. If the TOX concentration was higher 

at the beginning of the test as compared to later then this 

would also contribute to the observed results. From the data 

it is not evident that a distinct pulse of TOX travels through 

the profile, however, and between 71 and 239 hours the 

relative concentrations are comparable to those in Cycle 1 

during similar (although not exact) times. The exception to 

this is the 5 foot depth which retains a high relative 

concentration until 167 hours when it drops from 105.75 % to 

72.46 %. The 20 foot depth had an anomolously high relative 

concentration in both Cycles 1 and 2 at early times. During 

various cycles a bromide tracer was used. The breakthrough 

curves indicate that the 20 foot lysimeter yields anomolous 

results. Figure 32 illustrates two breakthrough curves for 

cycles 4 and 9. The breakthrough curve for cycle 4 shows that 

the 20 foot lysimeter picks up bromide before any other 

lysimeter and never reaches inflow concentration. The 
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Figure 32 Breakthrough Curves for Cycles 4 and 9 using 
Bromide as a Conservative Tracer (After Cline, 

1991). 
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breakthrough curve for cycle 9 indicates the 20 foot lysimeter 

has an initial relative concentration of approximately .72 and 

breaksthrough before l foot lysimeter. This anomolous 

behavior is most likely a construction artifact and data 

generated for this depth should be interperated keeping in 

mind the questionable integrity of the sampling unit. 

A comparison of similar times within Cycles 1 and 2 is 

difficult because analysis for directly corresponding times 

are not available. Also, during Cycle 2 there was a 7 percent 

decrease, from Cycle 1, in the volume of water that was 

applied to the profile in the same amount of time (168 hrs). 

In addition there was a 22.41 % decrease in C0 from Cycle 1 to 

Cycle 2 (i.e. 105.3 ug/L as compared to 81.7 ug/L). Keeping 

these differences in mind, it is possible to compare on a 

general basis at times in which conditions within the profile 

were thought to be similar. In comparing the relative 

concentrations at 99 hours in Cycle 1 and 71 hours in Cycle 2, 

there appears to be slightly less removal in the upper 10 feet 

at 71 hours in Cycle 1. The relative concentrations at 15 and 

20 feet during 71 hours in Cycle 2 are significantly lower 

than at 99 hours in Cycle 1. This is particularly interesting 

considering the extremely high relative concentration found at 

20 feet at 21 hours in Cycle 2. 
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With the exception of the 5 foot depth there seems to be 

comparable removal of TOX at 239 hours in Cycle 2 to that at 

380 hours in Cycle 1. Initially the relative concentrations 

may seem about the same, however it should be recognized that 

there was about a 30.00 % decrease in mass applied to the 

profile during Cycle 2. Consequently on an operational level 

the polishing of the effluent was not as effective during 

Cycle 2. This is surprising because as plugging increases the 

efficiency of the profile to act as a filter is expected to be 

enhanced by increasing both residence time and the opportunity 

for physical removal. In addition as the profile matures the 

amount of mineral bound humic material increases, presumably 

augmenting the sorption of halogenated hydrophobic compounds. 

Figure 33 illustrates the TOX profiles for Cycle 3. At 

the time of this writing the TOX data for Cycle 3 was 

incomplete. Therefore an average of the basin concentrations 

in the first two Cycles was calculated (93.5 ug/L) and is used 

as C0. The relative concentrations of TOX are presented in 

Table 12. During Cycle 3 there was a 21.83 % decrease in the 

volume of water applied to the profile from Cycle 2. While it 

may be premature to draw conclusions because of the 

incompleteness of the data, there does not seem to be a 

reduction in TOX concentrations between Cycles 2 and 3. As in 

Cycle 2 the relative concentrations at early times are very 
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TOX CONCENTRATION vs. DEPTH 
FLOODING CYCLE 3 

SECONDARY EFFLUENT TEST PLOT 
Site 2 

CONCENTRATION (ug/l) 
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15.00 -
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Figure 33. TOX Profiles for Cycle 3 of the Secondary 
Effluent Test Plot at site 3. 
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HRS/FT 24 72 125 

o
 • 

H
 76.14 72.73 66.31 

2.5 103.10 80.00 73.15 

5.0 121.50 81.71 78.71 

7.0 98.82 82.14 80.43 

9.5 93.69 85.99 65.88 

1 15.0 | 71.44 73.58 65.45 I 

o
 • 

o
 

CN 

N/A N/A N/A | 

Tabl* 12. Relative Concentrations of TOX (C/C0) for 
Cycle 3 of the Secondary Test Plot at Site 2. 

high; with 2.5 and 5.0 feet indicating greater than 100 % 

relative concentrations. A comparison of the 24 hour 

sampling period in Cycle 3 to the 21 hour sampling period in 

Cycle 2 shows there is a slight decrease in relative 

concentrations but when they are compared to the 11 hour 

sampling period in Cycle 1, most depths are higher. 

Based on the data from Cycles 1 and 2 and the limited 

data from Cycle 3 there does not appear to be increased 

treatment between flooding and drying cycles for TOX. When 

the decreases in hydraulic loading and inflow concentration 

are taken into consideration, there seems to be a net 

reduction in the polishing efficiency of the profile with 

respect to TOX. Because of the limits imposed by the scale of 

the experiment it is not possible to eludicate the primary 
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If it is assumed that microbial degradation is primarily 

responsible, then the apparent decrease in efficiency could be 

a result of a bacterial population that is unable to 

completely dehalogenate the organics before the ensuing cycle 

is begun. Thus revitalization of the hydrophobic sites 

diminishes with each subsequent cycle. 

If hydrophobic sorption or partitioning into soil organic 

matter is responsible then the decrease in uptake of TOX could 

be related to the stearic limitations imposed by an increased 

organic carbon concentration associated with the solid phase. 

As concentrations of humic substances bound to mineral 

surfaces increase, they may adopt configurations that limit 

carbon availability for hydrophobic sorption or limit the size 

and accessibility of hydrophobic domains on the humic coating 

(Murphy et al., 1990). Comparing initial values to those 

of soil samples collected after flooding was ceased shows 

increased organic carbon contents at the surface and at the 1 

foot depth. The average f̂  of three soil samples taken at the 

surface was 0.256 %, an increase of .158. At 1 foot the 

average f̂  of three samples was .114 %, the closest initial 

data point, at two feet, showed an f,,,. of 0.087 %. 

Finally, if the observed reductions in TOX concentrations 

are a result of both of these processes working in concert, 

various compounds present in the TOX may reversibly partition 
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Finally, if the observed reductions in TOX concentrations 

are a result of both of these processes working in concert, 

various compounds present in the TOX may reversibly partition 

into the soil organic matter and become isolated from the 

degrading organisms only to desorb later. Other relatively 

more polar compounds may sorb to outer layers of mineral bound 

humic material and increase their bioavailablity. Because the 

exact nature of the TOX is unknown the importance of sorption 

and/or partitioning on bioavailabilty is difficult if not 

impossible to determine at this time. 

Secondary Effluent Test Plot; Distribution of DOC 

The initial dissolved organic carbon concentration in the 

secondary effluent pond water was 10.32 mg/L for the first 

cycle. Figure 34 illustrates the DOC profiles at various 

times for the secondary effluent test plot during Cycle 1. 

The trends show a clear decrease in DOC concentrations at most 

depths with time. The 9.5 foot depth exemplifies this trend 

with distinct decreases from 11 to 385 hours. Table 13 

provides a summary of relative concentrations for DOC at 

various times during Cycle 1. 

Host depths show steady decreases in DOC concentrations as 

time progresses. As with the TOX data the 20 foot depth shows 

an anomolously high DOC value. At 20 feet the lysimeter would 

be placed in the basin fill material. Approximately 4 or 5 

feet above it is a distinct clay lense that sits atop the 
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DOC CONCENTRATION vs. DEPTH 
FLOODING CYCLE 1 

SECONDARY EFFLUENT TEST PLOT 
Site 2 

DOC (mg/l) 

4.00 6.00 8.00 10.00 12.00 
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Figure 34. DOC Profiles for Cycle l of the Secondary 
Effluent Test Plot at Site 2. 
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HRS/FT 11 99 164 284 380 1 o
 • 

H
 87.88 74.61 66.57 57.07 59.30 

2.5 68.22 64.44 68.41 72.58 74,13  

5.0 69.96 65.79 66.86 74.71 60.27 | 

7.0 65.02 68.12 62.11 48.74 47.87 1 

9.5 75.87 61.34 52.13 50.58 42.92 

15.0 61.53 58.62 56.20 39.73 53.58 

20.0 110.37 106.39 80.52 71.22 60.08 

Table 13. Relative Concentrations of DOC (C/C0) During Cycle 
1 of the Secondary Effluent Test Plot at Site 2. 

contact between the basin fill and the channel deposits. The 

thickness of this unit is variable but is generally 0.5 feet 

or less. The exact depth of this layer is not known at this 

location. It is assumed that this clay deposit is rich in 

organic matter and is acting as a source for DOC, which in 

turn is picked up by the 20 foot lysimeter below. 

A comparison of relative concentrations for DOC and TOX 

indicate similar reductions at 11 and 99 hours. A comparison 

of later times illustrates that the reduction of TOX is much 

greater than that of the DOC. For example, the relative 

concentrations of DOC and TOX at 99 hours for the 5 foot depth 

are 65.79 % and 68.37 % respectively. At 380 hours the 

relative concentrations are 60.27 % for DOC and 39.5 % for 

TOX. With the exception of the 9.5 foot depth, the relative 



136 

concentrations for TOX are significantly lower at 380 hours 

than those of the DOC. This is the same behavior that was 

observed for the tertiary test plot at Site 1. 

As mentioned previously the ratio of TOX to DOC can give 

added information as to the transport of TOX relative to the 

bulk movement of DOC. Table 14 summarizes this ratio for 

Cycle 1 of the secondary effluent test plot. 

I HRS/FT 11 99 284 380 

I 1,0 9.44 10.73 7.74 8.10 

I 2.5 9.91 12.21 8.70 6.93 

I 5'° 10.29 10.60 7.0 6.69 I 

I 7.0 11.38 9.90 7.47 7.3.2 | 

1 9 '5 10.36 11.60 9.42 10.56 I 

I 15.0 11.84 11.96 10.82 5.21 1 

1 20.0 N/A 8.88 6.61 8.41 I 

Table 14. Summary of the TOX/DOC Ratio (ug/mg) for Cycle 1 
of the Secondary Effluent Test Plot at Site 2. 

The data are scattered and depth-wise trends within a given 

time period are difficult to distinguish. The overall 

tendency of the data appears to be a general decrease from 11 

hour to 380 hours, with fluctuations in between. This overall 

decrease in the TOX/DOC ratio suggests that the transport of 

TOX is being retarded relative to the movement of DOC through 

time. This is in good agreement with the trends ilucidated 

from the comparison of relative concentrations of TOX and DOC. 
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A comparison of this data to similar data from the tertiary 

test plot at Site 1 is difficult because of the interference 

presented by the highly soluble organic matter in the profile 

at Site 1. 

Contrary to the TOX concentrations, the average DOC 

concentration in the secondary effluent pond water (11.01 

mg/L) for Cycle 2 was similar to the average inflow 

concentration (11.17 mg/L) and also to that for Cycle 1 (10.32 

mg/L). Figure 35 illustrates the DOC profiles for various 

times during Cycle 2. A distinct decrease in DOC concen

tration is seen between each profile as time increases. The 

tabular summary of relative concentration appears in Table 15. 

HRS/FT 21 167 2 3 9  
o
 • 

H
 73.66 56.04 46.68 

2.0 70.12 61.49 57.31 

5.0 62.94 60.03 53.86 

I 7.0 63.85 47.86 37.69 

9.5 61.58 45.77 37.78 I 
15.0 52.81 48.14 29.43 

20.0 72.21 71.21 71.12 

Table 15. Relative Concentrations of DOC (C/C0) for Cycle 
2 of the Secondary Test Plot at Site 2. 

Between 21 and 239 hours there is increased removal of DOC at 

each depth. As in Cycle 1, the exception seems to be the 20 
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DOC CONCENTRAION vs. DEPTH 
FLOODING CYCLE 2 

SECONDARY EFFLUENT TEST PLOT 
Site 2 

DOC (mg/l) 

10.00 12.00 8.00 4.00 6.00 2.00 
0.00 
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10.00 -

15.00 -
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7igur« 35. DOC Profiles for Cycle 2. of the Secondary 
Effluent Test Plot at Site 2. 
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foot depth, which shows a consistent relative concentration 

with time, even during the drying cycle. 

A comparison with Cycle 1 clearly shows that there was 

increased removal of DOC in Cycle 2. For example if the 239 

hour time period is evaluated for both cycles every depth 

above 20 feet has lower relative DOC concentration in Cycle 2 

that in Cycle 1. This is especially important considering 

there was a net decrease in removal of TOX during Cycle 2 as 

compared to Cycle 1, if the lower initial TOX concentration 

and decreased volume of water applied is taken into 

consideration. It can be surmised that there is a 

recalcitrance to degradation that is associated with the TOX 

that is not evident for the bulk DOC. 

I HRS/FT 21 167 239 

1.0 12.18 8.10 6.48 

2.5 13.10 9.69 6.15 

5.0 12.93 8.95 8.36 I 
7.0 12.30 9.56 8.58 I 
9.5 10.44 7.14 8.36 1 

15.0 8.80 10.41 8.15 

20.0 14.08 5.61 N/A 

Tabl* 16. Summary of the TOX/DOC Ratio (ug/mg) for Cycle 2 
of the Secondary Effluent Test Plot at Site 2. 

Table 16 summarizes the TOX/DOC ratio for Cycle 2. The 

trend with time indicates a decrease in this ratio for every 
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depth. A comparison of this parameter between Cycles 1 and 

2 is complicated by the difference in initial TOX 

concentrations between the two tests, and a lack of data at 

directly comparable times. Generally speaking both cycles 

show a reduction in the ratio with time, reflecting both the 

reductions in TOX and DOC concentrations. The response of the 

TOX/DOC parameter to the increased removal of DOC and net 

decrease in TOX removal found in Cycle 2, is masked by the 

lower initial TOX concentration for this cycle. It would be 

expected that if the initial concentrations for the two tests 

were similar to that of Cycle 1, the TOX/DOC ratio for Cycle 

2 would have been significantly increased due to the increased 

removal of DOC. 

As with the first two cycles, Cycle 3 is characterized by 

increased DOC reductions with time. Figure 36 illustrates the 

changes in DOC concentration for various times during Cycle 3. 

The average initial DOC concentration for Cycle 3 was 15.27 

mg/L, which represents a slight increase over Cycles 1 and 2. 

Table 17 provides a summary of the changes in relative 

concentrations of DOC over Cycle 3. With the exception of the 

1 foot depth there were significant reductions in relative 

concentrations of DOC over time at all depths. Most 

noticeable is the reduction in relative concentration at the 

20 foot depth. At 239 hours in Cycle 2 the relative 

concentration at this depth was 71.12 %, much higher than any 
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DOC CONCENTRATION vs. DEPTH 
FLOODING CYCLE 3 

SECONDARY EFFLUENT TEST BASIN 
Site 2 

DOC (mg/l) 
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15.00 -
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Figure 36. DOC Profiles for cycle 3 of the Secondary 
Effluent Test Plot at Site 2. 
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HRS/FT 24 72 125 244 

o
 • 

H
 32.68 38.76 35.49 33.40 

2.5 44.40 41.58 37.59 33.79 

5.0 44.14 42.96 37.85 28.42 

7.0 41.58 41.91 33.40 28.81 

9.5 47.74 42.66 36.87 29.47 

15.0 38.11 34.71 27.24 22.89 1 

20.0 44.86 40.73 35.95 31.83 | 

Tabl« 17. Relative Concentrations of DOC (C/C0) for Cycle 
3 of the Secondary Effluent Test Plot at Site 2. 

where else in the profile. After 24 hours into Cycle 3 the 

relative concentration was 44.86 % and continued to drop over 

time to 31.83 % at 244 hours. This reduction in DOC 

concentrations at this depth could be a reflection of an 

exhaustion of the soluble organic carbon from above. In 

addition to the decreases found at 20 feet there were 

significant decreases at all depths when compared to the 

relative concentration for Cycle 2. For example, at 21 hours 

in Cycle 2 and 24 hours in Cycle 3 the relative concentrations 

at 1 foot were 73.66 % and 32.68 %, respectively. The percent 

removal was much greater early on in Cycle 3 than for either 

Cycles 1 or 2. 

As discussed earlier the effects of clogging gradually 

restricted the ability of the profile to take water. The 
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effects of this can be seen in the increased removal of DOC 

from cycle to cycle, as the filtration efficiency of the 

profile increases. This increased performance is probably a 

result of both enhanced physical removal and increased 

residence time allowing for greater biodegradation. 

The TOX/DOC ratios for Cycle 3 clearly reflect the 

increased removal of DOC as compared to the TOX. Table 18 

summarizes the changes in this ratio for Cycle 3. Overall 

the TOX/DOC ratios for this cycle are greater than those of 

Cycle 1 or 2. Comparing the 21 hour sampling period in Cycle 

2 and the 24 hour sampling period in Cycle 1 for example, 

HRS/FT 24 72 125 I 
1.0 14.27 11.48 11.44 1 

1 2'5 14.23 11.78 11.91 I 

5.0 16.85 11.64 12.73 1 

7.0 14.55 12.00 14,74 1 
9.5 12.01 12.34 10.94 I 
15.0 11.48 12.98 14.71 I 
20.0 N/A N/A N/A 1 

Table 18. Summary of the TOX/DOC Ratio (ug/mg) for Cycle 3 
of the Secondary Effluent Test Plot at Site 2. 

shows an increase in this ratio for every depth in Cycle 3. 

This supports the hypothesis that there is less removal of TOX 

as compared to the bulk DOC. This is accentuated by the 

escalated removal of DOC, and the decreasing or relatively 
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constant disappearance of TOX from cycle to cycle. These 

trends could be indicative of different mechanisms responsible 

for the removal of DOC and TOX or a slight recalcitrance of 

the TOX to those processes at work. As mentioned previously 

halogenation has often been cited for persistence in the 

subsurface and this could be a manifestation of incomplete or 

inefficient dehalogenation processes within the soil profile. 

If the first step in the removal process is dehalogenation 

then depending on the compound this will occur via either a 

reductive or oxidative pathway. As the profile matures from 

cycle to cycle conditions seem to be enhanced for the removal 

of DOC. This does not seem to be the case for TOX. Therefore 

it could be that the conditions that are so favorable for the 

removal of the DOC are conducive for only a portion of the TOX 

that is amenable to degradation in such circumstances. 

Although simple generalizations are always subject to 

exception, given the resolution of these experiments, greater 

quantification is not possible. 

Secondary Teat Plot: UV Absorbance it 

The average source water UV absorbance for Cycle 1 was 

0.156 cm 1 and for Cycles 2 and 3; 0.137 cm *', 0.158 cm 

respectively. Figure 37 illustrates the absorbance profiles 

for Cycle 1 at various times. The 1 foot depth shows a clear 

gain in absorbance at 25 hours, well above the initial 
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absorbance of the surface water. Most depths then indicate a 

decreased absorbance between 74 and 128 hours. At 261 hours 

the absorbance increases again for most depths and very 

significantly at 15 feet. This increase through the profile 

at 261 hours is interesting because it implies an increased 

humic content in the soil solution. The DOC data do not 

reflect increased concentrations at this time and in fact at 

the 15 foot depth there was a marked decrease in the relative 

concentration of DOC at 284 hours. The same behavior is noted 

for the TOX data at similar times during Cycle 1. Looking at 

the database shows values of 0.113 at 213 hours and 0.090 at 

380 hours. In fact the highest absorbance found for this 

depth is found at 5 hours and has the same absorbance of 

0.261. This data point therefore is believed to be in error 

as there is no indication at times prior or post that such a 

high absorbance should be expected. The increased absorbance 

found at 20 feet correlates well with the DOC data for this 

depth, which indicated very high relative concentrations all 

throughout Cycle 1. Generally speaking, at any given time 

(with the exception of 261 hours) there is a decrease in 

absorbance with depth to 15 feet. The absorbance levels show 

distinct pulses at various depths which may be indicative of 

the transport of soluble organic matter in the profile. 

Although the degree is less, this is similar behavior to that 

which was observed at Site 1. 
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UV ABSORBANCE vs. DEPTH 
CYCLE 1 

SECONDARY EFFLUENT TEST PLOT 
Site 2 

UV ABSORBANCE (254 nm) 
0.28 0.20 0.24 0.12 0.16 

0.00 

5.00 -

fa  10.00 

^ 15.00 

20.00 

>*+*+ 25 HOURS 
***** 74 HOURS 
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QQeoe261 HOURS 

25.00 

Figure 37. UV Absorbance Profiles for Cycle 1 of the 
Secondary Effluent Test Basin at Site 2. 
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The UV absorbance profiles for Cycle 2 show much less 

change between sampling trips. Figure 38 illustrates the UV 

absorbance profiles for Cycle 2. At depths up to 

approximately 5.0 feet there are slight increases in 

absorbance after 21 hours. Following the initial increase in 

absorbance, these values decrease slightly, but most remain 

relatively constant through time. Generally this is supported 

by the DOC data, which indicates decreasing concentrations 

through time. Below 5.0 feet the trend is reversed in that 

subsequent sampling trips after 21 hours show marked decreases 

in absorbance. The exception to this is the 20 foot depth, 

which exhibits increased absorbance at each subsequent time. 

This is contrary to the DOC data for this depth which remains 

very consistent through time, as indicated through the 

relative concentrations. Overall the levels of absorbance 

seem to have decreased from Cycle 1 indicating a reduction in 

the amount of hurnic material, originating in the profile, 

available for transport. 

This trend seems to be supported by the absorbance 

profiles found in Figure 39 for Cycle 3. The fluctuations in 

absorbance between sampling trips at any one depth appears to 

be significantly less as compared to Cycle 1 indicating a 

relatively steady state situation. With the exception of the 

2.5 foot depth, all other show a decreased absorbance from the 

initial value found in the surface water during all sampling 
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UV ABSORBANCE vs. DEPTH 
CYCLE 2 

SECONDARY EFFLUENT TEST PLOT 
Site 2 

UV ABSORBANCE (254 nm) 
0.28 0.24 0.20 0.16 0 . 1 2  0.08 
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Figure 38. uv Absorbance Profiles for Cycle 2 of the 
Secondary Effluent Test Plot at Site 2. 
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UV ABSORBANCE vs. DEPTH 
CYCLE 3 

SECONDARY EFFLUENT TEST PLOT 
Site 2 

UV ABSORBANCE (254 nm) 
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Figure 39. UV Absorbance Profiles for Cycle 3 of the 
Secondary Effluent Test Plot at Site 2. 
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trips. Again contrary to the DOC data which shows significant 

decreases both from Cycle 2 and through time the absorbance 

levels are relatively consistent both with time and depth. As 

noted previously, at 254 nm the humic content of the solution 

will be responsible for the majority of the absorbance. While 

humics may be sorbed, they are relatively immune from 

biodegradation, therefore while there may be decreases in DOC 

it does not necessarily follow that the absorbance will 

decrease in the same proportion as the DOC. 

If the humic content in solution is relatively constant 

then the absorbance would be expected to be constant as well, 

which is what is basically seen in Cycle 3. It is possible 

then that equilibrium has been achieved with respect to the 

solid concentration of humic material at depths to 15 feet. 

This could give some insight as to the behavior of the TOX. 

As mentioned above there was a distinct absence of inter-

cyclical increases in the removal of TOX as compared to DOC. 

If the disappearance of TOX is limited in any way by the 

hydrophobic sorption capacity of the soil then the uptake of 

TOX (at least that portion of TOX which was susceptible to 

hydrophobic interactions) would level out as this limit was 

approached. 

The DOC data for the 20 foot depth showed decreases 

between Cycles 2 and 3 as well as during Cycle 3. The trend 

of increasing absorbances found at this depth in Cycle 2 was 
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reversed in Cycle 3. As seen in Figure 39 the absorbance 

levels decrease consistently from 24 hours to 244 hours, to a 

value that approaches that of the source water. As with the 

upper portions of the profile; the amount of in-situ humic 

material is slowly becoming diminished from the originating 

horizon with each ensuing cycle. 

The UV/DOC ratios for Cycle 1 are summarized in Table 19. 

In general there is an increase in the specific absorbance 

with time, indicating that the DOC is decreasing more rapidly 

Site 2. 

HRS/FT 
11 25 99 164 380 1 

o
 • 

H
 .0283 .0289 .0216 .0246 .0320 1 

2.5 .0260 .0191 .0197 .0190 .0287 

5.0 N/A .0155 .0241 .0242 .0281 

1 7.0 .0223 N/A .0182 .0181 .0301 

1  9 * 5  .0226 .0236 .0202 .0236 .0356 

1 15,0 .0228 .0245 .0208 .0214 .0163 

| 20.0 .0252 N/A N/A .0286 .0369 

Table 19. Summary of the Specific Absorbance Values for 
Cycle 1 of the Secondary Effluent Test Plot at Site 2. 

than the UV absorbance (and hence the humic fraction of the 

DOC) . Tables 20 and 21 summarize the specific absorbance for 

Cycles 2 and 3 respectively. The decrease in DOC 

concentrations with time is evident in the response of the 

specific absorbance for both Cycles 1 and 2. The only depth 
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FT/HRS 21 71 167 239 

1.0 .0171 .0220 .0254 .0305 

2.5 .0165 .0169 .0204 .0219 

5.0 .0176 .0164 .0195 .0217 

7.0 .0179 .0184 .0224 .0284 

9.5 .0200 .0204 .0220 .0267 

15.0 .0215 .0212 .0209 .0342 

20.0 .0274 .0296 .0325 .0325 | 

Table 20. Summary of the Specific Absorbance Values for 
Cycle 2 of the Secondary Effluent Test Plot at Site 2. 

HRS/FT 24 72 125 244 

o
 • 

H
 .0236 .0224 .0231 .0237 

2.5 .0181 .0280 .0270 .0234 

5.0 .0176 .0216 .0220 .0276 

7.0 .0189 .0198 .0207 .0257 

9.5 .0178 .0194 .0208 .0264 

15.0 .0192 .0239 .0235 .0274 

20.0 .0454 .0376 .0388 .0407 

Table 21. Summary of the Specific Absorbance Values for 
Cycle 3 of the Secondary Effluent Test Plot at Site 2. 

that exhibited distinct behavior from cycle to cycle was 20 

feet. The specific absorbance for this depth not only 

increased with time for each cycle but also from cycle to 

cycle. In both the first and second cycle the specific 

absorbance increased from approximately 0.02 to 0.03. However 
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in the third cycle the specific absorbance at 24 hours was 

0.045 and remained fairly constant through 244 hours when the 

value was 0.04. This depth displayed much higher values than 

any of the other depths, on a consistent basis. This is 

directly attributable to the drastic decreases in DOC 

concentrations that occurred during this cycle. Because the 

specific absorbance values continued to rise it can be assumed 

that the humic content of the soil solution decreased only 

slightly, as compared to the other components of the DOC which 

were steadily declining. 

MODELING OF TOX TRANSPORT AT SITE 2 

Using the one-dimensional numerical model REACT1 with 

linear adsorption and a first order rate-reaction constant an 

attempt was made to model the transport of organo-halides 

through the soil profile at Site 2. The secondary effluent 

was spiked with bromide at a concentration of 5 x 10"4 M. 

Samples were collected at 9.5 and 15.0 feet through time using 

suction lysimeters, and subsequently analyzed for Br' and Total 

Organic Halide (TOX) concentrations. Experimental and modeled 

results indicate that dispersion is minimal as compared to 

advective flow for both the Br' and TOX. The initial 

disappearance of TOX can be described using a linear isotherm 

slope of 0.25 and a first order rate constant of 0.7 x 10"5s"' 

for both 9.5 and 15.0 feet. These parameters were determined 
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by curve fitting. Experimental and numerical results diverge 

similarly for both depths indicating a change in isotherm 

slope (i.e. nonlinear behavior) or reaction rate that is not 

described by this model. Sorption-desorption kintetics may 

not represent equilibrium conditions with respect to the high 

advective velocities as is assumed in the model. The complete 

results of this exercise are presented in Appendix F. The 

excercise was successful in demonstrating the conceptual 

incompleteness of simple models such as REACT1 to adequately 

describe the processes of TOX removal during SAT. 

Successfully developing a model for this particular system 

requires a level of detail that adequately describes the 

complexity of all the mechanisms involved. With the scale of 

this research, the resolution required to elucidate the 

intricacy of the system was not possible. Well constrained 

bench-scale experiments would be helpful in not only isolating 

mechanism but also in defining data requirements and hence 

experimental design for future experiments of this scale. 

COMPARISON OP THE SECONDARY AND TERTIARY EFFLUENT TEST PLOTS 

TOX Removal 

As discussed above, the average initial TOX 

concentrations for the two sites differed significantly. The 

average surface water concentration for the tertiary effluent 

plot at Site 1 was approximately 181.33 ug/L while that for 

the secondary effluent plot at Site 2 was 93.5 ug/L (averaged 
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from Cycles 1 and 2). The TOX/DOC ratios reflect this 

difference; 15.90 ug/mg for the tertiary effluent and 7.66 

ug/mg for the secondary effluent. The average DOC 

concentrations for the two waters was very similar; 11.4 mg/L 

for the tertiary effluent and 12.22 mg/1 for the secondary 

effluent. Therefore the tertiary effluent had a much higher 

percentage of chlorinated organics included in the DOC than 

did the secondary effluent. 

A comparison of the relative concentrations for the 

tertiary test plot at Site 1 and the secondary test plot at 

Site 2 indicates that there is significantly greater removal 

of TOX at Site 1. For example the 1 and 2.5 foot depths at 

Site 1 indicated 44.18 % and 42.35 % removal respectively at 

12 hours. At Site 2. there was 18.71 % and 33.43 % removal at 

11 hours for the same depths. A maximum removal of 

approximately 77 % was found at 20 feet below the tertiary 

plot at 83 hours. In comparison, the greatest reduction in 

TOX concentration found below the secondary test plot at 99 

hours during Cycle 1 was 33.91 %, at 7 feet. The reductions 

continued during drying at Site 2 but overall, the percentage 

removal was less. The 15 foot depth at Site 2 demonstrated 

the greatest removal during Cycle 1. 72.65 % of the inital 

TOX was removed after 380 hours (212 hours after flooding 

stopped). Most depths at Site 2 showed significantly less 



156 

removal at this time. The 20 foot depth for example, only 

indicated 50.43 % removal at 380 hours. 

Renovation of the secondary effluent at Site 2 during 

Cycles 2 and 3 was also significantly less than that found for 

the tertiary effluent at Site 1 for comparable times during 

flooding. For example, at 20 hours during Cycle 2 there was 

no removal of TOX found at 5.0 feet while at the same depth 

below the tertiary test plot there was 44.97 % removal at 24 

hours. During Cycle 3 at 5.0 feet below the secondary plot 

there was 18.29 % removal at 72 hours. In comparison there 

was 52.02 % removal at 48 hours and 71.09 % removal at 83 

hours for this same depth below the tertiary test plot. 

Various factors can be cited that may have influenced the 

renovation performance of the two sites. First the hydraulic 

loading rates at Site 1 were much less than those of Site 2. 

Specifically; the initial rates during Cycle 1 reached a 

maximum approaching 50 feet day1 while the maximum for the 

tertiary test plot at Site l was approximately 3.25 feet day"1. 

The steady rates at Site 2 where similarly higher; 

approximately 2.5 to 3 feet day'1 as opposed to 1.5 feet day"1 

at Site l. Therefore just by the nature of the rates the 

residence times at Site 1 were greater than at Site 2, 

enhancing the efficiency of any biodegradation taking place. 

Another more subtle factor is the difference in the 
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distribution of the pore sizes between the two sites. As 

mentioned above, the soils at Site 1 were much better sorted 

and the grading was less extreme. In comparison, the "soils" 

at Site 2 were very poorly sorted and grain sizes ranged from 

silt/clay to cobbles and boulders. Thus it would be expected 

that the pore sizes at Site 1 were not only smaller but much 

more uniform in nature than those at Site 2. Therefore the 

fluid moving through the soils at Site 1 was probably exposed 

to a much higher surface area than that at Site 2. In 

addition, the opportunities for flow through macro pores at 

Site 1 was probably much less that at Site 2. 

The specific surface of a particular soil is most closely 

a function of the silt/clay content as well as the percent 

organic matter. As illustrated above, Site 1 generally had 

greater fractions of silt and clay as well as organic carbon, 

thus it can be assumed that the specific surface associated 

with Site 1 was greater than that at Site 2. Because the 

specific surface of a soil is thought to correlate with its 

ability to retain pollutants, those processes responsible for 

the removal of TOX that are dependent on such properties will 

be more effective at Site 1 as compared to Site 2. 

DOC Removal 

Just as with the removal of TOX, there are distinct 

differences in the performance of the two sites with respect 

to the removal of dissolved organic carbon. Comparing similar 
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times during flooding, Cycle 1 shows that at 99 hours the 

relative DOC concentrations below the secondary test plot are 

slightly higher than those at 83 hours for the tertiary test 

plot. The maximum removal of DOC below the tertiary test plot 

was 50.26 % at 83 hours, while the maximum removal for the 

secondary test plot was 41.38 % at 99 hours. There are no 

comparable times for ensuing cycles at Site 2 but generally 

the percent removal of DOC increases to values much higher 

than seen for Site 1. For example during Cycle 2 of the 

secondary test plot most depths exhibited lower DOC 

concentrations at 21 hours than at 83 hours for the tertiary 

test plot. The same trend is seen in Cycle 3 of the secondary 

test plot with 83.15 % of the DOC being removed at 24 hours 

for the 5.0 foot depth as compared to 49.56 % removal for the 

same depth at 20 hours at the tertiary plot. 

Obviously the difference in the two sites can be 

attributed to the large amount of soluble organic matter found 

in the profile at Site 1. Some mobilization of in-situ 

organic matter may have occurred at Site 2, but other than the 

20.0 foot depth, it was negligible. The 20 foot lysimeter at 

Site 2 showed the highest increase in DOC concentrations, but 

by Cycle 3 the percent DOC removed (68.17 %) was greater than 

at any depth at Site 1. 

Site 2 was operated to more closely represent an actual 

SAT facility, incorporating regular flooding and drying 
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cycles. The benefit of the drying cycles Is most obvious when 

the DOC data 1s considered. The increases in removal of 

dissolved organic carbon from cycle to cycle were probably 

closely related to an increased assimilation of the bacterial 

population within the profile. With each ensuing cycle the 

bacterial population was augmented by the bacteria already in 

the water from the treatment plant. Thus the character and 

size of the bacterial population was dynamic. While the 

percent DOC removed due to mechanical filtration probably 

increased with each cycle, this was probably more effective in 

enhancing biological action rather than as a removal 

mechanism. As the profile became obstructed, residence times 

were increased allowing augmented degradation of amenable 

components of the DOC. 

The nature of the soils at Site 2 probably facilitated 

the reestablishment of aerobic conditions within the profile 

as well, advancing the renewal of biological activity. 

Because the texture was so coarse at Site 2 the large pores 

would have drained rapidly, allowing the profile to become 

oxygenated soon after flooding was stopped. If the profile 

was more similar texturally to Site 1, this renewal may not 

have been as rapid. Because the pores were smaller at Site 1 

the water would have been much more tightly held by capillary 

forces and drainage would have been protracted, suppressing 

the entry of oxygen into the profile. Therefore the coarse 
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nature of the material at Site 2 permitted both the rapid 

intake of water as well as the rapid reestablishment of 

aerobic conditions. 
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The renovation of tertiary effluent at Site 1 with 

respect to TOX was significant to a depth of 20 feet. 

Moreover the initial removal effectiveness at Site 1 was 

greater than Site 2. This indicates that soil characteristics 

found at Site 1 along with the hydraulic loading rates enhance 

the removal of organo-chlorine compounds as compared to Site 

2. After 83 hours of flooding at Site 1 concentrations in 

the soil solution at 20 feet were reduced approximately 77 % 

from the initial concentration found in the source water. In 

general there was increased removal of TOX with depth below 

the land surface for any given time interval at Site 1. The 

removal of TOX was found to be concurrent with the exchange of 

soluble organic matter from the soil into the aqueous phase 

during flooding. The simultaneous exchange of organics points 

to the relatively nonpolar hydrophobic nature of the 

chlorinated organic components of the nonspecific TOX 

parameter. Although the duration of flooding at Site 1 was 

short by operational standards, it was of sufficient length to 

illustrate there is removal of chlorinated organics from 

tertiary wastewater during percolation through the vadose 

zone, and that the percent removal increases with depth. 

Greater detail of the response of a soil profile to both 

extended and repeated flooding with secondary effluent was 

possible at Site 2. By incorporating distinct drying cycles, 
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the influence of unsaturation on polishing performance was 

also elucidated. During flooding at Site 2 the removal of TOX 

was approximately 53.27 % from the initial concentration 20 

feet below land surface at 164 hours during Cycle 1. This 

minimum occurred during flooding and did not decrease with the 

ensuing drying cycle. With the exception of the 20.0 foot 

depth, there was greater reduction in TOX concentration during 

the drying cycle than during flooding. The maximum reduction 

in TOX was found to be 72.65 % at the 15.0 depth, 212 hours 

after flooding during Cycle 1 was stopped. While this may 

seem to compare with the removal at Site 1, it is important to 

remember that the 77 % reduction in TOX found at 20 feet at 

Site 1 occurred during flooding and not after. The relative 

concentrations of TOX during flooding at Site 2 are, without 

exception, higher than at Site 1. The additional treatment 

during drying becomes important if the residual TOX in the 

profile is mobilized during the next flooding cycle and moves 

further toward the water table. Some of the data from Cycles 

1 and 2 suggest that this may occur in the upper portions of 

the soil. For example, at 21 hours during Cycle 2 five out of 

seven lysimeters indicated greater than 100 % relative 

concentration. The 20 foot lysimeter indicated 137 % relative 

concentration at 21 hours into Cycle 2 and may be indicative 

of faulty construction. During Cycle 3 the 2.5 and 5.0 foot 

depths had relative concentrations of 103.1 % and 121.5 % 
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respectively at 24 hours, while the 7.0 foot depth had a 

relative concentration of 98.82 % at this same time. 

Fluxuations in inflow concentrations may have amplified the 

observed behavior. 

The removal of TOX from cycle to cycle at Site 2 appears 

to remain constant at best. Because there are not directly 

comparable times between cycles definitive conclusions are 

difficult. If the decreases in water applied to the profile 

between cycles is taken into consideration along with the 

lower initial TOX concentration for Cycle 2 then the 

performance appears to decline slightly with subsequent 

flooding. Comparing the 99 hour sampling period during Cycle 

1 to the 71 hour sampling period during Cycle 2 indicates that 

with the exception of the 15.0 and 20.0 foot depths, all of 

the relative concentrations in Cycle 2 are higher than those 

for Cycle 1. 

The mobilization of soluble in-situ organic matter in 

concentrations well above the inflow concentrations resulted 

in the dampening of DOC removal from the tertiary effluent at 

Site 1. The result was a clear discrepancy as to the 

performance of the system in reconditioning the effluent with 

respect to TOX and DOC. The largest removal of DOC was 50.26 

% which occurred at 20 feet after 83 hours of flooding. This 

represents approximately a 27 % difference in removal between 

TOX and DOC. Because no subsequent flooding cycles were done 
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at this site it is not known how many cycles would be required 

before depleting the soluble organic matter in the profile. 

In contrast, the DOC concentrations continued to decline 

with each subsequent cycle at Site 2. For example the 5.0 

foot depth had a relative concentration of 60.27 % at 284 

hours during Cycle 1. This decreased to 53.86 % at 239 hours 

during Cycle 2 and 28.42 % at 244 hours during Cycle 3. This 

augmented removal of DOC between cycles is thought to be a 

result of enhanced conditions for biological degradation 

including longer residence times and bacterial populations 

that become better assimilated with time. In addition there 

was less water applied to the profile with each ensuing cycle 

due to decreasing infiltration rates. As the profile matured 

a "schmutzdecke" appeared at the soil surface. In response 

the fraction of organic carbon at the surface increased from 

0.098 % to 0.256 %. Thus the trade off for improved treatment 

was a decrease in hydraulic loading on the basin. 

The disparity in reductions in TOX and DOC concentrations 

at both sites is felt to reflect the relatively recalcitrant 

nature of the compounds measured as TOX to biological 

processes as compared to the more amenable components of the 

bulk DOC. This could also serve as an illustration as to the 

controlling processes concerning the removal of TOX in the 

subsurface. While some components of TOX may be subject to 
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biodegradation, the more refractory chlorinated humics may be 

subject to only sorption and/or partitioning mechanisms. 

There are operational ramifications to the above 

conclusions. The transport of humic materials to the water 

table has important implications concerning post extraction 

treatment and use. Chlorination of groundwater extracted from 

beneath an SAT facility located in similar circumstances (to 

either Site 1 or 2) may result in the formation of significant 

concentrations of THMs, well above the drinking water 

standard. Because of increased precursor concentrations, 

removal of organics may have to be included in the post-

extraction treatment scheme if potable reuse is a planning 

horizon. The inverse relationship between treatment and 

hydraulic loading rates points to a trade off between 

renovation efficiency and the ability to put water 

underground. 
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BECOMMEDATIONFL FOR FURTHER RESEARCH 

Working with nonspecific parameters such as TOX, DOC and 

UV absorbance makes mechanistic determinations very difficult, 

for this reason it is suggested that a quantitative 

characterization of the TOX be done. As pointed out earlier, 

TOX encompasses compounds that have widely varying properties 

that constrain their behavior in the subsurface. In addition, 

these compounds occur in varing proportions. As the 

proportions of the constituent compounds change, the overall 

behavioral characteristics of TOX changes. For this reason it 

is imperative that those compounds that make up TOX be 

quantitatively identified. 

To aid in the understanding of the various mechanisms 

involved in the disappearance of TOX, the scale of 

investigation needs to be reduced and well constrained. Soil 

column experiments that include modifications to various 

system conditions such as bacterial populations, dissolved 

oxygen content, flow rates, and f̂ , are essential. These 

experiments combined with GC/MS, and a well defined 

constituency for TOX, will allow determinations as to which 

compounds are removed and which are not, under very well 

defined conditions. 

If the majority of the constituents are amenable to 

degradation or removal under identifiable conditions then on 
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an operational level the SAT configuration can be designed 

around such requirements. If it can be determined, for 

example, that the redox conditions within the profile have 

little effect on the removal of TOX, but DOC is strongly 

dependent on such conditions, then the operation of the SAT 

facility could be such that the removal of DOC is maximized. 

In this way optimal performance of the system is possible. 

Differences in textural and hydrologic characteristics 

for various soil types should also be investigated. The 

effects of drainage characteristics on the revitalization of 

aerobic conditions, and hence, biological populations is 

crucial to proper management of SAT systems. The efficient 

operation of an SAT system must consider the optimal wetting 

and drying periodicity. 

Included in this should be work that addresses the exact 

nature of the clogging in the profile as it ripens. It is 

usually assumed that clogging is a suface phenomenon. Some 

investigatiors (Wood and Bassett, 1975; Okubo and Matsumoto, 

1982) have shown that microbial accumulation can occur at 

depth and can significantly reduce intake rates. 

Identification and quantification of the mechanisms 

involved in the renovation of wastewater during infiltration 

is not only an academic interest, but has practical, 

operational applications as well. 
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APPENDIX A. 

INSTALLATION FROCEEDURE FOR SUCTION LYSIMETERS 
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INSTALLATION VROCBBDURE FOR SUCTION LYSIMETERS 

1. A hole was drilled to the desired depth using a 6 inch 

(O.D.) hollow stem auger (3.5 inch I.D.). 

2. The auger was raised about 1 foot. The depth to the 

bottom of the hole was measured and the position of the 

auger bit determined, to assure adequate clearance 

before installation of 200 mesh silica flour slurry. 

3. A bed of silica flour slurry (pH = 6.5) was tremmied into 

place with a thickness no less than 2 inch after 

settling. 

4. The integrity of the lysimeter was tested, to confirm 

that lines were clear and there were no kinks in the 

pressure/vacuum lines. 

5. The lysimeter was then installed at the top of the silica 

flour and allowed to settle in. Care was taken to 

ensure that the ceramic cup was entirely embedded in 

the slurry. 

6. The remaining silica flour slurry was tremmied in until 

it was approximately 1 foot above the ceramic cup. 

7. After slurry had set, screened native material was 

installed to a thickness of approximately 1 foot, using 

a tremmie tube. The soil was tamped thoroughly.' 

8. Approximately 1 foot of bentonite (1/8 in. pellets) was 

installed dry, via tremmie. Distilled water was then 

added. 
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9. Screened native material was tremmied in and tamped 

thoroughly. After the stem was completely out, soil 

was shoveled directly into the hole while tamping 

until the hole was filled. 



APPENDIX B. 

TENSIOMETER DATA FOR SITE 1. 
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FRESH WATER PLOT 
TENSIOMETER DATA 

WETTING CYCLE 

DEPTH =0.5 FT 

TIME SUCTION CORRECTED SUCTION 
(hn) (mb) (cm) 

0 362 286 
.083 322 246 
.433 314 238 
.75 309 233 
.883 295 219 
2.45 62 0 
3.6 63 0 
5.68 64 0 
6.67 62 0 
8.03 62 0 
9.73 63 0 
11.33 61 0 
14.53 63 0 
16.68 64 0 
17.68 62 0 
18.45 62 0 
20.68 64 0 
23.16 61 0 
25.44 62 0 
28.77 60 0 
30.47 63 0 
43.63 62 0 

DEPTH = 1.0 FT 

TIME SUCTION CORRECTED SUCTION 
(hn) (mb) (in) 
0 494 418 
.08 468 392 
.43 462 386 
.8 461 385 
2.4 222 146 
3.5 81 5 
5.6 77 1 
6.6 78 2 
7.9 78 2 
9.6 79 3 
11.2 80 4 
14.4 82 6 
16.6 83 7 
18.9 81 5 
20.4 82 6 
22.6 83 7 
25.1 79 3 
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DEPTH = 1 FT 
TIME SUCTION CORRECTED SUCTION 
(Hit) (rob) (cm) 

27.4 82 6 
31 79 3 
32.7 81 5 
45.9 84 8 

DEPTH = 2.0 FT 
Time SUMMON OOklU&'rUD SUCTION 
(Hi*) (mb) (cm) 

0 233 121 
.5 233 121 
.75 230 118 
2.5 234 122 
3.5 144 32 
5.6 135 23 
6.6 133 21 
8 130 18 
9.7 131 19 
11.3 131 19 
14.4 132 20 
16.6 132 20 
18.9 130 18 
20.4 130 18 
25 130 18 
27.4 130 18 
31.7 129 17 
32.7 130 18 
45.9 130 18 

DEPTH = 4.0 FT 

Time SUCTION CORRECTED SUCTION 
(Hn) (mb) (cm) 

0 341 125 
3.7 285 69 
5.6 263 47 
6.6 264 48 
8.2 268 52 
9.7 208 0 
11.1 208 0 
12.9 206 0 
14.4 208 0 
16.6 206 0 
18.9 205 0 
20.4 206 0 
22.6 205 0 
25.1 202 0 
27.4 205 0 
31.6 203 0 
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DEPTH •= 4.0 FT 

rune SUCTION CORRECTED SUCTION 
(Hn) (nfc) (cm) 

32.7 206 0 
4S.6 204 0 

DEPTH = 8.0 FT 

Time SUCTION CORRECTED SUCTION 
(Hn) («»b) (cm) 

0 378 58 
3.68 380 60 
5.6 378 58 
6.65 381 61 
8.22 381 61 
9.7 386 66 
11.3 388 68 
14.46 389 69 
16.65 387 67 
18.96 387 67 
20.42 390 70 
22.58 347 27 
25.06 315 0 
27.4 313 0 
31.67 312 0 
32.75 313 0 
45.92 312 0 
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RECLAIMED WATER PLOT 
TENSIOMETER DATA 

WETTING CYCLE 

Depth = 0.5 Ft. 

TIME SUCTION CORRECTED SUCTION 
(HRS) (mb) (cm) 
0.00 265 189 
0.90 241 165 
1.43 232 156 
1.95 115 39 
2.53 92 16 
3.28 75 0 
3.88 77 0 
6.78 71 0 
8.25 69 0 
11.06 70 0 
12.06 73 0 
14.18 74 0 
15.28 75 0 
16.37 75 0 
17.43 74 0 
19.43 78 2 
22.1 78 2 
23.96 76 0 
27.57 76 0 
31.23 76 0 
33.2 77 1 
35.21 79 3 
42.72 83 7 
51 86 10 
54 86 10 
59.42 86 10 

DEPTH = 1.0 Ft. 

TIME SUCTION CORRECTED SI 
(HRS) (mb) (cm) 

0.00 338 261 
0.90 318 241 
1.43 310 233 
1.95 305 228 
2.53 301 224 
3.28 108 31 
3.88 103 26 
6.78 81 4 
8.25 76 0 
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DEPTH = 1.0 Ft. 

TIME SUCTION CORRECTED SUCTION 
(HRS) (mb) (cm) 
11.06 78 1 
12.06 78 1 
14.18 83 6 
15.28 84 7 
16.37 83 6 
17.43 84 7 
19.43 86 9 
22.1 87 10 
23.96 87 10 
27.57 90 13 
31.23 88 11 
33.2 89 12 
35.21 90 13 
42.72 92 15 
51 98 21 
54 98 21 
59.42 94 17 

DEPTH = 2.0 

TIME SUCTION CORRECTED 
(HRS) (mb) (ci 
0 336 226 
.9 320 210 
1.43 317 207 
1.95 316 206 
2.53 320 210 
3.28 320 210 
3.88 314 204 
6.78 118 8 
8.25 111 1 
11.06 111 1 
12.06 112 2 
14.18 114 4 
15.28 114 4 
16.37 114 4 
17.43 114 4 
19.43 115 5 
22.1 116 6 
23.96 116 6 
27.57 118 8 
31.23 116 6 
33.2 117 7 
35.21 118 8 
42.72 118 8 



DEPTH = 2.0 

TIME SUCTION CORRECTED SUCTION 
(HRS) (mb) (cm) 
51 121 11 
54 121 11 
59.42 120 10 

DEPTH = 5.0 

TIME SUCTION CORRECTED SUCTION 
(HRS) (mb) (cm) 

0 341 138 
.9 331 128 
1.43 329 126 
1.95 327 124 
2.53 327 124 
3.28 332 129 
3.88 336 133 
6.78 339 136 
8.25 338 135 
11.06 345 142 
12.06 351 148 
14.18 232 29 
15.28 227 24 
16.37 224 21 
17.43 224 21 
19.43 221 18 
22.1 221 18 
23.96 221 18 
27.57 222 19 
31.23 220 17 
33.2 220 17 
35.21 221 18 
42.72 222 19 
51 223 20 
54 224 21 
59.42 224 21 

DEPTH = 6.75 FT 

TIME SUCTION CORRECTED SUCTION 
(HRS) (mb) (cm) 

0 356 45 
.9 353 42 
1.43 353 42 
1.95 350 39 
2.53 355 44 
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DEPTH = 6.75 FT 

TIME SUCTION CORRECTED 
(HRS) (mb) (« 
3.28 353 42 
3.88 354 43 
6.78 357 46 
8.25 357 46 
11.06 359 48 
12.06 362 51 
14.18 362 51 
15.28 362 51 
16.37 362 51 
17.43 362 51 
19.43 322 11 
22.1 306 0 
23.96 303 0 
27.57 303 0 
31.23 302 0 
33.2 301 0 
35.21 302 0 
42.72 303 0 
51 301 0 
54 304 0 
59.42 304 0 



APPEMDIZ C. 

CHEMICAL DATA BASE TOR SITE 1. 
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Tertiary Water Plot 
Chemical Data Bate 

DATE DEPTH TOX DOC UVABS. UV/DOC TOX/DOC 
(Ft) (ug/L) (mg/L) (0254 nm) (ug/mg) 

6.15.89 Pond 11.24 .17 .0151 
6.17.89 Pond 11.24 .16 .0142 
6.19.89 Pond 130.51 10.62 .16 .0151 12.289 
6.19.89 Pond 190.43 11.01 .16 .0145 17.296 
6.19.89 InflowfiCl) 144.71 10.7 .17 .0159 13.524 
6.19.89 Inflow(#2) 183.87 11.23 .18 .0160 16.373 
6.19.89 Inflow(#3) 135.15 12.91 .18 .0139 10.469 
6.19.89 Inflow(#4) 98.19 12.22 .18 .0147 8.0352 

6.15.89 0.5(12) 101.23 12.93 .41 .0317 7.8291 
6.16.89 0.5(#3) 103.31 12.33 .28 .0227 8.3788 
6.16.89 0.5(#4) 94.87 12.2 .29 .0238 7.7762 
6.16.89 0.5(i*6) 95.59 10.55 .3 .0284 9.0607 
Replicate 10.4 
6.17.89 0.5(r7) 106.27 8.9 .24 .0270 11.940 
6.17.89 0.5(#10) 88.95 8.7 .25 .0287 10.224 
6.18.89 0.5(#12) 103.99 8.96 .24 .0268 11.606 

6.15.89 98.91 25.71 .72 .0280 3.8471 
6.15.89 1.0(#3) 123.55 17.6 .52 .0295 7.0199 
6.16.89 1.0(15) 105.63 12.17 .3 .0247 8.6795 
6.17.89 1.0(̂ 7) 12.22 .28 .0229 
6.17.89 1.0(#8) 83.67 11.98 .28 .0234 6.9841 
6.17.89 1.0(#9) 97.99 10.11 .24 .0237 9.6924 
6.18.89 1.<K*H) 10.48 .24 .0229 
6.18.89 1.<H#12) 8.1 .28 .0346 
7.17.89 1.<K#13) 39.35 8.33 .21 .0252 4.7239 

6.15.89 2.0(#1) 104.54 8.1 .23 .0284 12.906 
6.16.89 2.0(#3) 99.79 13.22 .17 .0129 7.5484 
6.16.89 2.0(̂ 5) 89.43 12.86 .16 .0124 6.9541 
6.17.89 2.O0H7) 73.47 8.04 .13 .0162 9.1381 
Replicate 89.02 
6.17.89 2.0(m 75.39 12.08 .14 .0116 6.2409 
6.18.89 2.0(111) 91.75 6.49 .15 .0231 14.137 
7.17.89 2.0(#12) 12.24 .15 .0123 

6.16.89 5.0(#1) 29.27 5.75 .18 .0313 5.0904 
6.16.89 5.0(02) 17.51 6.91 .19 .0275 2.5340 
6.17.89 5.0{#5) 68.35 8.15 .19 .0233 8.3865 
6.17.89 5.0(16) 86.99 8.39 .16 .0191 10.368 
6.17.89 5.0(*7) 99.07 7.79 .16 .0205 12.718 
6.17.89 5.0(#8) 65.47 7.03 .15 .0213 9.3129 
6.18.89 5.0(#9) 80.83 6.54 .14 .0214 12.359 
7.16.89 5.0(#10) 52.43 6.33 .14 .0221 8.2828 
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DATE DEPTH TOX DOC UV ABS. UV/DOC TOX/DOC 
(Pt) (ug/L) (mg/L) (@254 nm) (ug/mg) 

<5.1<5.6$ 6.W5) 
6.17.89 8.0(#3) 61.83 7.51 .22 .0293 8.2330 
6.17.89 8.O0T4) 85.91 7.58 .21 .0277 11.334 
6.17.89 8.0(#S) 7.81 .16 .0205 
6.17.89 8.0(#6) 79.43 7.84 .2 .0255 10.131 
6.18.89 8.(K«8) 87.79 7.4 .2 .0270 11.864 
6.19.89 9.0(09) 79.79 6.54 .15 .0229 12.200 

6.16.89 15.0(#1) 33.63 4.72 .15 .0318 7.125 
ReplicjUc 21.99 
6.17.89 15.0(#3) 17.91 7.36 .13 .0177 2.4334 
6.17.89 15.0(#4) 25.27 7.21 .13 .0180 3.5049 
6.17.89 15.0{#5) 22.71 4.38 .12 .0274 5.1849 
Replicntc 7.55 
6.18.89 15.0(#7) 7.81 .25 .0320 
6.18.89 15.0(#8) 8.02 .23 .0287 
6.19.89 15.0(̂ ) 62.03 6.92 .23 .0332 8.9639 
7.17.89 15.0(011) 64.71 11.04 .21 .0190 5.8614 

6.17.89 20.0(̂ 1) 19.03 3.52 .08 .0227 5.4063 
6.17.89 20.0(02) 0 4.3 .1 .0233 
6.17.89 20.0(03) 15.03 5.01 .11 .0220 3 
6.18.89 20.0(#5) 41.75 5.67 .13 .0229 7.3633 
6.19.89 20.0(06) 36.71 6.14 .17 .0277 5.9788 
6.20.89 20.0(07) 5.54 .16 .0289 
6.21.89 20.0(08) 32.63 6.23 .17 .0273 5.2376 
6.21.89 20.0(09) 6.85 .18 .0263 
6.23.89 20.0(010) 46.74 .18 .0267 
6.26.89 20.0(#11) 41.75 6.64 .19 .0286 6.2877 
7.1.89 20.0(113) 65.07 5.38 .16 .0297 12.095 
7.7.89 20.0(ifl4) 4.78 .13 .0272 
7.15.89 20.0dC15) 5.32 .14 .0263 
7.15.89 2O.O0C16) 12.11 5.36 .13 .0243 2.2593 
7.27.89 20.0(#17) 9.59 4.78 .13 .0272 2.0063 
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Fresh Water Plot 
Chemical Databaie 

DATE DEPTH TOX DOC UV UV/DOC TOX/DOC 
(PI) (ug/L) (mg/L) 0254am (ug/mg) 

6.7.89 POND 5.98 1.5 .011 .0073 3.98 

6.8.89(02:46) .5 4.11 8.7 .45 .0517 .47 
6.8.89(18:12) .5 0 
6.9.89(06:39) .5 0 6.45 .32 .0496 
6.10.89(06:02) .5 12.75 5.78 .24 .0415 2.2 

6.8.89(12:37) 1.0 5.02 12.91 1.19 .0922 .388 
6.10.89(06:02) 1.0 23.91 15.44 .93 .0602 1.54 

6.7.89(20:00) 2.0 86.67 2.39 
6.7.89(23:20) 2.0 47.59 2.4 
6.10.89(12:07) 2.0 123.4 7.89 .39 .0494 15.6 
6.10.89(12:07) 2.0 121.2 £.65 .39 .0451 14.0 
6.10.89(12:07) 2.0 112.1 

6.7.89(23:02) 4.0 32.07 13.24 .48 .0363 2.42 
6.7.89(23:02) 4.0 26.87 11.76 .44 .0374 2.28 
6.10.89(06:02) 4.0 24.91 5.68 .18 .0317 4.38 
6.20.89(08:55) 4.0 12.19 11.85 .35 .0295 1.02 

6.8.89(12:14) 9.0 19.63 4.3 .09 .0209 4.56 
6.9.89(07:06) 9.0 7.35 .19 .0259 .183 
6.10.89(06:02) 9.0 18.95 4.76 .15 .0315 3.98 

6.8.89(12:50) 20.0 51.19 10.62 .36 .0339 4.82 
6.8.89(12:50) 20.0 87.11 
6.8.89(12:50) 20.0 50.79 
6.10.89(06:05) 20.0 6.35 
6.10.89(06:05) 20.0 18.83 13.24 .36 .0272 1.42 
6.10.89(06:05) 20.0 36.07 
6.20.89(09:30) 20.0 27.39 1.27 



APPENDIX D. 

ASSOCIATED GRAPHS FOR MASS BALANCE 

AT SITE 1. 
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TOX CONCENTRATION vs. DEPTH 
TIME = 25 HOURS 

TERTIARY WATER PLOT 
Site 1 
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VOLUMETRIC WATER CONTENT vs. DEPTH 
TIME = 25 HOURS 

TERTIARY WATER PLOT 
Site 1 
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TOX CONCENTRATION vs. DEPTH 
TIME = 53 HOURS 

TERTIARY WATER PLOT 
Site 1 

TOX CONCENTRATION (ug/L) 
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VOLUMETRIC WATER CONTENT vs. DEPTH 
TIME - 53 HOURS 
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TOX CONCENTRATION vs. DEPTH 
TIME = 83 HOURS 
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VOLUMETRIC WATER CONTENT vs. DEPTH 
TIME = 83 HOURS 
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APPENDIX E. 

CHEMICAL DATABASE FOR SITE 2. 



Secondary Basin Flooding Cycle Nunber 1 

July 11 • July 18, 1990 

168 Hours 

SECONDARY BASIN TOX DATA (ug/L) 

APROX 

CUMM TIME INFLUENT BASIN 1.0 FT 2.5 FT 5.0 FT 7.0 FT 9.5 FT 15.0 FT 20.0 FT 

(hours) 

0.00 112.4 114.4 

3.00 127.2 68.8 

5.00 97.6 52.0 70.8 74.0 78.4 72.8 

DUPL 88.8 

8.00 85.6 76.8 128.0 79.6 76.4 76.4 

DUPL 88.0 83.6 80.8 

9.50 80.8 

11.00 113.2 100.4 85.6 63.6 72.0 76.4 84.0 93.2 

DUPL 76.6 78.4 56.0 

DUPL 76.4 

14.75 80.0 

17.75 79.2 

21.00 147.2 96.0 

25.00 90.0 126.8 84.4 79.2 

27.00 114.8 99.2 

29.00 117.2 94.0 

DUPL 108.8 

38.00 110.4 93.2 80.8 84.0 

DUPL 92.4 

45.00 65.6 

51.00 107.2 102.8 83.6 70.8 101.2 83.2 79.6 85.6 

DUPL 93.2 

56.00 91.2 

63.00 109.6 111.2 87.2 

68.00 82.0 

74.00 104.0 108.8 88.0 74.0 90.8 103.2 99.2 86.8 

DUPL 72.0 

60.00 96.4 123.2 98.4 95.2 89.2 

DUPL 95.2 

99.00 95.6 86.0 77.6 81.2 72.0 74.4 75.2 72.4 

DUPL 87.6 64.8 

104.50 98.8 92.4 116.4 94.0 67.2 83.6 73.2 62.0 

DUPL 72.8 69.2 

92.0 

59.2 

93.0 



Secondary Basin Flooding Cycle Number 1 

July 11 • July 18, 1990 

168 Hours 

SECONDARY BASIN TOX DATA (ug/L) 

APROX 

CUMM TIME INFLUENT BASIN 1.0 FT 2.5 FT 5.0 FT 7.0 FT 9.5 FT 15.0 FT 20.0 FT 

(hours) 

110.50 82.4 77.2 

152.00 98.4 121.6 72.8 94.0 96.8 

164.00 122.0 106.8 68.0 49.2 

DUPL 74.8 

188.50 60.8 59.6 66.4 63.6 57.2 46.0 51.2 

DUPL 62.0 

236.50 56.2 

284.00 45.6 65.2 54.0 37.6 49.2 44.4 49.2 

DUPL 48.0 

380.50 49.6 50.4 41.6 35.2 46.8 28.8 51.6 

DUPL 55.6 52.8 

AVERAGE 108.1 105.3 82.9 72.2 81.8 69.5 75.4 69.7 64.0 

DUPL * Duplicate sample 

Average Coefficient of Variance * 7.5X 



Secondary Basin Flooding Cycle Nunber 1 

July 11 • July 16, 1990 

168 Hours 

SECONDARY BASIN DOC DATA (flig/L) 

APROX 

CUMM TIME INFLUENT BASIN 1.0 FT 2.5 FT 5.0 FT 7.0 FT 9.5 FT 15.0 FT 20.0 FT 

(hours) 

0.00 9.96 9.11 

3.00 8.44 10.38 

5.00 11.62 8.90 7.64 9.22 11.42 8.15 

8.00 8.92 7.81 9.70 9.94 8.46 

9.50 9.96 7.45 13.14 

11.00 9.81 9.56 9.07 7.04 7.22 6.71 7.83 6.35 

DUPL 7.11 6.77 7.84 

14.75 8.55 6.90 

17.75 7.11 7.95 

21.00 9.79 10.28 

25.00 9.07 9.16 7.73 8.37 10.74 6.33 7.06 5.80 

27.00 9.92 9.80 

32.00 7.31 8.93 

38.00 10.40 9.74 10.38 7.42 7.60 6.48 7.18 6.78 

DUPL 6.91 6.32 

45.00 8.10 6.89 6.31 

51.00 8.63 7.95 8.39 7.16 

56.00 10.58 12.62 

68.00 10.62 10.56 7.50 6.75 6.76 6.30 7.10 6.00 

DUPL 10.27 6.31 

74.00 11.54 11.99 8.19 7.31 

80.00 8.00 8.63 8.59 7.41 

86.00 10.59 12.78 8.48 

92.00 7.82 7.25 6.77 7.32 

DUPL 6.68 

99.00 11.70 12.56 7.70 6.65 6.79 7.03 6.33 6.05 

DUPL 6.63 

104.50 8.16 7.26 

110.50 8.51 7.50 7.34 
116.50 11.42 10.72 

128.00 8.52 

152.00 7.61 7.55 7.13 7.15 

11.46 



Secondary Basin Flooding Cycle Nurber 1 

July 11 - July 18, 1990 

168 Hours 

SECONDARY BASIN DOC DATA (mg/L) 

APROX 

CUMH TIME INFLUENT BASIN 1.0 FT 2.5 FT 5.0 FT 7.0 FT 9.5 FT 15.0 FT 20.0 FT 

(hours) 

164.00 12.59 10.83 6.87 7.06 6.90 6.41 5.38 5.80 8.31 

DUPL 10.88 6.85 8.65 

188.50 8.24 7.92 6.02 6.40 

213.00 11.80 6.04 5.53 

DUPL 11.78 

236.50 6.10 5.83 7.30 4.87 4.99 4.86 8.09 

261.00 6.84 

284.00 5.89 7.57 7.71 5.03 5.22 4.10 7.35 

DUPL 7.41 

380.50 6.12 7.75 6.22 4.94 4.43 5.53 6.20 

DUPL 7.55 

AVERAGE 9.88 10.32 8.05 7.61 7.61 6.65 7.44 6.57 9.34 

DUPL & Duplicate sample 

Average Coefficient of Variance * 2.2X 



Seconoary Basin Flooding Cycle Nunber 1 

July 11 - July 18, 1990 

168 Hours 

SECONDARY BASIN UV ABSORBANCE (S 254r*n> DATA 

APROX 

CUMM TIME INFLUENT BASIN 1.0 FT 2.5 FT 5.0 FT 7.0 FT 9.5 FT 15.0 FT 20.0 FT 

(hours) 

0.00 0. 146 0.150 

3.00 0.275 0.314 

5.00 0.289 0.260 0.197 0.196 0.261 0.166 

8.00 0.282 0.209 0.187 0.164 0.230 0.196 

9.50 0.271 0.215 

11.00 0. 148 0.149 0.257 0.183 0.150 0.177 0.145 0.287 

14.75 0.246 0.176 0.158 0.142 0.142 0.136 

17.75 0.172 0.144 0.166 

21.00 0. 144 0.145 

25.00 0. 136 0.140 0.224 0.160 0.167 0.167 0.142 

27.00 0. 145 0.144 

32.00 0.166 0.159 0.145 0.159 0.143 

38.00 0. 166 0.175 0.195 0.168 0.164 0.158 0.156 0.151 

45.00 0. 144 0.172 0.177 0.156 0.153 0.142 

51.00 0. 143 0.156 0.167 0.151 0.154 0.143 0.166 0.136 

56.00 0. 150 0.162 0.172 0.150 0.140 0.136 0.145 0.138 

68.00 0. 145 0.156 0.170 0.132 0.139 0.124 0.160 0.130 

74.00 0. 152 0.170 0.161 0.142 0.179 0.138 0.135 0.131 

80.00 0. 141 0.150 0.168 0.137 0.143 0.126 0.158 0.125 

86.00 0. 147 0.142 0.163 0.148 0.178 0.131 0.139 0.128 

92.00 0. 155 0.160 0.160 0.134 0.144 0.134 0.153 0.124 0.292 

99.00 0. 166 0.162 0.167 0.131 0.164 0.128 0.131 0.126 

104.50 0. 145 0.159 0.159 0.145 0.136 0.134 0.132 0.130 

110.50 0. 162 0.168 0.167 0.144 0.153 0.129 0.153 0.134 

116.50 0. 173 0.163 0.165 0.146 0.146 0.126 0.138 0.134 0.351 

128.00 0. 139 0.142 0.172 0.142 0.161 0.140 0.135 

152.00 0. 144 0.151 0.164 0.141 0.146 0.121 0.139 0.137 0.297 

164.00 0. 147 0.186 0.169 0.134 0.167 0.116 0.127 0.124 0.243 

188.50 0.129 0.172 0.146 0.211 0.114 0.147 0.236 

213.00 0.168 0.167 0.155 0.128 0.129 0.113 0.230 

236.50 0.163 0.156 0.220 0.120 0.147 

261.00 0.168 0.166 0.208 0.126 0.150 0.261 0.218 

254.00 0.171 0.190 0.219 0.141 0.158 

380.50 0.196 0.220 0.214 0.149 0.158 0.090 0.229 

AVERAGE 0.149 0.156 0.192 0.166 0.170 0.138 0.158 0.175 0.265 



Secondary Basin Flooding Cycle Nunber 2 

Sept. 4 • Sept. 11, 1990 

168 Hours 

SECONDARY BASIN TOX DATA (ug/L) 

APROX 

CUMM TIME INFLUENT BASIN 1.0 FT 2.5 FT 5.0 FT 7.0 FT 9.5 FT 15.0 FT 20.0 FT 

(hours) 

10.00 127.2 99.2 

21.50 98.8 101.2 89.6 86.4 70.8 51.2 112.0 

71.00 65.6 86.4 62.8 81.2 45.6 45.6 

DUPL 63.6 

96.00 82.0 

120.50 84.0 

148.00 66.0 

156.00 110.8 69.2 

DUPL 104.4 

167.00 106.4 90.0 50.0 65.6 59.2 50.4 36.0 55.2 44.0 

239.00 35.2 38.8 49.6 35.6 34.8 26.4 

AVERAGE 112.2 81.7 62.6 68.5 71.2 58.8 55.7 44.6 67.2 

DUPL = Duplicate Sample 

Average Coefficient of Variance » 10.6X 



Secondary Basin Flooding Cycle Nimber 2 

Sept. 4 - Sept 11, 1990 

168 Hours 

SECONDARY BASIN DOC DATA (mg/L) 

APROX 

CUMM TIME INFLUENT BASIN 1.0 FT 2.5 FT 5.0 FT 7.0 FT 9.5 FT 15.0 FT 20.0 FT 

(hours) 

10.00 11 .13 11.88 

21.50 8.11 7.72 7.04 7.03 6.78 5.70 7.95 

DUPL 6.82 5.93 

71.00 6.59 8.31 7.80 6.97 6.38 5.94 8.15 

96.00 12.04 

120.50 9.22 

148.00 10.14 

156.00 11 .54 11.43 

DUPL 10.96 

167.00 10 .84 11.38 6.17 6.77 6.61 5.27 5.04 5.30 7.84 

239.00 5.14 6.31 5.93 4.10 4.16 3.24 7.83 

DUPL 4.20 

AVERAGE 11.17 11.01 6.50 7.28 6.84 5.51 5.59 5.22 7.94 

DUPL = Duplicate Sample 

Average Coefficient of Variance * 2.4% 



Secondary Basin Flooding Cycle Munber 2 

Sept. 4 * Sept 11, 1990 

168 Hours 

SECONDARY BASIN UV ABSORBANCE (S 254 run) DATA 

APROX 

ClIHM TIME INFLUENT BASIN 1.0 FT 2.5 FT 5.0 FT 7.0 FT 9.5 FT 15.0 FT 20.0 FT 

(hours) 

10.00 0. 143 0. 139 

21.50 0.139 0.128 0. 122 0. 126 0. 136 0. 125 0.218 

71.00 0.145 0.141 0. 128 0. 125 0. 130 0. 126 0.241 

96.00 0. 145 

120.50 0. 135 

148.00 0. 126 

156.00 0. 164 0. 132 

167.00 0. 143 0. 143 0.157 0.138 0. 129 0. 118 0. 111 0. 111 0.255 

239.00 0.157 0.138 0. 129 0. 118 0. 111 0. 111 0.255 

AVERAGE 0. 150 0. 137 0.150 0.136 0. 127 0. 122 0. 122 0. 118 0.242 



Secondary Basin Flooding Cycle Nimber 3 

October 9 - October 17, 1990 

192 Hours 

SECONDARY BASIN TOX DATA <ug/L) 

APROX 

CUMN TIHE INFLUENT BASIN 1.0 FT 2.S FT 5.0 FT 7.0 FT 9.5 FT 15.0 FT 

(hours) 

0.50 

10.50 50.8 84.4 98.0 84.4 92.0 53.2 

24.00 71.2 96.4 113.6 92.4 87.6 66.8 

28.50 72.0 85.2 86.4 83.2 86.8 68.4 

DUPL 82.8 78.8 

35.00 64.0 86.0 87.2 80.4 82.4 75.6 

53.50 64.0 85.2 72.8 102.4 86.8 43.2 

DUPL 84.0 

72.50 68.0 74.8 76.4 76.8 80.4 68.8 

95.50 56.4 72.4 76.0 73.2 62.4 

125.50 62.0 68.4 73.6 75.2 61.6 61.2 

AVERAGE 110.2 93.5 66.8 80.1 85.0 83.8 81.1 62.4 

DUPL * Duplicate sample 

Average Coefficient of Variance « 5.9X 

•••• s Influent and Basin Values are Averages of First 2 Tests 



Secondary Basin Flooding Cycle Nunber 3 

October 9 - October 17, 1990 

192 Hours 

SECONDARY BASIN DOC DATA (mg/L) 

APROX 

CUMM TIME INFLUENT BASIN 1.0 FT 2.5 FT 5.0 FT 7.0 FT 9.5 FT 15.0 FT 20.0 FT 

(hours) 

10.50 4.96 6.74 7.83 7.04 6.59 4.75 

24.00 9.99 4.99 6.78 6.74 6.35 7.29 5.82 6.85 

28.50 9.87 5.42 6.08 6.36 6.03 6.48 5.25 8.83 

35.00 11.50 5.52 6.09 6.45 5.41 5.94 4.92 5.54 

47.00 11.14 

53.50 12.72 5.90 6.88 6.23 7.19 6.39 5.14 6.94 

DUPL 6.98 

72.50 11.36 11.30 5.92 6.35 6.56 6.40 6.57 5.30 6.22 

DUPL 6.46 

82.50 

95.50 20.80 12.92 6.51 5.80 5.64 5.51 4.46 6.05 

DUPL 6.02 4.19 

107.00 5.62 

125.50 19.22 5.42 5.74 5.78 5.10 5.63 4.20 5.49 

DUPL 21.04 4.12 

142.50 24.19 5.79 

173.00 11.98 5.54 5.20 5.39 4.22 5.71 4.08 5.45 

190.50 10.92 

244.50 5.10 5.16 4.34 4.40 4.50 3.60 4.86 

DUPL 3.39 

AVERAGE 16.33 15.27 5.42 6.15 6.14 5.89 6.10 4.30 6.15 

DUPl = Duplicate sample 

Average Coefficient of Variance • 3.2X 



Secondary Basin Flooding Cycle Nwtoer 3 

October 9 - October 17, 1990 

192 Hours 

SECONDARY BASIN UV ABSORBANCE (S 254nm) DATA 

APROX 

CUMM TIME INFLUENT BASIN 1. 0 FT 2.5 FT 5.0 FT 7.0 FT 9.5 FT 15.0 FT 20.0 FT 

(hours) 

0.50 0. 158 0.164 

10.50 0. 108 0.138 0.136 0.170 0.120 0.129 

24.00 0.149 0. 118 0.123 0.119 0.120 0.130 0.112 0.311 

28.50 0. 143 0. 121 0.121 0.119 0.112 0.122 0.111 0.256 

35.00 0.147 0. 119 0.127 0.123 0.116 0.119 0.105 0.232 

47.00 0. 186 
53.50 0.167 0. 126 0.146 0.132 0.151 0.131 0.112 0.250 

72.50 0. 164 0.167 0. 133 0.178 0.142 0.127 0.127 0.118 0.234 

95.50 0. 167 0.162 0.129 0.165 0.111 0.119 0.102 0.224 

107.00 0.216 

125.50 0.155 0. 125 0.155 0.127 0.106 0.117 0.098 0.213 

142.50 0. 156 0.211 

173.00 0.151 0. 118 0.115 0.124 0.110 0.121 0.095 0.203 

190.50 0. 152 
244.50 0. 121 0.121 0.120 0.113 0.119 0.096 0.198 

AVERAGE 0. 161 0.158 0. 121 0.135 0.131 0.124 0.122 0.108 0.232 



APPENDIX P. 

REACT1 MODEL RESULTS. 
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aEBPi/ra or modblimq bxckrcisbs 

Modeling Methods and B«»ult» 

The purpose of this modeling exercise was to investigate 

the differences in transport between a "conservative11 species 

such as bromide, and a "non-conservative" species, in this 

case, refractory organic halides (TOX).. An attempt was made 

to characterize the attenuation of the TOX flux with respect 

to actual fluid flow. The model employed, REACT1, is a one-

dimensional solute-transport model. REACT1 uses equilibrium 

controlled sorption such as Langmuir, Freundlich, ion-exchange 

and first-order irreversible rate reactions to describe 

various reaction processes (Grove and Stollenwerk, 1984) . 

The one-dimensional differential equation can be written 

to describe solute transport as follows: 

where 

0 = effective porosity 
c = solute concentration (ML"1) 
t = time (T) 
V = interstitial fluid velocity (LT1) 
z = distance in the vertical direction (L) 
D - hydrodynamic dispersion coefficient (L2T*1) 
pb= bulk density of the soil (ML'3) 
C = concentration of species sorbed on solid phase (MM"1) 
k = first order rate constant (T"1). 

The initial conditions for the profile are given as; 

c(z,t=0) = C j ( Z )  .  
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The constant concentration boundary conditions are described 
by; 

c » Cj for z = 0 at t. 

The output boundary condition is given as 

If"0 

for x = L at t, 
where 

C; = input concentration of the solute 
Cj = initial concentration of the solute in the column 
L = length of the column. 

The following assumptions were made in applying this 

model to the particular problem of organic halide transport 

during recharge of secondary effluent: 

1. The profile was at or near saturation. 

2. The removal of organic halide can be fully described by 

first order irreversible-rate reactions and equilibrium 

controlled linear adsorption. 

3. The interstitial velocity remained constant with time. 

4. The input concentration remained constant with time and 

the initial concentration in the profile was zero. 

5. Bromide acted as a conservative tracer and was not subject 

to any chemical reactions. 

6. Molecular diffusion was insignificant as compared to 

mechanical dispersivity and therefore can be ignored. 

7. The porosity was invariant throughout the profile. 

8. Lateral flow was negligible as compared to vertical flow. 
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NI - 51,200 

aL (cm) D (cm2/s) 

25 
50 
100 

1.154 
2.310 
4.620 

Tabl« IE. Dispersion as a Function of Aj.. 

An average velocity was estimated based on the time that 

the normalized concentration (C/Co) was equal to 0.50 at the 

15.0 foot depth. Figure 40 illustrates normalized bromide 

concentration as a function of cumulative time for the 15.0 

foot lysimeter. A porosity of 0.33 was estimated from the 

average bulk density throughout the profile, and used to 

calculate the pore volume of the profile directly beneath the 

basin to a depth of 15.0 feet. Figure 41 shows Br" 

breakthrough as a function of pore volume at 15.0 feet. Using 

REACT1 a sensitivity analysis was done to determine the 

response to various values of dispersion as a function of the 

characteristic length (aL). Figure 42 shows that the 

breakthrough curves are relatively independent of the 

characteristic length and thus dispersive processes. Table 

IE. summarizes dispersion values as a function of aL. The 

values of NI refer to the number of nodes designated within 

the profile. It can be concluded that advective flow is the 

dominant process in the transport of bromide within the soil 
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Experimental 
Breakthrough Curve for Bromide 
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Figure 41. Experimental Breakthrough for Bromide at 15 feet 
Below the Secondary Test Plot at Site 2. 
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profile. From Figure 42 it can be seen that a good fit is 

obtained between the observed and predicted breakthrough of 

bromide up to approximately C/Co =0.50 (1 pore volume). At 

this point the experimental data begins to diverge. However 

the point at which C/Co equals unity agrees very well at 

approximately 2.5 pore volumes. The divergence of the two 

curves could be a result of analytical error, or more likely 

a manifestation of a decrease in the interstitial velocity as 

the infiltration rate receded. 

Using a characteristic length of 100 cm an attempt was 

made to fit a curve to the breakthrough of TOX at 15.0 feet at 

Site 2 (Figure 43) , using linear sorption and first order 

rate-reaction kinetics. The rate constant and adsorption 

isotherm slope were varied until the closest solution possible 

was obtained. Figures 44 and 45 illustrate the behavior of 

the predicted breakthrough curves as a function of the rate 

constant and the isotherm slope. 

Because of limitations imposed by the method of sampling there 

are no data for very early times. For both curves the 

numerical results indicate that C/Co = 0.50 at approximately 

1 pore volume. Using a rate constant of 1.605 x lO's1 and a 

isotherm slope of 0.155 produced a curve that agreed well with 

the observed data until approximately 6 pore volumes (Figure 

44). At this point the predicted curve remained constant 
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Figure 43. Experimental Breakthrough for TOX at 15 Feet 
Below the Secondary Test Plot at Site 2. 
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Figure 44. Predicted and Observed Breakthrough for TOX at 
15 Feet Below the Secondary Test Plot at Site 2. 
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Predicted and Observed Breakthrough 
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Figure 45. Predicted and Observed Breakthrough for TOX at 
15 Feet Below the Secondary Test Plot at Site 2. 
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while the observed data continued to increase. A second curve 

was generated using a rate constant of 0.70 x lO'V1 and an 

isotherm slope of 0.250 (Figure 45). This curve fits well 

until approximately 9 pore volumes, when the experimental data 

diverges as it continues to increase. Both curves are able to 

accurately predict the initial relative concentration of TOX, 

but fail as the number of pore volumes increase. This could 

be a result of nonlinear sorption and/or a reversible reaction 

such as desorption. Some investigators have reported that the 

sorption of hydrophobic organic compounds onto substrates 

coated with natural humic materials is nonlinear (Murphy, et. 

al. 1990). 

To test the predictive accuracy of the model, a run was 

made to simulate the breakthrough of TOX at 9.5 feet. The 

results are illustrated in Figure 46. As before, the fit is 

good for a short time and then the curves begin to diverge, 

with the experimental data continuing to increase while the 

modeled results remain constant. Figure 47 indicates that the 

model predicted the larger relative concentration for the 9.5 

foot depth fairly accurately. The similarity in trends 

between the 9.5 and 15.0 foot depths may indicate that while 

a first order reaction is taking place initially, the reaction 

HconstantH and isotherm slope may be a function of time. 



214 

Predicted and Observed Breakthrough 
Tor Total Organic llalide 

uepin = u.d I'T .00 

0.00 -

0.60 

o 

0.40 

First Order Rate Constant = 0.7 x 10"V 
l.incar Isotherm Slope = 0.250 

0.20 -

Predicted Dreakthrough: 9.5 Ft 
Observed nrenktlirougli: 9.5 IM 

0.00 
0.00 5.00 10.00 15.00 20.00 25.00 30 00 

PORE VOLUMES 

Figure 46. Predicted and Observed Breakthrough for TOX at 
9.5 Feet Below the Secondary Test Plot at Site 2. 
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Figure 47. Predicted and Observed Breakthrough for 9.5 and 
15.0 Feet below the Secondary Test Plot at Site 2. 
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If it is assumed that the model accurately predicts the 

transport of TOX during the early stages of recharge, then a 

comparison of the breakthrough curves for the bromide and TOX 

should provide an estimate of the attenuation of the TOX flux 

with respect to the actual fluid flow. A comparison of the 

two curves is seen in Figure 48. For the bromide C/Co = 0.50 

at approximately 1 pore volume, while for the TOX this 

occurred at about 1.25 pore volumes. Given the analytical and 

experimental limitations of the TOX data ( i.e. no data points 

prior to 2.5 pore volumes) this is considered to be a 

negligible difference. 

The data used for comparison between the bromide and TOX 

were generated during two separate tests. Implicit in the 

above comparison was that the conditions remained constant for 

the two tests (i.e. the interstitial velocity differed 

negligibly) when in fact they were quite different. The pore 

velocity calculated for the bromide test was 0.04618 cm s'1 as 

compared to 0.01363 cm s'1 for the TOX test. To check the 

validity of the assumption that the difference in velocities 

between the two tests was negligible, a simulation was run the 

for the bromide using the slower velocity. The results are 

found in Figure 49. The change in velocity (a decrease of 

approximately 70 %) did little to change the shape or position 

of the curve. It should be noted however that the pulse time 
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Figure 48. Predicted Breakthrough for Bromide and TOX at 
15.0 Feet Below the Secondary Test Plot at Site 2. 
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15.0 Feet Below the Secondary Test Plot at Site 2. 
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also had to be increased to represent similar conditions to 

those present in the TOX experiment. Failure to do this 

resulted in the curve found in Figure 50. The overall shape 

of the curve is significantly different, but the rising limb 

of the curve is exactly the same as in previous graphs. The 

difference in the shape of the curves in Figures 49 and 50 

represents the exhaustion of the bromide tracer due to a 

shorter pulse time. Therefore it can be concluded that the 

disparity in velocities between the two tests does not 

introduce significant error in terms of a comparison when 

based on pore volume. 
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Conclusions 

The results of the model indicate that there is a 

disappearance of TOX that initially can be estimated using a 

first order reaction-rate constant and linear adsorption 

isotherm. It appears that either the isotherm slope, the rate 

constant or both behave as a function of time and therefore 

are not able to accurately describe the disappearance of TOX 

with increasing pore volumes. The limited applicability of 

this model could also invalidate the assumption that the 

disappearance reaction is irreversible and equilibrium 

controlled, due to the fact that the experimental results 

indicate that the TOX concentration continues to increase with 

time. This increase could be a function of nonlinearity in 

the adsorption isotherm as well as a reversible reaction 

taking place such as desorption. In addition the kinetic 

behavior may be such that the sorption process of TOX is not 

at equilibrium given the high advective velocities of the 

fluid. The model was successful in predicting the relative 

degradation of TOX as it is transported through the soil 

profile at both 9.5 and 15.0 feet for a small number of pore 

volumes. 

Comparison of the breakthrough for bromide and TOX yields 

little information concerning the retardation of TOX with 

respect to the bulk movement of the water. This is compounded 

by the fact that there are no data for very early times during 
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the TOX experiment. However a comparison of the two does 

illustrate the degree to which the TOX is removed from 

solution relative to a conservative tracer such as bromide. 

Initially the relative TOX concentration was approximately 70 

% of the input concentration. In addition it is evident that 

mechanical dispersion is negligible in comparison to the 

advective transport of bromide and organic halides. 



223 

REFERENCES 

Aamodt E.A., (1990) The fate and transport of organics 
during rapid infiltration of wastewater. Unpublished Masters 
Thesis., University of Arizona. 

Amy G.L., W. Bryant and Beyani, (1987) Molecular weight 
distributions of soluble organic matter in various secondary 
and tertiary effluents. Journal AffWA. 79, 1-43. 

Amy G.L. and L.G. Wilson, (1989) The fate of organic-
chlorine in the subsurface environment during wastewater 
effluent recharge., Unpublished Research Proposal. 

Anderson S.R., (1987) Cenozoic stratigraphy and geologic 
history of the Tucson basin, Pima county Arizona: U.S. 
Geological Survey Water-Resources Investigations Report 87-
4190, pp. 20. 

Asano T. , (1985) Overview: Artificial Recharge. In 
Artificial Recharge of Groundwater., pp. 3-21. Butterworth 
Publishers, Stoneham, MA. 

Bouwer E.J., P.L. McCarty, H. Bouwer, and R.C. Rice, 
(1984) Organic contaminant behavior during rapid infiltration 
of secondary wastewater at the Phoenix 23RD Avenue Project. In 
Water Research. 18, 463-472. 

Brusseau M.L., R.E. Jessup and P.S.C. Rao, (1990) 
Nonequilibrium sorption of organic chemicals: Eludication of 
rate-limiting processes. In Environ. Sci. Technol. 25, 134-
142. 

Brusseau M.L. and P.S.C. Rao, (1989) Sorption nonideality 
during organic contaminant transport in porous media. In CRC 
Critical Reviews in Environmental Control. 19, pp. 33-99. 

Chang A.C., and A.L. Page, (1985) Fate of wastewater 
constituents in soil and groundwater: trace organics. In 
Irrigation With Reclaimed Municipal Wastewater ( Edited by 
Pettygrove G.S. and Asano T.) Pg 15-1. 

Chiou C.T., P.E. Porter and D.W. Schmedding, (1983) 
Partition equilibria of nonionic organic compounds between 
soil organic matter and water. In Enivorn. Sci. Technol. 17, 
227-231. 



224 

Cline D.J., (1991) Tracer experiments using bromide ion 
and two bacteriophages during soil aquifer treatment. 
Unpublished Masters Thesis., University of Arizona. 

Conroy A.D., (1990) The role of soil aquifer treatment in 
wastewater reclamation/reuse: chemical considerations. 
Unpublished Masters Thesis., University of Arizona. 

Davis A. and R.L. Olsen, (1990) Prediction the fate of 
organic compounds. In Hazardous Material Control. May-June, 
39-64. 

Faust S.D. and O.M. Aly, (1983) Chemistry of water 
treatment. In Chemistry of Water Treatment., pp. 80-101. 
Butterworth Publishers, MA. 

Fenneman N.M., (1931) Physiography of western United 
States., pp. 534. McGraw-Hill, New York. 

Glaze W.H. and J.E. Henderson, (1975) Formation of 
organochlorine compounds from the chlorination of a municipal 
effluent. In Journal WPCF. 47, 2511-2515. 

Grove D.B. and K.G. Stollenwerk, (1984) Computer model of 
one-dimentional equilibrium-controlled sorption processes: 
U.S. Geological Survey Water-Resources Investigations 84-4059, 
pp. 10-13. 

Harmon T.C., W.P. Ball, and P.V. Roberts, (1989) 
Nonequilibrium transport of organic contaminats. In Reactions 
and Movement of Organic Chemicals in Soils (Edited by Sawhney 
D.L. and K. Brown), pp. 405-438. Soil Science Society of 
America, Madison, WI. 

Hassett J.J. and W.L. Banwart, (1989) The sorption of 
nonpolar organics by soils and sediments. In Reactions and 
Movement of Organic Chemicals in Soils (Edited by Sawhney B.L. 
and Brown K.), pp. 31-44. Soil Science Society of America, 
Madison, WI. 

Hutchins S.R., M.B. Tomson, J.T. Wilson, and C.H. Ward, 
(1984) Microbial removal of wastewater organic compounds as a 
function of input concentration in soil columns. In Applied 
Environmental Microbiology. 48, 1039-1045. 

Jolley R.L., (1975) Chlorine-containing organic 
constituents in chlorinated effluents. In Journal WPCF. 47, 
601-619. 



225 

Karickhoff S.W.# (1981) Semi-empirical estimation of 
hydrophobic pollutant on natural sediments and soils. In 
Chemosphere. 10, 833. 

Koybayashi H. and B.E. Rittmann, (1982) Microbial removal 
of hazardous organic compounds. In Environ. Sci. Technol. 16, 
170-183. 

McCarty P.L., (1981) Trace organics in groundwater. In 
Environ. Sci. Technol. 15, 40-51. 

Munz C. and P.V. Roberts, (1986) Effects of solute 
concentrations and cosolvents on the aqueous activity 
coefficient of halogenated hydrocarbons. In Environmental 
Science and Technology. 20, 830. 

Murphy E. M., J.M. Zachara and S.C. Smith, (1990) 
Influence of mineral-bound humic substances on the sorption of 
hydrophobic organic compounds. In Environ. Sci. Technol. 24, 
1507-1516. 

Okubo T. and J. Matsumoto, (1983) Biological clogging of 
sand and changes of organic constituents during artificial 
recharge. In Water Res. 17, 813-820. 

Richards D.J. and W.K. Shieh, (1986) Biological fate of 
organic priority pollutants in the aquatic environment. In 
Water Research. 20, 1077-1090. 

Roberts P.v.,P.L. McCarty, M. Reinhard, and J. Schreiner, 
(1980) Organic contaminant behavior during groundwater 
recharge. In Journal of the Water Pollution Control 
Federation. 52, 161-172. 

U.S. EPA. (1980) Development Document for Interim Final 
Effluent Limitations Guidelines and New Source Performance 
Standards for the Significant Organic Products segment of the 
Organic Chemical Manufacturing Point Source Category. 
Publication No. 440/1-75-045, Washington D.C. 

Veenstra J.N. and J.L. Schnoor, (1980) Seasonal patterns 
and molecular weight variation of trihalomethane precursors in 
the Iowa River. In Water Chlorination. (Edited by R.L. Jolley 
et al.) 3, Pg 110. 

Wilson L.G., (1990) Methods for sampling fluids in the 
vadose zone. In Ground Water and Vadose Zone Monitoring. 
(Edited by D.M. Nielson and A.I. Johnson) American Society for 
Testing Materials. 



226 

Wood W.W. and R.L. Bassett, (1975) Water quality changes 
related to the development of anaerobic conditions during 
artificial recharge. In Water Resources Research. 11, 553-
558. 

Wu S. and P.M. Gschwend, (1986) Sorption kinetics of 
hydrophobic organic compounds to natural sediments and soils. 
In Environ. Sci. Technol. 20, 717-724. 


