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ABSTRACT 

An attempt was made to characterize Tucson groundwater 

quality in artificial recharge areas and areas not affected 

by recharge relative to the organic surrogate parameters (DOC, 

THMs, TOX, TOC, UV absorbance, THMFP, and TOXFP) and inorganic 

parameters associated with recharge water. Elevated levels 

of DOC, THMs, TOC and UV absorbance were present in 

groundwater at artificial recharge sites indicating that these 

parameters were mobile in the subsurface environment. 

Organo-chlorine formation potential of groundwater at 

artificial recharge sites was greater than formation potential 

in groundwater unaffected by artificial recharge due to 

elevated levels of DOC, a precursor to organo-chlorine 

formation. However, specific trihalomethane formation 

potential (THMFP/DOC) was higher in groundwater unimpacted by 

artificial recharge. 

The mobility of organo-chlorine during deep well 

injection of chlorinated Colorado River Water was also 

investigated using data from Las Vegas, Nevada. An alluvial 

aquifer similar to that characterizing the Tucson 

hydrogeologic environment was found to have little sorptive 

capacity for organo-chlorine. 
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CHAPTER 1 

INTRODUCTION 

The City of Tucson is one of the largest municipalities 

in the United States that relies exclusively on groundwater 

to meet its potable water needs. A water demand three times 

greater than the rate of natural replenishment has resulted 

in aquifer overdraft (MJB, 1986). Meeting future demand 

without continued groundwater depletion will require 

development of alternative potable water sources as well as 

effective management of existing and alternative supplies. 

To ease the problem of groundwater overdraft, the City 

of Tucson will import water from the Colorado River via the 

Central Arizona Project. Tucson currently is evaluating 

several water management options, one of which involves 

recharging imported Colorado River water (CRW) and subsequent 

retrieval of recharged CRW and mixtures of CRW and native 

groundwater. In addition, Tucson Water is recharging 

secondary and tertiary effluent to offset seasonal demand for 

nonpotable irrigation water. 

Methods of recharge under consideration include deep well 

injection of chlorinated CRW and infiltration of chlorinated 

effluent and untreated CRW through surface spreading basins. 

Some removal of dissolved organic carbon may occur during 

percolation of recharge water through the vadose zone during 

surface spreading operations and through sorption onto aquifer 
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material during deep well injection. However, a fraction of 

dissolved organic carbon may be mobile resulting in 

introduction of organic constituents into the groundwater. 

Organic constituents of particular concern include 

trihalomethanes and total organic halides, organo-chlorine 

resulting from the chlorination process, and humic materials 

which may serve as organo-chlorine precursors. 

In order to assess potential impacts resulting from 

recharge of treated Colorado River water, untreated Colorado 

River water and chlorinated effluent, the investigation 

reported herein has focused on evaluating groundwater quality 

throughout the Tucson basin and Avra valley in areas targeted 

for artificial recharge as well as in existing artificial 

recharge areas. In addition, this study has evaluated the 

mobility of organo-chlorine during deep well injection of 

chlorinated Colorado River water in the Las Vegas valley 

aquifer, a hydrogeologic environment similar to that 

characterizing the Tucson basin. Parameters of concern in 

this study have included organo-chlorine compounds, dissolved 

organic carbon, humic substances, and organo-chlorine 

formation potential, an indication of the tendency for 

trihalomethanes and other organic halides to form in water 

undergoing chlorine disinfection. Inorganic water quality 

have also been compiled to provide additional insight into 

Tucson groundwater quality characteristics. 
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CHAPTER 2 

OBJECTIVES 

Due to groundwater overdraft that has occurred within the 

Tucson basin, augmentation of existing groundwater supplies 

through recharge of Colorado River Water imported via the 

Central Arizona Project is a management plan under 

consideration by Tucson Water. Water quality data generated 

to date suggest that dissolved organic carbon levels in 

Colorado River Water exceed those measured in Tucson 

groundwater, resulting in the potential for degradation of 

groundwater quality at recharge sites (MJB, 1986). 

In the past, effluent related recharge activities in 

Tucson have consisted of incidental discharge of secondary 

effluent along the Santa Cruz River and intentional recharge 

of reclaimed water through spreading basins at Tucson Water's 

Demonstration Recharge project, and at the Sweetwater 

Underground Storage and Recovery project. Secondary effluent 

generated at the Roger Road wastewater treatment plant has 

undergone biotower filtration followed by secondary 

clarification and chlorine disinfection. Reclaimed water from 

this plant has undergone an additional level of treatment 

consisting of dual media filtration and post chlorination. 

Secondary effluent generated at the Ina Road wastewater 

treatment plant has undergone treatment by activated sludge 
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followed by secondary clarification and chlorine disinfection. 

Groundwater quality degradation potentially results through 

the introduction of organo-chlorine present in disinfected 

effluent, and through the introduction of dissolved organic 

carbon, organo-chlorine precursor material. Characterization 

of recharge impacted groundwater in terms of nonspecific 

organic parameters describing organo-chlorine or the tendency 

of organo-chlorine to form during chlorination provides 

insight into the effect that future recharge of Colorado River 

water may have on groundwater quality. Accordingly, research 

described herein has sought to accomplish the following 

objectives: 

1. Examine differences in water quality between areas 

receiving reclaimed water and secondary effluent recharge and 

areas unimpacted by artificial recharge in Tucson groundwater 

in terms of organic surrogate parameters and inorganic 

parameters characterizing effluent. Organic surrogate 

parameters include trihalomethanes (THMs), total organic 

halide (TOX), dissolved organic carbon (DOC), UV absorbance, 

trihalomethane formation potential (THMFP) and total organic 

halide formation potential (TOXFP), while inorganic parameters 

include chloride, bromide, alkalinity, sulfate, nitrate, 

conductivity and pH. 

2. Investigate relationships between organic and 

inorganic water quality parameters in groundwater where 
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artificial recharge has occurred and in groundwater unaffected 

by artificial recharge. 

3. Investigate the fate and mobility of total organic 

halides and trihalomethanes during the deep well injection of 

Colorado River Water into the Las Vegas Valley aquifer. 

The first two objectives relate to gaining insight into 

the impact of effluent recharge on groundwater quality. The 

third objective focuses on the potential for groundwater 

quality degradation due to deep well injection of recharged 

chlorinated river water. 
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CHAPTER 3 

LITERATURE REVIEW 

3.1 Dissolved Organic Carbon and Humic substances: 

Dissolved organic carbon (DOC) is ubiquitous throughout 

the hydrologic environment, although concentrations may vary 

significantly depending on regional geologic and geographic 

conditions or land use. The occurrence of groundwater DOC is 

controlled by both anthropogenic and natural inputs. 

Xenobiotic sources of DOC include chemicals such as 

pesticides, organic solvents, trihalomethanes and the gamut 

of compounds comprising the total organic halide (TOX) 

parameter. DOC of this type may be introduced to groundwater 

through various land use activities that include underground 

storage of chemicals, irrigation, waste disposal and recharge. 

It is the occurrence of xenobiotic sources of DOC, often of 

mutagenic or carcinogenic nature, that poses an immediate 

water quality problem requiring removal by appropriate water 

treatment processes. 

In contrast, introduction of naturally occurring DOC 

results primarily from the leaching of plant and animal 

decomposition byproducts. DOC of this type consists of simple 

compounds which include carbohydrates, carboxylic acids, amino 

acids and hydrocarbons, as well as hydrophilic acids and humic 

substances (Thurman, 1985) . From a water quality perspective, 

naturally occurring DOC, particularly humic substances, are 
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problematic for several reasons. Color imparted to natural 

waters by humic substances reduces aesthetic water quality, 

(Carey, 1989) . Humics may also promote solubility of metals 

and trace organics. Finally, humics have been identified as 

precursors to organo-chlorine compounds that form during 

disinfection processes (Rook, 1977). The reactivity of humic 

substances and their mobility in the aquatic environment is 

governed by their physicochemical properties which, in turn, 

are related to factors such as the nature, structure, 

composition and molecular weight of the humic material. 

3.11 Occurrence and Distribution of DOC; 

Dissolved organic carbon may be operationally defined as 

the fraction of organic carbon passing through a 0.45 micron 

micrometer silver or glass-fiber filter (Thurman, 1985). 

Groundwater DOC levels typically range from 0.2 to 15 mg/1? 

however, the median DOC concentration reported for groundwater 

is only about 0.7 mg/1 (Thurman, 1985). To a large degree, 

regional climatic, geographical, and geological conditions 

influence groundwater DOC concentrations. For example, the 

southeastern portion of the United States with its tropical 

climate and abundant flora, has groundwater containing between 

6 to 15 mg/1 DOC. On the other hand, groundwater DOC levels 

in arid climates are typically less than 1.0 mg/1 (Thurman, 

1985). 

Leenheer, et. al. (1974), conducted a comprehensive 
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survey to determine DOC levels typically associated with 

lithologic sequences characterizing aquifers throughout the 

United States. Median DOC levels associated with sand and 

gravel aquifers, such as those found in a basin and range 

environment, are approximately 0.7 mg/1. On the other hand, 

groundwater DOC concentrations associated with petroleum 

deposits typically are in excess of 100 mg/1 (Leenheer, 1974). 

Median DOC concentrations associated with various lithologic 

units are presented on Table 3.1 (Frimmel, 1972). 

Several investigations have sought to define correlations 

between DOC and inorganic water quality parameters. Leenheer 

(1974) determined that a direct correlation exists between 

groundwater DOC, alkalinity and conductivity. Miller et. al. 

(1989) discovered strong correlations between DOC and ammonia 

ion or iron and manganese measured in Kansas groundwater. 

Complexation of DOC with iron and manganese was thought to 

account for this correlation. Increased DOC may also have been 

associated with active microbial populations that metabolized 

Fe3+, Mn4+, and NH3 (Miller, et. al, 1989) . Denne (1984) 

suggested that higher groundwater DOC levels and dissolved 

manganese, iron and ammonia, are all associated with a 

reducing environment. In such an environment, Fe+3 and Mn+4 

constitute terminal electron acceptors during the bacterially 

mediated oxidation of DOC. 
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TABLE 3.1 

DOC CONCENTRATIONS IN VARIOUS AQUIFERS (Frimmel, 1972) 

AQUIFER 

Sand and Gravel 

Limestone 

Sandstone 

Igneous 

Oil Shales 

Humic Colered 

Petroleum Associated 

DOC (mg/1) 

0 . 7  

0 . 7  

0 . 7  

0 . 5  

3 . 0  

10.0 

100.0 
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3.1.2 Humic Substances: 

Humic substances make up anywhere between 10 and 90 

percent of the DOC occurring in natural waters (Thurman, 

1985). Studies have shown that these nonvolatile 

macromolecules are of varied molecular structure and 

composition precluding their classification as any of the 

discrete categories of compounds such as proteins, 

polysaccharide and polynucleotides (MacCarthy and Suffet, 

1987). Instead, aquatic humic substances are operationally 

defined as colored, polyelectrolytic, organic acids isolated 

from water by XAD resins, weak base ion-exchange resins or a 

comparable procedure (Thurman, 1985). 

Three subgroups of humic materials have been isolated and 

given special names: humic acid, a fraction soluble at pH > 

2.0; fulvic acid, a fraction soluble under all pH conditions; 

and humin, a fraction insoluble under any pH condition 

(MacCarthy and Suffet, 1987). In general, the average apparent 

molecular weight of humic substances ranges from 500 to 

50,000; however, humics in groundwater tend to have smaller 

molecular weights with fulvic acids ranging from 800 to 1000 

and humic acids ranging from 2000 to 3000 (MacCarthy & 

Suffet, 1987). 

Structurally, humic substances are large polymeric 

molecules characterized by multiple aromatic ring structures 

containing acidic functional groups. Current conceptual humic 
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acid models suggest that aromatic rings are bridged by -0-, 

-CH2-, -NH-, -N=, -S—, and other groups containing both free 

OH" groups and double linkages of quinones. Fulvic acids 

consist in part of phenolic and benzene carboxylic acids held 

together by hydrogen bonds to form a stable polymeric 

structure (Stevenson, 1985). Under pH conditions encountered 

in most groundwater environments, a net negative charge is 

imparted to the molecule due to the presence of various 

functional groups (Thurman, 1985). 

Generally, levels of humic substances in groundwater 

increase with DOC concentration. Thurman (1985) measured 

groundwater humic substance levels in groundwater from five 

aquifers consisting of either limestone, dolomite or 

sandstone. Humic concentration in these aquifers ranged from 

40 ug/1 to 8600 ug/1. Levels of humic substances measured in 

these aquifers were more closely correlated with the origin 

of recharge water than with inorganic groundwater chemistry 

or aquifer geology (Thurman, 1979). 

Carey (1989) outlined two pathways by which humic 

substances enter the hydrologic cycle. The first pathway 

involves derivation of humics from allochthonous sources 

whereby interstitial soil water leaches particulate and 

suspended organic carbon from decomposing surface plant and 

animal matter and transports it to surface and groundwater 

bodies. Carey (1989) reported that particulate and suspended 



2 3  

organic carbon undergo hydrolysis to form DOC, a fraction of 

which is humic in nature. Surficial organic matter is the 

primary source of humics present in groundwater at depths less 

than 300 feet (Thurman, 1979). Alternately, in sedimentary 

aquifers, humics may be derived in situ from kerogen, organic 

matter disseminated throughout sediments. The average organic 

content of sedimentary rocks is 2.1%, 0.29% and 0.05% for 

shales, carbonates and sandstones, respectively. Leaching of 

humics from kerogen contributes to groundwater DOC levels. 

Humic substances are marked by a variable composition 

controlled by factors such as source of parent material, 

nature of aquatic or terrestrial environment of residence, and 

degree of maturation. Elemental analysis and functional group 

characterization are primary tools employed to define humic 

composition. 

Typical parameters included in an elemental analysis are 

C, H, 0, N, P, S, ash, H/C, 0/C, and C/N (Thurman, 1985). 

Several generalizations may be made concerning the elemental 

composition of groundwater humic material relative to that 

found in other aquatic environments. First, groundwater humic 

material has a higher percentage of carbon and lower 

percentage of oxygen than humic material in other aquatic 

environments, a condition reflecting the oxygen poor 

conditions that often prevail in groundwater (Thurman, 1979). 

Second, the hydrogen content of fulvic acid increases when 
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moving from bogs to streams to lakes and finally groundwater, 

reflecting an increase in aliphatic carbon over aromatic 

carbon. Such an increase is indicative of a progression in 

humic maturity when moving from one aquatic environment to the 

next (Thurman, 1985). 

Generalizations can also be made regarding compositional 

differences between groundwater humic and fulvic acids. For 

example, fulvic acids generally have a higher percentage of 

oxygen and lower percentage of carbon than humic acids 

(Stevenson, 1985). Furthermore, fulvic acid oxygen is 

associated with attached functional groups while oxygen 

associated with humics tends to occur as a structural 

component of the nucleus (Aiken, 1985). 

Humic substances may also be defined in terms of 

functional groups associated with a molecule. Major 

functional groups associated with humic materials include 

carboxylic acids (R-COOH) , phenolic hydroxyl (Ar-OH) , carbonyl 

(C=0), and hydroxyl groups (C-OH) (Thurman, 1985). The sum 

of the carboxyl and phenolic groups comprise the total acidity 

of the humic molecule, and play an important role in 

controlling humic solubility. 

Typical carboxyl and phenolic functional group contents 

characterizing humic substances in various aquatic 

environments are listed on Table 3.2. In all environments, 

the total acidity of fulvic acids exceeds humic acidity due 
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TABLE 3.2 

CARBOXYL AND PHENOLIC HYDROXYL CONTENT OF AQUATIC HUMIC 
SUBSTANCES FROM DIFFERENT ENVIRONMENTS (Thurman, 1985) 

SAMPLE CARBOXYL 
(meg/?) 

PHENOLIC 
(meq/g) 

Groundwater 
Humic 
Fulvic 

5.1-5.5 1.6 

Seawater 
Fulvic 5.5 

Lake Water 
Fulvic 5.5-6.2 

Streams & Rivers 
Fulvic 
Humic 

5.5-6.0 
4.0-4.5 

1.5 
2.0 

Bogs, Marshes 
Fulvic 
Humic 

& Swamps 
5.0-5.5 
4.0-4.5 

2.5 
2.5 
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to a greater number of -COOH- groups associated with fulvic 

acids. (Stevenson, 1985) . Thurman (1979) reported that humic 

solubility increases with increasing carboxylic acidity 

resulting in the occurrence of more fulvic acids than humic 

acids in groundwater. Soluble fulvic acids remain in 

groundwater while more hydrophobic humic acids tend to sorb 

onto aquifer solids (Thurman,1979). 

Phenolic hydroxy1 content corresponding to aquatic humic 

substances is considerably less than that associated with soil 

humic substances. Consequently, phenolic hydroxyl content may 

be used to differentiate between soil and aquatic humic matter 

(Thurman, 1979). 

3.2 ORGANO-CHLORINE FORMATION POTENTIAL: 

Aquatic humic substances have been implicated as major 

precursors to the formation of organo-chlorine compounds in 

water treatment plants employing chlorine disinfection (Rook, 

1977). Since this finding, the link between humic substances 

and trihalomethanes has been clearly established through a 

number of investigations. In addition to trihalomethanes, 

researchers have also observed the formation of compounds 

comprising the TOX parameter during disinfection processes. 

Christman et al. (1980) observed the formation of compounds 

such as di and trichloroacetic acid during disinfection of 

natural aquatic humic acid at high pH. Norwood et al. (1981) 

extracted a number of chlorinated methyl ester compounds such 
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as trichloroacetate, methyl-2,2-dichloroproprianate, and 

dimethylmonochlorosuccinate following the chlorination of 

natural aquatic fulvic acid at pH 7. 

3.2.1 Reaction Mechanism; 

Chlorine may react with humics in two distinct ways, 

oxidation and substitution. Oxidation involves the cleavage 

of large humic molecules into smaller ones, typically 

carboxylic acids. During oxidation, chlorine is reduced to 

chloride ion which may substitute onto the organic matrix 

resulting in the formation of organo-chlorine compounds 

(Johnson and Jensen, 1986). Formation of trihalomethanes is 

dependent upon significant breakdown of humic molecules in 

conjunction with substitution. In contrast, the degree of 

oxidation required of large humic molecules to facilitate 

formation of TOX is not as extensive as that required for THMs 

(Johnson and Jensen, 1986). 

3.2.2 Factors Influencing Formation Potential: 

Research efforts to identify factors contributing to 

organo-chlorine formation have focused on the effect of 

variables pertaining to water treatment plant operating 

conditions and source water attributes. Treatment plant 

variables include selection of disinfectant, disinfectant 

dose, contact time and pH. Source water attributes include 

inorganic water chemistry and characteristics of humic 

materials, notably their environmental origin, molecular 
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weight, structure and composition. The following review is 

limited to the influence of source water characteristics on 

the formation of organo-chlorine compounds. 

Several investigations have examined the relationship 

between apparent molecular weight of humic material and 

organo-chlorine formation. Oliver and Visser (1980) observed 

that aquatic humic material having an apparent molecular 

weight less than 30,000 yielded more THMs than aquatic humic 

material greater than 30,000. Veenstra & Schnoor (1980) found 

that smaller molecular weight organics in river water produced 

more THMs than the larger molecular weight fraction. Their 

study, entailing examination of river water organics ranging 

in molecular weight from 500 to 50,000, revealed that 87% of 

THMs formed from organics with a molecular weight of 3000 or 

less, while 33% of the THMS formed from organics with a 

molecular weight of less than 1000. 

Conversely, Oliver and Thurman (1981) found that larger 

molecular weight fulvics produced more THMs. Positive 

correlations at pH 11 (R=.87) and pH 7 (R=.81) were observed 

between fulvic acids ranging in molecular weight from 800 to 

5000 and THMFP. Aromatic rings conjugated with olefins or 

ketonic groups were proposed as a likely THM precursor; the 

occurrence of these structures are associated with larger 

molecules (Oliver and Thurman, 1983). Carey (1989) also 

observed a direct correlation between THMFP and humic 
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molecular weight in Orange County, CA, groundwater where the 

average molecular weight of humics ranged from 500 to greater 

than 12,000. 

Differences in THMFP observed in fulvic acids obtained 

from dissimilar aquatic environments suggested that structural 

and/or compositional characteristics of humic substances 

influence THM production. Oliver (1981) found that 

groundwater fulvics had the lowest formation potential, 

followed by surface water fulvics and finally marsh bog 

fulvics. Correspondingly, groundwater humic material was the 

oldest organic matter studied, marsh/bog material the most 

recent and surface water humics were intermediate in age. 

Structural and/or compositional changes accompanying the 

aging process were responsible for reduction in THM formation 

potential (Oliver, 1981). 

Miller and Uden (1983) found that under similar 

conditions, aquatic humus formed less organic-chlorine than 

soil fulvic acids. This difference suggested that aquatic 

humus contained a less activated aromatic structure, which 

would inhibit the formation of chlorine-carbon bonds. Less 

activated structures were attributed to the absence of strong 

activating groups such as hydroxyl functionalities, the 

occurrence of a more highly aliphatic structure of the aquatic 

humus molecule, and/or the presence of more deactivating 

groups such as carboxylic functionalities (Miller and Uden, 
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1983) 

A direct relationship between formation potential and 

variables such as elemental composition and functional group 

characteristics is not as well defined. Oliver (1981) 

observed a relatively weak direct correlation between phenolic 

content and THMFP at pH 11 (R=.51) and pH 7 (R=.31). The 

scatter in these data suggested that THM potential depends not 

only on the total number of phenolic groups but also on their 

stereochemistry within the molecule. Poor correlations were 

observed between THMFP and carboxylic acidity (Oliver, 1981). 

A strong inverse correlation (R2=.57) was observed between 

carboxylic acidity and THMFP in Orange County, CA groundwater 

(Carey, 1989). 

Inorganic water quality also plays a significant role in 

the formation of organo-chlorine compounds during 

disinfection. Dissolved manganese, iron and ammonia create 

a chlorine demand and significantly reduce formation of THMs 

and TOX compounds (Miller, et al, 1989) . The presence of 

bromide was found to increase THM yield (Amy et al, 1984). 

Aqueous pH is a determining factor in whether TOX compounds 

or THMs will be the predominant reaction byproducts formed. 

It has been observed that decreasing pH will reduce THMs while 

at the same time producing a larger TOX fraction (Miller and 

Uden, 1983). 

3.3 ARTIFICIAL GROUNDWATER RECHARGE: 
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Over the years, artificial recharge has played an 

integral role in the conjunctive management of ground and 

surface water resources. Wilson (1989) defined artificial 

recharge as the controlled release of water derived from a 

multitude of sources into the subsurface to bring about 

recharge of a ground water system for a specific purpose. 

Artificial replenishment of groundwater commonly is 

accomplished via two methods: spreading operations and 

borehole recharge (Wilson, 1989) . Spreading operations involve 

the release of water into shallow basins, from which it 

percolates downward through the vadose zone toward the zone 

of saturation. Borehole recharge requires the use of recharge 

or injection wells for confined and unconfined aquifer 

replenishment. Recharge wells provide a conduit through which 

the force of gravity may effectuate the flow of water into 

an unconfined aquifer. Injection wells facilitate the forced 

introduction of water into a confined aquifer (Wilson, 1989). 

3.3.1 Environmental Fate During Recharge: 

Recharge may result in the introduction of foreign 

constituents into the subsurface environment. The mobility and 

fate of these constituents are controlled by various physical, 

chemical and biological processes (Mackay, 1985). Such 

processes may also effect the removal of these compounds 

during recharge operations. For example, sorption may result 

in the attenuation of constituents in the vadose zone during 
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spreading operations, a process known as soil aquifer 

treatment (SAT). Alternately, attenuation and retardation of 

constituents may occur within the aquifer following borehole 

recharge. The following discussion focuses on mechanisms 

controlling the mobility and fate of organic compounds during 

recharge. 

The process of sorption involves the distribution of an 

organic compound between solid and aqueous phases, ultimately 

retarding the movement of compound relative to groundwater 

flow (MacKay, 1985). As mentioned above, it is a removal 

process operative under both surface spreading and deep well 

injection recharge operations. The extent to which a given 

contaminant will sorb onto aquifer solids is described by a 

sorption partition coefficient, Kp, the ratio of chemical 

concentration in the solid phase to that in the liquid phase. 

Partitioning of organic compounds both within the vadose zone 

and the aquifer is affected by contaminant hydrophobicity and 

the fraction of organic material in the solid matrix (MacKay, 

1984) . Karickhoff (1979) found that partition coefficients for 

sediment/water systems tended to be linearly dependent on the 

organic carbon fraction (foe) of the solid materials. This 

finding resulted in the definition of an organic carbon 

partition coefficient, Koc, using the following relationship: 

Koc=Kp/foc 

Karickhoff (1979) determined that Koc was the same for clay 



3 3  

and fine, medium and coarse silt. However, Koc values for 

sand fractions were generally 20 to 25 percent of those for 

finer materials. 

Although many organic constituents effectively partition 

onto soil organic carbon, inorganic solids may also facilitate 

the removal of certain constituents. Under conditions of high 

sorbate polarity and low organic carbon content, inorganic 

solids may limit compound mobility (Karickhoff, 1984). Ion 

exchange processes may significantly retard organic ions 

(Mccarty, 1985). 

Chiou (1986) observed that partitionlike interactions 

between trace organics and dissolved humic substances can 

significantly enhance the solubility of these compounds. Such 

enhancements are affected by the unique elemental composition 

and functional group characteristics associated with the humic 

substance. Humics with a greater nonpolar environment, as 

estimated by a low 0/C ratio, have a greater ability to 

enhance solubility than those with high 0/C ratios. (Chiou, 

et. al., 1986). Solubility enhancements occur when trace 

organics partition between the nonpolar fraction of a 

dissolved humic molecule and the aqueous environment. From 

a biological perspective, the association of organic 

compounds with humic substances reduces bioavailability to 

microorganisms (MacCarthy & Suffet, 1989). Reduction in 

bioavailability is possibly due to exclusion of the humic 
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molecule from the membrane on the basis of molecular size or 

net electrical charge of the humic substance. 

McCarty (1985) reported that biodegradation is the only 

significant process affecting the transformation of organic 

materials in the environment. Model predictions indicate that 

there is a minimum concentration to which an organic 

constituent can be degraded. Environmental variables such 

as temperature, pH, bacterial species and available electron 

acceptors all influence the degree to which biodegradation 

can occur (McCarty, 1985). Biodegradation of trace 

organics present at levels below the minimum concentration may 

occur if they are used as secondary substrates. 

Biodegradation may also occur when several organic substrates 

are present below the minimum value if the combined 

concentration is sufficient to provide energy for growth 

(Mccarty, 1985). 

MacKay (1985) reported that it is not known whether deep 

aquifers contain sufficient numbers of bacteria to facilitate 

biodegradation of organic constituents. However, Wilson and 

McNabb (1983) have found large numbers of bacteria in shallow, 

unconfined aquifers at depths of 6 m or less. 

Numerous pilot and full scale recharge projects have 

demonstrated the ability of aquifer solids to remove organic 

and ionic constituents from wastewater during recharge 

operations. These studies have involved water spreading 
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operations as well as bore hole injection of recharge water. 

Roberts, et al. (1978), studied the nature, movement and 

fate of trace organics and mineral constituents during direct 

injection of reclaimed water into an aquifer. The study 

involved continual recharge of reclaimed water through an 

injection well combined with water quality monitoring in 

observation wells. The arrival of the injection water front 

was monitored with the conductivity parameter. 

Results of groundwater quality monitoring revealed 

significant retardation or attenuation of ammonia, calcium, 

magnesium and cadmium. A coincidental increase in sodium 

suggested that ion exchange was the dominant removal mechanism 

in place (Roberts, 1978). Reductions in total organic carbon, 

carbon oxygen demand and dissolved oxygen were indicative of 

aerobic biodegradation of organic material. In looking at the 

fate of trace organics such as trihalomethanes and 

chlorobenzenes, it was found that lower molecular weight 

organics were attenuated to a significantly lesser degree than 

chlorobenzenes. Roberts (1978) postulated that higher 

molecular weight compounds were preferentially sorbed onto 

aquifer solids. 

The City of Phoenix investigated the degree to which 

soil aquifer treatment could remove a number of organic and 

inorganic constituents from secondary effluent (Bouwer and 

Rice, 1984). Sorption, ion exchange and biological 
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degradation were thought to be the primary mechanisms 

facilitating contaminant removal in the soil vadose zone. Soil 

aquifer treatment resulted in a 93% reduction in effluent 

phosphate levels and a 70% removal of total organic carbon. 

Total nitrogen levels remained unchanged; however, conversion 

of ammonia nitrogen to nitrate was observed. The efficacy of 

soil aquifer treatment on trace organic removal was variable. 

In general, nonhalogenated hydrocarbons were removed to a 

greater extent than halogenated compounds. Chlorinated 

aromatic compounds were relatively refractory and mobile. 

Soil aquifer treatment appeared to yield water suitable for 

unrestricted irrigation and recreation (Bouwer and Rice, 

1984). 

In an effort to evaluate the health effects of 

groundwater recharge using reclaimed water, the Los Angeles 

County Sanitation District conducted a pilot scale study to 

assess water quality changes occurring as a direct result of 

water spreading operations (Nellor, 1985). A reduction in 

carbon oxygen demand and total organic carbon levels with 

depth, along with the conversion of ammonia nitrogen to 

nitrate indicated .that aerobic activity existed at depth 

(Nellor, 1985). A pH reduction accompanying both 

nitrification and biodegradation of carbonaceous substances 

appeared to promote the dissolution of soil minerals, with a 

resultant increase hardness and total dissolved solids 



3 7  

concentrations (Nellor, 1985). 

The removal of four trace organic compounds (chloroform, 

methylene chloride, trichlorethylene and tetrachloroethylene) 

was also investigated as part of this study (Nellor, 1985). 

The most substantial concentration reduction was observed for 

methylene chloride, followed by chloroform and 

tetrachloroethylene. No apparent reduction was noted in 

trichloroethylene. Biodegradation was implicated as the 

mechanism responsible for the removal of trace organic 

constituents (Nellor, 1985). 
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CHAPTER 4 

DESCRIPTION OP STUDY 

The investigation reported herein is the result of two 

distinct but related efforts. The first effort focused on 

the examination of Tucson basin and Avra valley water quality 

in order to address objectives outlined in Chapter 2, and 

involved the sampling of a number of wells followed by 

chemical analysis of groundwater samples. The second aspect 

of this study dealt with the recovery of recharged chlorinated 

Colorado River water via two continuously pumping production 

wells completed within the Las Vegas Valley aquifer. Recovered 

water was chemically analyzed; data generated from these 

analyses provided insight into the mobility and fate of 

chlorinated organic compounds during the deep well injection 

of Colorado River water into an aquifer system similar to that 

encountered in Tucson. 

4.1 Tucson Groundwater Study: 

The investigation of Tucson groundwater involved sampling 

of 25 wells located throughout the Tucson Basin and Avra 

Valley. Sampling occurred between August, 1989 and February, 

1990. Insofar as a primary objective of this investigation 

was to examine groundwater quality inside and outside of 

artificial recharge areas, wells selected for sampling 

included those potentially impacted by the recharge of 

reclaimed water and secondary effluent, those areas 
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representing background groundwater quality conditions, and 

wells in areas targeted for future recharge of either treated 

or untreated Colorado River water. 

Wells sampled in this study included a combination of 

both production and monitoring wells. Of the 25 wells selected 

for sampling, 10 included active production wells, 11 included 

monitoring wells located along the Santa Cruz River north of 

Roger Road where incidental recharge of secondary recharge had 

occurred, and 4 consisted of monitoring wells surrounding the 

recharge basin at the Demonstration Recharge project where 

reclaimed water had been recharged. Most of the production 

wells selected to provide background water quality data were 

also located in areas targeted for future recharge activities. 

Areas potentially targeted for recharge of untreated Colorado 

River water sampled in this study included the Santa Cruz 

River at Pima Mine Road, the Rillito River at Shannon Road, 

and Brawley Wash at Three Points. Areas potentially targeted 

for deep well recharge of treated Colorado River water sampled 

in this study included Tucson Water's Santa Cruz, Interior and 

Southside wellfields. The location of these production wells 

relative to local drainage features is shown on Figure 4.1 

along with the location of monitoring wells along the Santa 

Cruz River. The location of monitoring wells relative to the 

Demonstration Recharge project is shown on Figure 4.2. 

Data pertaining to wells sampled during this 
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investigation are included on Table 4.1. Information presented 

on Table 4.1 includes well depth, well location and elevation 

of well screen perforation intervals. Monitoring wells with 

depths ranging from 135 to 385 feet were generally shallower 

than production wells, where depths ranged from 160 to 1000 

feet. Well perforation intervals were also variable ranging 

from as little as 10 feet for certain monitoring wells to as 

much as 580 feet for production wells. Wells with large 

perforation intervals may draw from several aguifers while 

those with smaller intervals may draw from a more "discrete" 

point in the formation. 

Samples obtained from each well were chemically analyzed 

to determine concentrations of instantaneous trihalomethanes 

(ITHMS), instantaneous total organic halide (ITOX), dissolved 

organic carbon (DOC), UV absorbance at a wavelength of 254 

nm, total THMs (TTHMs) and total TOX (TTOX) . Methods of 

analysis are discussed in Chapter 6. Inorganic water quality 

data were provided by Tucson Water for production wells and 

monitoring wells at the Demonstration Recharge project. Pima 

County Wastewater provided inorganic water quality data for 

monitoring wells located along the Santa Cruz River north of 

Roger Road. 

4.2 Las Vegas Recharge Studyt 

Like Tucson, the City of Las Vegas has also experienced 

groundwater overdraft from its aquifer system. To ease this 
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TABLE 4.1 

MONITORING & PRODUCTION WELL DATA 

WELL # LOCATION DEPTH PERFORATION 
INTERVAL 

(ft.) (msl) 

A-27 Interior Wellfield 490 1923-2203 
C—26 Interior Wellfield 544 2018-2258 

AF-64 Brawley Wash 232 2346-2411 
F-2 Brawley Wash 1000 1921-2501 

Z-2 Rillito River 444 1823-1958 
Z-5 Rillito River 610 1641-1811 

SC-3 Santa Cruz Wellfield 590 2052-2282 
SC-4 Santa Cruz Wellfield 535 2144-2348 
SC-14 Santa Cruz Wellfield 650 2067-2547 

SS-18 Southside Wellfield 180 2211-2349 

WR-60 Sweetwater Recharge 200 2082-2092 
WR-66 Sweetwater Recharge 135 2119-2159 
WR-68 Sweetwater Recharge 139 2119-2159 
WR-69 Sweetwater Recharge 135 2115-2155 

SC-1P Santa Cruz River 150 2102-2142 
SC-2P Santa Cruz River 135 2085-2125 
SC-3P Santa Cruz River 130 2036-2096 
SC-4P Santa Cruz River 135 2002-2042 
SC-5P Santa Cruz River 165 1945-2015 
SC-6P Santa Cruz River 185 1915-1985 
SC-7P Santa Cruz River 180 1900-1970 
SC-8P Santa Cruz River 290 1765-1825 
SC-9P Santa Cruz River 380 1620-1710 
SC-10P Santa Cruz River 370 1610-1680 
SC-12P Santa Cruz River 310 1590-1670 
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problem, the Las Vegas Valley Water District (LWWD) has 

investigated the option of recharging imported Colorado River 

water during periods of low water demand and withdrawing it 

during peak summer demand months. In an effort to evaluate 

recharge feasibility, the LLVWD recharged a total of 4142 

acre-feet of chlorinated Colorado River water (CRW) into two 

production wells, referred to as # 16 and # 17. The period of 

recharge extended from January 18, 1989 to May 8, 1989, and 

was followed by a period of recovery that began May 10, 1989 

and extended into the Fall of 1989. The University of 

Arizona participated in this study to examine the fate of 

organo-chlorine compounds during deep well injection of 

Colorado River water. 

During the recovery cycle, the LWWD sampled these wells 

approximately twice a month through August, 16, 1989, and 

shipped samples to U of A for analysis of the nonspecific 

organic parameters described above. During this time, wells 

# 16 and # 17 were continuously pumped at rates of 1600 and 

2100 gpm, respectively, resulting in the withdrawal of a total 

of 1650 acre-feet of groundwater. Wells # 16 and # 17 

were located within the main well field, approximately one 

quarter mile from each other, and four miles from downtown Las 

Vegas. Well # 16 extended to a depth of 1050 feet below land 

surface while Well # 17 extended to a depth of 1002 feet below 

land surface. 
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Water recharged into the aquifers consisted of Colorado 

River water chlorinated at the Alfred Merritt Smith Water 

Treatment Plant in Boulder City. Chlorination consisted of 

a two step process involving prechlorination of Colorado River 

water at an applied dosage of 3.5 mg/1, and post chlorination 

at an applied dosage of 1.5 mg/1 to maintain a 1.0 mg/1 free 

chlorine residual in the distribution system. 

The process of recharging chlorinated CRW through deep 

well injection is consistent with groundwater management plans 

under consideration for the Tucson basin. However, injection 

wells will be used solely for recharge of chlorinated CRW; 

other production wells will be employed for recovery 

operations. 
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CHAPTER 5 

DESCRIPTION OF STUDY AREAS 

5.1 TUCSON PHYSIOGRAPHIC ENVIRONMENT: 

5.11 Tucson Geographical Setting; 

The Tucson basin and Avra valley comprise a 1650 square 

mile area within the eastern portion of Pima County, Arizona 

(Figure 4.1). The Tucson Basin is bounded on the north and 

east by the Tortolita, Santa Catalina, Tanque Verde, Rincon, 

Empire and Santa Rita Mountains, and on the west by the Tucson 

Mountains, Black Mountains and Sierrita Mountains (Laney, 

1972). The Cortaro area forms a northwest extension of the 

Tucson Basin (Wilson, 1984). The Tucson Mountains also form 

the western boundary of this study area; the Rillito Narrows 

form the northern boundary while the eastern boundary cuts 

across the lower elevations of the Tortolita piedmont 

(Wilson, 1984). Avra Valley, located west of the Tucson 

Basin, lies between the Silver Bell and Roskruge Mountains 

west of the valley and the Tucson Mountains to the east. The 

Tucson Basin including the Cortaro area is drained by the 

Santa Cruz River and its tributaries which include the Rillito 

Creek, Pantano Wash and Canada del Oro. Avra Valley is 

drained chiefly by Brawley Wash which is tributary to the 

Santa Cruz River near Red Rock (CH2M Hill, 1987). 

5.1.2 Recharge History in the Tucson Areas 

During the past several decades, incidental recharge of 
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secondary effluent from the Ina and Roger Road Treatment 

Plants has been significant. Prior to 1950, most of the 

effluent from the City of Tucson Roger Road Sewage Plant, now 

known as the Pima County Wastewater Treatment Facility, was 

used for agricultural irrigation near the plant 

(Schmidt, et al.,1989). By 1955, sewage effluent was used to 

irrigate approximately 1500 acres of land in the Cortaro area. 

Discharge of secondary effluent directly to the Santa Cruz 

also began in the mid 1950's, and increased steadily after 

1955. It is estimated that approximately 9000 acre-feet of 

effluent was discharged to the river in 1965, and 20,000 in 

1970. By 1988, the volume of secondary effluent discharge had 

increased to approximately 44,000 acre-feet (Schmidt, et. al., 

1989) . 

Tertiary effluent has been recharged to the groundwater 

as part of the City of Tucson's Demonstration Recharge 

project. This project involved the operation of four spreading 

basins where water depths of approximately 18 inches were 

maintained. These basins have undergone numerous flooding and 

drying cycles since 1986. Flooding was terminated during 

times of high demand and when infiltration rates showed 

significant decline. 

5.1.3 Tucson Area Geologic Environments 

The Tucson basin and Avra valley lie in the Basin and 

Range Lowlands of Southern Arizona, a province characterized 
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by alluvial valleys and basins separated by isolated mountain 

ranges (CH2M Hill, 1987). The Tucson Basin and Avra Valley 

both are bounded by precipitous mountain ranges and comprise 

tectonically depressed troughs filled with several thousand 

feet of sediment eroded from surrounding mountains. The 

Pantano Beds, comprising the oldest basin deposits, consist 

of several thousand feet of conglomerate, sandstone, mudstone 

and claystone (Feldman, 1966). The Pantano Beds crop out 

along the Catalina Mountains north of Rillito Creek, in the 

southern part of the Tucson Mountains and on the eastern 

slopes of the Sierrita Mountains (Feldman, 1966). Overlying 

the Pantano formation are 500 to more than 1,000 feet of 

alluvial fill consisting of gravel, sand, silt and clay. The 

dominant mineral species comprising these coarser grained 

sediments consists of quartz, plagioclase, calcite, potassium 

feldspar, and muscovite. Smectite with minor kaolinite and 

mica are dominant clay minerals (Hem, 1987). Interbedded with 

the alluvial fill are soluble evaporite minerals such as 

gypsum and halite (Hem, 1987). 

The principle aquifer within the Tucson Basin and Avra 

Valley areas occurs within the granular sediments overlying 

the Pantano Beds. The major stratigraphic units of the 

aquifer are the Quaternary Age Fort Lowell Formation, and 

Tertiary Age Tinaja Beds (CH2M Hill, 1987). Depth to 

groundwater throughout the Tucson Basin and Avra Valley is 



4 9  

variable ranging from 34 to 113 feet along the Rillito River, 

155 to 300 feet along Brawley Wash and from 200 to 300 feet 

in the central part of the basin (CH2M Hill, 1987). Direction 

of groundwater movement in both the Tucson Basin and Avra 

Valley is generally from the mountain fronts toward the 

valley centers, and generally to the north and northwest 

beneath the valley floors, approximately parallel to the 

direction of surface water flow in the major stream channels 

(CH2M HILL, 1987). 

Replenishment of Tucson groundwater may occur in several 

ways. The majority of recharge to Tucson groundwater occurs 

along stream channels leaving the mountains and flowing across 

the alluvium (Hem, 1987). Secondary sources of recharge 

include direct infiltration from rainfall, seepage from 

irrigated fields and sewage effluent (Feldman, 1966). 

Artificial recharge resulting from sewage effluent discharge 

into the Santa Cruz River may also be a significant source. 

As the annual rainfall in the Tucson area is typically less 

than eleven inches, recharge resulting from precipitation on 

the valley floors is minor (Feldman, 1966). 

5.1.4 Tucson Groundwater Quality: 

5.1.4.1 General Groundwater Chemistry Patterns: 

The occurrence of natural and artificial recharge, 

mineralogical composition of basin alluvial fill and chemical 
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reactions within the aquifer are all factors influencing the 

chemical composition of Tucson groundwater. Hem (1987) 

reported that regional patterns in groundwater chemistry 

typically evolve as groundwater flows away from recharge 

points. Groundwater chemistry at recharge locations typically 

is characterized by approximately neutral pH, dilute ion 

concentrations with calcium and bicarbonate as dominant ion 

species, and relatively high carbon dioxide partial pressures 

resulting from plant respiration and the decay of organic 

matter. The reaction between water and carbon dioxide 

generates carbonic acid, the primary agent promoting mineral 

dissolution with subsequent evolution of regional groundwater 

chemistry patterns downgradient from recharge areas. As 

groundwater flows away from recharge areas dissolved ion and 

pH levels rise due to leaching of various mineral phases by 

carbonic acid. The combined effect of mineral dissolution 

from carbonic acid activity and rising pH effects changes in 

dissolved ion composition. Calcite precipitation associated 

with increasing pH reduces calcium levels in solution while 

gypsum dissolution increases sulfate levels. The dissolution 

of halite (NaCl) contributes to groundwater chloride levels 

. Finally, alteration of albite feldspar to montmorillonite 

releases sodium ion into solution. Consequently, downgradient 

groundwater chemistry typically is characterized by increased 
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pH levels and a dissolved ion content dominated by species 

such as sodium, chloride and sulfate (Hem, 1987). 

Groundwater chemistry in the Tucson basin is the 

product of both evolutionary processes described above and 

mineral phases comprising the geologic environment. Laney 

(1972) defined several distinct types of groundwater relative 

to inorganic constituents. Distinctions were based on 

dominance of major ions such as bicarbonate, sodium, sulfate 

and chloride. According to Laney (1972), most of the 

groundwater within the Tucson Basin at depths less than 700 

feet is a calcium-bicarbonate or a calcium-sodium-bicarbonate 

type groundwater, containing less than 500 mg/1 of total 

dissolved solids. Groundwater of this type is typical of that 

which evolved from the reaction of feldspar in granitic or 

gneissic rocks with carbonic acid (Rose, 1987). At depths in 

excess of 700 feet, the dominant types are sodium-bicarbonate 

and sodium-sulfate-bicarbonate groundwaters. Groundwater 

of this type has been attributed to ion exchange of calcium 

for sodium and the precipitation of calcite (Laney, 1972). A 

zone of poor water quality of this type, characterized by 

total dissolved solids concentrations in excess of 700 mg/1, 

occurs at shallow depths along the Santa Cruz River (CH2M 

Hill, 1987). The third major groundwater type within the 

Tucson Basin is a calcium-sulfate type, extending as a narrow 
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band northwest across the Tucson Basin from Vail, at depths 

in excess of 300 feet (Laney, 1972). The dominance of calcium 

and sulfate ions of this type is likely the result of solution 

of limestone and gypsiferous mudstone comprising the 

sedimentary rocks of the Pantano Wash headwaters (Laney, 

1972). 

Studies have also shown that the Tucson basin aquifer 

represents an oxic sedimentary environment with dissolved 

oxygen (DO) levels ranging from 1.3 to 7.9 (Rose, 1987). 

Generally, lowest DO levels are associated with young 

groundwater occurring immediately downgradient from the Tanque 

Verde/Upper Rillito River, the principle recharge area in the 

northwestern portion of the basin. These low levels have been 

attributed to the relatively shallow groundwater table; the 

reduction in time required for groundwater infiltration 

through the vadose zone results in decreased oxygenation 

potential in areas where high water table conditions prevail 

(Rose, 1987). However, oxygen saturation occurs through most 

of the basin and roughly correlates with the more mature 

calcium-bicarbonate and calcium-sodium-bicarbonate 

groundwaters described by Laney (1973). Rose (1987) found 

that older sodium-bicarbonate-sulfate groundwaters occurring 

in deeper groundwater are characterized by reduced DO levels 

of approximately 3.5 mg/1. Oxygen removal here is thought to 
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result from oxidation of residual organic matter. 

Geochemical patterns in Avra Valley groundwater are 

similar to those characterizing Tucson basin groundwater. A 

sodium-calcium-bicarbonate type groundwater prevails in Avra 

Valley, with total dissolved solids ranging from 200 to 350 

mg/1. Water quality data from wells located near Three Points 

indicate that groundwater type changes from sodium-calcium-

bicarbonate to sodium-bicarbonate with increasing depth (CH2M 

Hill, 1987). 

5.1.4.2 Zones of Poorer Groundwater Quality; 

Zones of poor water quality exist within Tucson 

groundwater and typically occur at shallow depths along major 

streams, in the Pantano Formation along the northeast margin 

of the basin, at depth in gypsiferous mudstone, and in the 

northwestward trending calcium-sulfate type groundwater, 

previously described herein (Laney, 1972) . Shallow groundwater 

along streams may be due to dissolution of relict salts 

deposited in marshes along streams, prior to 1900 or from 

irrigation return water (Laney, 1972). Poor water quality 

extending northwestward across the basin is thought to result 

from upward leakage of poor quality water along a northeast 

trending fault (Laney, 1972). Groundwater in these poor 

water quality zones typically contains between 500 to 1000 

mg/1 total dissolved solids. 
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Land use activities also may significantly impact 

groundwater quality. In particular, groundwater chemistry 

along the Santa Cruz may have been influenced by activities 

such as sewage recharge and irrigation. The impact of various 

land use activities on water quality along the Santa Cruz 

River north of Roger Road was investigated by Wilson, Keith 

& Fitch (1984). Water quality along the Santa Cruz floodplain 

has historically been poor due to reasons previously alluded 

to, and elevated levels of chloride, sulfate and total 

dissolved solids were measured in groundwater prior to 1930, 

a period preceeding large scale land use impacts. Presently, 

a zone of poor groundwater quality still exists along the 

Santa Cruz River floodplain relative to nitrate, chloride, 

sulfate, and total dissolved solids concentrations. It is 

expected that land use activities such as sewage effluent 

recharge, irrigation, landfill operation, and urban runoff 

have contributed to existing poor groundwater quality. Wilson 

et al. (1984) reported that the zone of poor water quality 

along the Santa Cruz in the Cortaro area was likely related 

to the upward migration of groundwater from an underlying 

gypsiferous mudstone unit rather than dissolution of relict 

salts. Interestingly, Rose (1987) found that dissolved oxygen 

levels along the Santa Cruz River in areas of sewage effluent 

discharge exceed those beneath Tanque Verde Creek. 



5 5  

Elevated nitrate and salinity levels have been measured 

in groundwater along the Santa Cruz River south of Tucson's 

southern corporate boundary. Groundwater quality in this area 

has been attributed to land use activities such as irrigated 

agriculture and open pit copper and molybdenum mining (Pima 

Association of Governments, 1983). 

5.2 LAS VEGAS PHYSIOGRAPHIC ENVIRONMENT: 

5.2.1 Las Vegas Geographical Setting: 

The Las Vegas Valley is in southern Nevada, approximately 

20 miles west of Lake Mead and the Colorado River. The valley 

occupies a structural basin in the Basin and Range Province. 

The surface drainage in the valley flows to Lake Mead on the 

Colorado River. Groundwater flow also discharges to the 

Colorado River. 

5.2.2 Geologic Environment: 

The hydrologic setting of the Las Vegas aquifer is 

similar to that of the Tucson aquifer, consisting of Tertiary 

and Quaternary Age Basin fill sediments eroded from 

surrounding mountain ranges (Katzer and Brothers, 1988). 

Sediment depth of much of the basin is in excess of 100 feet, 

and sediment thicknesses may range from 3000 to 5000 feet in 

some- locations (Katzer and Brothers, 1988). Principle 

aquifers are composed of sediments ranging from fine grained 

silt and clay to coarse grained sands, gravel and pebbles. 
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Natural recharge originates from the Spring Mountains, a 

sequence of Paleozoic limestone and dolomite north and west 

of the valley. In the vicinity of wells # 16 and # 17, the 

natural groundwater gradient is toward the southeast; however, 

the gradient is very flat and depending on pumping activity 

in the central well field, may be reversed (Brothers and 

Katzer, 1988). 



5 7  

CHAPTER 6 

MATERIALS AND METHODS 

6.1 SAMPLE COLLECTION: 

Groundwater samples from the Tucson basin and Avra valley 

were collected by the University of Arizona with the 

assistance of Tucson Water personnel. Prior to sampling, 

wells were purged for a time period sufficient for removal of 

at least three well casing volumes of water, thus ensuring 

collection of groundwater representative of aquifer 

conditions. In some instances, groundwater was obtained from 

continuously pumping wells which virtually guaranteed 

collection of representative samples. Collection of 

representative samples was also facilitated by periodic 

measurement of purged groundwater electrical conductivity 

during pumping. At the onset of pumping, purged groundwater 

conductivity tended to be higher as water from within the well 

casing was removed. As pumping progressed, conductivity 

values stabilized concurrent to the continual removal of 

aquifer water. Groundwater temperature, pH, and conductivity 

were measured in the field by Tucson Water personnel at the 

time of sampling. 

Samples were collected in amber 250 ml glass samples 

bottles which were rinsed several times prior to filling. 

Bottles were sealed with teflon septa caps which minimized 

the formation of head space, thus avoiding the loss of 
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volatile constituents. Immediately after collection, samples 

were placed on blue ice in a cooler during transport to the 

University of Arizona Environmental Laboratory. Upon arrival 

at this location, samples were refrigerated at four degrees 

celsius. 

6.2 ANALYTICAL METHODS: 

Groundwater samples obtained from monitoring and 

production wells were chemically analyzed to determine levels 

of instantaneous trihalomethanes and instantaneous total 

organic halides (ITHM & ITOX); total trihalomethanes and 

total organic halide (TTHM & TTOX); dissolved organic carbon 

(DOC), a non specific parameter frequently used to quantify 

organo-chlorine precursors present in water; and UV 

absorbance, a surrogate parameter for humic substances, 

precursors to THMs formation . The parameters ITHM and ITOX 

refer to trihalomethane and total organic halide levels in 

the ground water at the time of sampling. Conversely, the 

parameters TTHM and TTOX quantify trihalomethane and organic 

halide levels present in a sample following chlorination for 

a specified time period. Neither free nor combined chlorine 

was detected in any of the samples analyzed for chlorine 

residual. As a result, it was assumed that trihalomethane 

levels measured in the laboratory were representative of 

instantaneous levels. The difference between instantaneous and 

total organo-chlorine concentrations defines the formation 
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potential. THM and TOX formation potentials (THMFP & TOXFP) 

are indicative of the reactivity of organo-chlorine present 

in natural waters. 

6.2.1 Instantaneous Trihalomethanes: 

Concentrations of the four trihalomethane species, 

chloroform (CHC13) , dichlorobromomethane (CHC12), 

dibromochloromethane (CHClBr3) and bromoform (CHBr3) were 

determined using a Hewlett Packard 5794 Gas Chromatograph (GC) 

with an electron capture detector (ECD). Compound separation 

occurred in a DB-1 Megabore Capillary column. Detector 

electrical output was processed with a Hewlett Packard 3390 

Reporting Integrator and transformed to a chromatogram. 

Prior to sample analysis, standards were run to determine 

response factors for concentrations of each THM species. 

Stock solutions containing known concentrations of THMs were 

prepared in 72 ml glass vials sealed with teflon lined caps 

and metal clamps. The inability of the ECD to accept direct 

aqueous injections necessitated THM extraction from the stock 

solution with a nonpolar solvent. Five ml of pesticide-grade 

pentane, injected through the teflon cap via a double syringe 

technique, were used for this purpose. Following injection 

of pentane, samples were agitated for five minutes to bring 

about mass transfer of THMs into the pentane from the stock 

solution. A two ul volume of the pentane phase was then 

injected into the GC with a gas tight syringe. 
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Integrator output yielded area counts for known amounts 

of each THM species. Area counts and known concentrations were 

used to construct calibration curves and determine response 

factors. Response factors associated with each species, were 

programmed into the integrator, thus permitting direct 

calculation of THM concentration in subsequent samples 

injected. 

Following analyses of standards, samples were prepared 

and analyzed in a manner similar to that employed for standard 

solutions. Groundwater was transferred from the 250 ml amber 

glass sample bottles into 72 ml bottles identical to those 

used for standard analyses. Sample extraction and analysis 

then followed the same procedure employed for standard 

analyses. Integrator output reported concentrations of THM 

species measured in a given sample. A difference of less than 

ten percent between repeated injections of the same sample 

verified measurement accuracy. 

During analyses, the GC was operated at 45 degrees 

celsius for 3.5 minutes after which the temperature was raised 

to 85 degrees Celsius for 4.5 minutes. Higher temperatures 

for lower volatility compounds expedited analyses and 

decreased peak height to width ratios. 

6.2.2 Total Trihalomathanes; 

Total trihalomethane analyses were performed in a manner 

identical to that employed for instantaneous THMs except that 
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TTHM samples were chlorinated prior to analysis. A 3:1 

C12:D0C (mass basis) ratio was applied to groundwater samples 

at pH=7. Samples were then incubated at 20 degrees Celsius 

for 168 hours prior to dechlorination with sodium thiosulfate. 

The absense of a chlorine residual was determined 

qualitatively using N,N-diethyl-p-phenylenediamine (DPD), an 

indicator that turns red in the presence of a chlorine 

residual. Samples subsequently underwent pentane extraction 

and GC analysis. 

6.2.3 Instantaneous Total Organic Halide: 

TOX concentrations were measured using a Dohrmann DX-20 

Total Organic Halide analyzer. TOX determination was a 

two-stage procedure involving adsorption of organo-chlorine 

onto activated carbon followed by quantification of the amount 

adsorbed. 

The first stage consisted of sample preparation, 

adsorption of organo-chlorine compounds onto 100-200 mesh 

granular activated carbon using the DX-20 adsorption module, 

and removal of inorganic chloride. To aid in adsorption, 0.5 

ml of nitric acid were added to the sample. To convert 

residual chlorine to chloride , 0.5 ml of sodium sulfite were 

added. 

Following preparatory steps, samples were passed through 

pyrex mini-columns packed with granular activated carbon. It 

was anticipated that in.some samples, groundwater TOX would 
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be at or near detection levels. To increase accuracy in 

measurement of low TOX concentrations, 25 ml undiluted 

volumes were sorbed onto the carbon. Two carbon mini-columns 

were used in series to ensure that adsorbable compounds were 

retained. The final step in the adsorption process 

involved washing the columns with 10 ml of 5000 ppm potassium 

nitrate solution. Preferential adsorption of nitrate onto the 

activated carbon resulted in removal of inorganic chloride 

from the sample. 

The second stage of the analysis involved combustion of 

individual carbon columns. Processed columns were exposed to 

C02_ and 02. rich environments where vaporization and pyrolysis 

occurred . Vaporized organic halides were converted to 

hydrogen halides in the presence of oxygen. The hydrogen 

halide byproduct was measured electronically using 

microcoulometric titration with silver ion. Changes in silver 

ion concentration altered an EMF output of electrodes in the 

titration cell. Circuitry within the instrument transformed 

EMF output to a digital readout of micrograms of TOX present 

in the carbon. Successful adsorption was verified when the 

bottom mini-column in the series had a TOX value less than or 

equal to 10 % of the upper column. 

Prior to sample analysis, several checks were run on the 

instrument. The first check involved injection of a known 

mass of sodium chloride solution directly into the titration 
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cell to verify its performance. A readout within 95% of the 

actual mass injected was considered acceptable. The second 

check involved combustion and recovery of an organo-chlorine 

standard. This check consisted of injecting a known mass of 

2,4,6 - trichlorophenol (TCP) onto a combusted piece of 

cerafelt, the fiberglass packing used in the GAC minicolumns. 

Organo-halide recovery was determined following pyrolysis of 

the TCP saturated cerafelt. Again, recoveries greater than 95% 

were considered acceptable. 

The final check involved determining TOX levels present 

in blank GAC columns. Blank columns were prepared by applying 

a volume of nitrate wash identical to that applied to sample 

GAC columns. Blank GAC was combusted and readouts indicated 

of background TOX present in the carbon. 

Groundwater TOX concentrations were calculated from the 

following equation: 

TOX (ug/1) = ((T + B) - 2BL)/VOL 

T = TOX mass readout for top column 

B = TOX mass readout for bottom column 

BL = average TOX mass readout for a 

blank column 

VOL = volume of sample passed through 

GAC column in liters 
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6.2.4 Total TOX: 

Total TOX analyses were performed in a manner identical 

to that employed for ITOX except that samples were chlorinated 

prior to analysis. The chlorination procedure used was the 

same as that employed for TTHM analyses. 

6.2.5 Dissolved Organic Carbon; 

Dissolved organic carbon (DOC) analyses were performed 

using a Dohrmann DC-80 Total Organic Carbon analyzer. 

Measurement of DOC consisted of two steps. The first step 

involved removal of inorganic carbon from the sample. This 

was accomplished by conversion of inorganic carbon to carbon 

dioxide by lowering the pH of the sample to less than 2 with 

15% phosphoric acid, followed by removal of carbon dioxide by 

sparging the sample with high purity nitrogen (clppm C02, CO 

and hydrocarbons) for ten minutes. The second step of the 

analysis involved injection of a 1 ml sample volume into the 

analyzer followed by potassium persulfate oxidation of DOC to 

carbon dioxide. Resultant carbon dioxide was carried to a 

non dispersive infra-red detector (NDIR) that in turn 

produced an electrical signal in response to carbon dioxide 

levels. A number processor integrated and scaled electrical 

output into a digital readout of DOC concentration in mg/1. 

The DOC analyzer was calibrated prior to sample analysis 

by injecting a 10 mg/1 DOC standard. To ensure accuracy, 

samples were run in duplicate? differences in duplicate values 
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of less than 5 percent were considered acceptable. 

6.2.6 PV Absorbance; 

UV absorbance at a wavelength of 254 nm was measured on 

groundwater aliguots using a Shimadzu Recording 

Spectrophotometer (UV-160A) . A one centimeter cell was 

employed for sample analysis after the instrument was zeroed 

relative to Milli-Q grade water. 

6.2.7 Chlorine Residual: 

The amount of free or combined chlorine residual was 

determined colorometrically using a Hach DR 100 Colorimeter. 

This instrument operated on a photoelectric principle, whereby 

a current was generated in a potentiometric cell proportional 

to a percentage of monochromatic light transmitted through a 

sample containing residual chlorine and DBP indicator. A 

galvanometer within the instrument translated current into a 

readout of residual concentration displayed on the face of the 

instrument. 
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CHAPTER 7 

RESULTS AMD DISCUSSION 

7.1 TUCSON BASIN GROUNDWATER STUDY: 

Water samples obtained from monitoring and production 

wells located throughout the Tucson basin and Avra valley were 

subjected to a variety of organic and inorganic chemical 

analyses. One group of organic analyses was performed to 

characterize water samples relative to surrogate parameters 

that included DOC, instantaneous TOX, and UV absorbance. 

Levels of instantaneous THMs, compounds representing the 

majority of volatile organo-chlorine constituents in 

groundwater, were determined as well. A second group of 

organic analyses, total THM and total TOX (TTHM and TTOX), was 

performed to determine the extent to which TOX and THMs would 

form under conditions simulating the environment of a water 

distribution system. Organic analyses were performed in the 

University of Arizona Environmental Engineering Laboratories, 

and results of these analyses are presented on Tables 7.1 to 

7.3. Also included on these tables are values of 

trihalomethane and totai organic halide formation potential 

corresponding to groundwater samples. These values represent 

the difference between the total and instantaneous THM or TOX 

levels measured in a given sample. 

In' addition to organic analyses performed by the 
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TABLE 7.1 

DISSOLVED ORGANIC CARBON AND DV ABSORBANCE DATA FOR 
MONITORING AND PRODUCTION WELLS 

WELL # UV ABS. _ * DOC UV/DOC 
(cm ') (mg/1) (1/mg) 

A-27 0.006 0.74 0.008 
C-26 0.002 0.86 0.002 
AF-64 0.004 1.82 0.002 
F-2 0.002 1.03 0.002 
Z-2 0.002 0.94 0.002 
Z-5 0.002 0.46 0.004 
SC-3 0.016 0.92 0.017 
SC-4 0.009 1.04 0.009 
SC-14 0.007 0.91 0.008 
SS-18 0.007 0.92 0.008 

RANGE 0. 002-0.016 0. 46-1.82 0. 002-0.017 
MEAN 0.006 0.96 0.006 
S.D. 0.004 0.33 

WR-60 0.020 1.99 0.010 
WR-66 0.016 1.37 0.012 
WR-68 0.015 1.30 0.012 
WR-69 0.012 1.74 0.007 

RANGE 0. 012-0.020 1. 30-1.99 0. 007-0.012 
MEAN 0.016 1.6 0.010 
S.D. 0.003 0.28 

SC-1P 0.022 1.80 0.012 
SC-2P 0.017 1.75 0.010 
SC-3P 0.030 2.28 0.013 
SC-4P 0.022 2.14 0.010 
SC-5P 0.038 2.30 0.017 
SC-6P 0.014 0.88 0.016 
SC-7P 0.069 4.41 0.016 
SC-8P 0.008 1.28 0.006 
SC-9P 0.010 1.13 0.009 
SC-10P 0.004 1.43 0.003 
SC-12P 0.015 0.83 0.018 

RANGE 0. 008-0.069 0. 83-4.41 0. 003-0.018 
MEAN 0.023 1.84 0.013 
S.D. 0.017 0.96 
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TABLE 7.2 

TRIBALOMETHANE DATA FOR TUCSON MONITORING AND 
PRODUCTION WELLS 

WELL # ITHM THMFP TTHM(1) THMFP/DOC 
(ug/l) (ug/l) (ug/l) (ug/mg) 

A-27 3.0 15.4 18.4 20.8 
C-26 <1 17.3 17.3 20.1 
AF-64 5.1 2.7 7.7 1.5 
F-2 3.3 10.4 13.7 10.1 
Z-2 6.8 12.2 18.9 13.0 
Z-5 <1 18.2 18.2 39.5 
SC-3 <1 20.4 20.4 22.1 
SC-4 5.8 11.3 17.1 10.8 
SC-14 <1 11.5 11.5 12.6 
SS-18 <1 15.9 15.9 17.3 

RANGE <1-6.8 2.7-20.4 7.7-20.4 1.5-39.5 
MEAN 2.4 13.5 10.7 16.8 
S.D. 2.6 4.8 3.7 9.6 

WR-60 8.9 28.5 37.4 14.3 
WR-66 4.5 19.8 24.8 14.5 
WR-68 <1 15.8 15.8 12.2 
WR-69 <1 19.7 19.7 11.3 

RANGE <1-8.9 15.8-28.5 15.8-37.4 11.3-14.5 
MEAN 3.5 21.0 24.4 13.1 
S.D. 3.7 4.6 8.1 8.3 

SC-1P <1 24.8 24.8 13.8 
SC-2P <1 43.4 43.4 24.8 
SC-3P <1 31.1 31.1 13.6 
SC-4P <1 24.7 24.7 11.5 
SC-5P <1 47.2 47.2 20.5 
SC-6P <1 15.0 15.0 17.1 
SC-7P <1 49.2 49.2 11.2 
SC-8P <1 25.8 25.8 20.2 
SC-9P <1 14.8 14.8 13.1 
SC-10P <1 24.4 24.4 17.1 
SC-12P <1 33.3 33.3 40.1 

RANGE <1 14.8-49.2 14.8-49.2 11.2-40.1 
MEAN <1 30.3 30.3 16.9 
S.D. <1 11.3 11.3 8.0 

(1) TTHM measured based on 5/1 chlorine/DOC ratio 
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TABLE 7.3 

TOTAL ORGANIC HALIDE DATA FOR TUCSON MONITORING AND 
PRODUCTION WELLS 

WELL ITOX TOXFP TTOX(1) TOXFP/DOC 
(ug/i) (ug/l) (ug/l) (ug/mg) 

A-27 <1 78.0 78.0 105.4 
C-26 <1 46.8 46.8 54.4 
AF-64 2.4 70.8 73.2 38.9 
F-2 3.6 76.0 79.6 73.8 
Z-2 56.6 2.2 58.8 2.3 
Z-5 6.3 28.5 34.8 62.0 
SC-3 1.8 30.2 32.0 32.8 
SC-4 16.3 88.1 104.4 84.7 
SC-14 <1 45.2 45.2 49.7 
SS-18 <1 24.2 24.2 26.3 

RANGE <1-56.6 2.2-88.1 24.2-104.4 2.3-105.4 
MEAN 8.7 49.0 57.7 53.0 
S.D. 16.6 26.8 25.6 28.6 

WR-60 24.0 240.8 264.8 121.0 
WR-66 24.0 138.0 162.0 100.7 
WR-68 3.6 83.2 86.8 64.0 
WR-69 3.6 112.8 116.4 64.8 

RANGE 3.6-24.0 83.0-241.0 87.0-265.0 64.0-121.0 
MEAN 13.8 143.7 157.5 87.6 
S.D. 10.2 59.3 67.5 1.4 

SC-1P 44.0 53.2 97.2 29.6 
SC-2P 9.2 182.2 191.4 104.1 
SC-3P 58.0 148.8 207.6 65.3 
SC-4P <1 104.4 104.4 48.8 
SC-5P 31.6 156.2 187.8 67.9 
SC-6P <1 70.6 70.6 80.2 
SC-7P <1 226.8 226.8 51.4 
SC-8P <1 171.0 171.0 133.6 
SC-9P <1 141.2 141.2 125.0 
SC-10P <1 172.0 172.0 120.3 
SC-12P 9.4 313.8 323.2 378.5 

RANGE <1-58.0 53.0-314.0 97.0-323.0 29.6-378.f 
MEAN 13.9 158.2 172.1 109.5 
S.D. 20.1 68.6 66.9 8.3 

(1) TTOX measured based on 5/1 chlorine/DOC ratio 
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University of Arizona, inorganic water quality data were 

compiled for wells sampled during this investigation. As 

already indicated in Chapter 4, temperature, conductivity and 

pH of individual groundwater samples were measured in the 

field by Tucson Water or Pima County Department of Wastewater 

Management personnel. Chlorine residual analyses were 

performed on selected samples by the University of Arizona. 

Finally, data pertaining to chloride, bromide, alkalinity, 

sulfate and nitrate concentrations associated with these wells 

were obtained from Tucson Water and Pima County Wastewater. 

A compilation of these data is presented on Tables 7.4 through 

7.6. 

Data analysis was carried out via several methods. The 

first aspect of the analysis involved examination of regional 

variations in Tucson groundwater quality, and comparison of 

total trihalomethane concentrations with water quality 

standards. The second effort involved a statistical analysis 

of data to determine relationships between various water 

quality parameters. Linear regression analyses were performed 

to determine the correlation between pairs of parameters. 

Multiple regression analyses were performed to determine the 

relative influence of one or more parameters on a given 

dependent variable. 

7.1.1. Groundwater Quality Characterization: 

Generation and analysis of groundwater quality data 
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TABLE 7. 4  

CHLORINE RESIDUAL AND FIELD MEASUREMENTS ON GROUNDWATER 
FROM PRODUCTION AND MONITORING WELLS 

WELL # 

A-27 
C-26 
AF-64 
F-2 
Z-2 
Z-5 
SC-3 
SC-4 
SC-14 
SS-18 

TEMPERATURE 
( C) 

26.0 
25.1 
26.5 
28.3 
25.5 
26.0 
24.0 
25.5 
28.0 
24.9 

CONDUCTIVITY 
(umhos/cm) 

500 
320 
410 
360 
520 
500 
980 
875 
800 
1050 

PH 

7.73 
7.66 
7.51 
7.44 
7.36 
7.48 
7.02 
7.16 
7.16 
7.21 

CHLORINE 
RESIDUAL 
(rag/i) 

BDL 
BDL 
BDL 
BDL 
BDL 
BDL 
BDL 
BDL 
BDL 
BDL 

RANGE 
MEAN 
S.D. 

24.0-28.3 
2 6 . 0  
1.3 

320-1050 
632 
255 

7.02-7.73 
7.37 
0.22 

WR-60 
WR-66 
WR-68 
WR-69 

2 2 . 2  
20.9 
2 2 . 0  
21.7 

790 
610 
730 
950 

7.28 
7.30 
7.14 
7.16 

NM 
NM 
NM 
NM 

RANGE 
MEAN 
S.D. 

20.9-22.2 
21.7 
0.5 

610-950 
770 
122 

7.14-7.30 
7.22 
0.07 

SC-1P 
SC-2P 
SC-3P 
SC-4P 
SC-5P 
SC-6P 
SC-7P 
SC-8P 
SC-9P 
SC-10P 
SC-12P 

RANGE 
MEAN 
S.D. 

23.5 
23.5 
21.5 
21.0 
23.0 
22.5 
23.0 
NM 
NM 
NM 
21.0 

21.0-23.5 
22.4 
1.1 

850 
850 
860 
770 
810 
730 
790 
790 
710 
725 
750 

710-850 
785 
51 

6.93 
6.30 
7.08 
6.97 
7.06 
7.06 
7.18 
7.15 
7.20 
7.15 
7.00 

6.30-7.20 
7.01 
0.24 

BDL 
NM 
BDL 
BDL 
BDL 
BDL 
BDL 
NM 
NM 
NM 
NM 
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TABLE 7.5 

CHLORIDE AMD BROMIDE DATA FOR TUCSON MONITORING AND 
PRODUCTION WELLS 

WELL 

A-27 
C-26 
AF-64 
F-2 
Z-2 
Z-5 
SC-3 
SC-4 
SC-14 
SS-18 

RANGE 
MEAN 
S.D. 

WR-60 
WR-66 
WR-69 

RANGE 
MEAN 
S.D. 

SC-1P 
SC-2P 
SC-3P 
SC-4P 
SC-5P 
SC-6P 
SC-7P 
SC-8P 
SC-9P 
SC-10P 
SC-12P 

RANGE 
MEAN 
S.D. 

CHLORIDE(1) 
(rag/1) 

16.4 
10.4 
18.6 
9.8 
29.3 
42.7 
35.0 
30.4 
27.3 
35.7 

9.8-42.7 
25.6 
10.7 

94.2 
63.2 
46.2 

46.2-94.2 
67.9 
19.9 

6 6 . 0  
81.3 
74.0 
69.0 
73.6 
50.9 
76.0 
75.3 
57.6 
62.1 
51.5 

50.9-81.3 
67.0 
9.8 

BROMIDE(1) 
(rag/l) 

0.15 
0.13 
0.18 
0.32 
0.23 
0.19 
0.32 
0.25 
0.23 
0.39 

0.13-0.39 
0.24 
0 . 0 8  

0.30 
0.14 
0 . 2 8  

0.14-0.30 
0.23 
0.07 

0.23 
0.16 
0 . 2 0  
0.21 
0.17 
0.26 
0.35 
0.22 
0.21 
0.23 
0.27 

0.16-0.35 
0.23 
0.05 

CL/BR 

109.3 
8 0 . 0  
103.3 
30.6 
127.4 
224.7 
109.4 
121.6 
118.7 
91.5 

80.0-224.7 
111.6 
46.1 

314.0 
451.4 
165.0 

165.0-451.0 
227.6 
117.0 

287.0 
508.1 
370.0 
328.6 
432.9 
195.8 
217.1 
342.3 
274.3 
270.0 
190.7 

191.0-508.0 
310.6 
94.7 

( 1 )  D a t a  p r o v i d e d  b y  T u c s o n  W a t e r  a n d  P i m a  C o u n t y  W a s t e w a t e r  
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TABLE 7.6 

ALKALINITY, SULFATE AND NITRATE DATA FOR TUCSON MONITORING 
AND PRODUCTION WELLS (1) 

WELL # BICARBONATE SULFATE NITRATE 
- ALKALINITY (mg/1) (mg/1) 

(mg/1) 

A-27 131 54 1.8 
C-26 112 26 1.0 
AF-64 141 21 3.5 
F-2 146 10 1.7 
Z-2 151 71 4.1 
Z-5 128 63 1.9 
SC-3 289 186 10.0 
SC-4 261 169 8.4 
SC-14 202 139 11.0 
SS-18 251 264 4.6 

RANGE 112-289 10-264 1.0-11.0 
MEAN 181 100 4.8 
S.D. 61 80 3.5 

WR-60 203 122 9.9 
WR-66 206 114 9.7 
WR-69 220 166 16.4 

RANGE 203-220 114-166 9.7-16.4 
MEAN 210 134 5.7 
S.D. 7 23 3.1 

SC-1P 256 96 0.6 
SC-2P 226 99 9.4 
SC-3P .286 78 1.2 
SC-4P 212 87 4.8 
SC-5P 232 78 1.5 
SC-6P 173 93 7.3 
SC-7P 230 70 0.3 
SC-8P 230 95 3.4 
SC-9P 1-90 84 4.2 
SC-10P 190 87 10.2 
SC-12P 202 135 10.1 

RANGE 173-286 70-135 0.3-10.2 
MEAN 221 91 4.8 
S.D. 31 16 3.7 

( 1 )  D a t a  p r o v i d e d  b y  T u c s o n  W a t e r  a n d  P i m a  C o u n t y  W a s t e w a t e r  
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supported a general definition of groundwater quality 

differences between areas receiving artificially recharged 

effluent and areas unaffected by artificial recharge. Areas 

for which groundwater quality specifically has been defined 

include two regions where artificial recharge has occurred, 

the Santa Cruz River north of Roger Road, and the 

Demonstration Recharge project at the Roger Road wastewater 

treatment plant, as well as the combined grouping of 

production wells unaffected by artificial recharge. The 

range, mean, and standard deviation of organic and inorganic 

water quality parameter values corresponding to wells in 

these areas are presented on Tables 7.1 through 7.6. 

The perforation interval of production well screens 

ranged from 10 to 580 feet, and samples obtained from these 

wells represented a composite range of depths rather than a 

discreet sampling point. As a result, no attempt was made to 

characterize vertical variation in groundwater quality. Data 

discussed herein relate to areal variation in groundwater 

quality. 

Certain organic and inorganic water quality parameters 

are particularly useful in identifying anthropogenic impacts 

on groundwater quality. Trihalomethanes and TOX compounds, 

constituents foreign to the groundwater environment, are 

indicative of contamination from an outside source. The 

conductivity parameter, a surrogate for ionic strength, is 
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often elevated in areas where artificial recharge or other 

land use activities has affected groundwater quality. As 

Koglin (1984) pointed out, bromide and chloride are tracer 

parameters useful in identifying groundwater impacted by both 

natural and artificial recharge. 

Koglin (1984) reported that small amounts of bromide in 

groundwater are often associated with evaporite deposits; 

however, bromide and chloride levels significantly increase 

in areas receiving recharged wastewater. Furthermore, 

groundwater derived from a single source is characterized by 

constant CI/Br ratios. Departures from this ratio are 

indicative of groundwater derived from an alternate source 

regardless of chloride or bromide levels present. Koglin 

(1984) determined that a CI/Br ratio of 130 and a Br level 

less than 0.1 mg/1 were consistent with background water 

quality conditions in the Tucson Basin. 

To better understand groundwater quality differences 

between artificial recharge areas and areas unaffected by 

artificial recharge, data generated during this investigation 

have been evaluated relative to regional background water 

quality, inorganic tracer parameters, and organic parameters 

indicative of contamination. Analysis of a comprehensive body 

of groundwater data provides insight into the nature of water 

quality characterizing a particular location. 

7.1.1.1. Wells Unimpacted by Artificial Recharge: 
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A group of active production wells located throughout 

Pima County were selected to represent areas unaffected by 

artificial recharge activity. These wells, operated by Tucson 

Water, included F-2 and AF-64 in Avra Valley; Z-2 and Z-5 near 

the Rillito River; C-26 and A-27 of the Central wellfield; 

SC-3, SC-4, and SC-14 of the Santa Cruz wellfield; and SS-18 

of the Southside wellfield. In contrast, groundwater samples 

representing artificial recharge areas were collected from 

monitoring wells. 

Substantial variation in DOC levels was apparent in 

Tucson basin and Avra valley groundwater. Dissolved organic 

carbon concentrations characterizing areas unaffected by 

artificial recharge ranged from 0.46 mg/1 at well Z-5 near the 

Rillito River to 1.84 mg/1 at well AF-64 in Avra Valley. 

Levels of UV absorbance, a surrogate parameter for the DOC 

fraction comprised of humic substances, ranged from .002 at 

wells C-26, F-2, Z-2, and Z-5 to .016 at SC-3. Average UV 

absorbance and DOC levels measured in Tucson basin and Avra 

valley production wells were .006 and 0.96 mg/1, respectively. 

Specific absorbance, a parameter defined by the ratio of UV 

absorbance to DOC, expressed humic content in terms of the 

amount of DOC present in groundwater. Specific absorbance in 

Tucson basin and Avra valley production wells averaged 0.006. 

Measurable levels of organo-chlorine were detected in 

most of these wells in spite of their location outside of 
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artificial recharge areas. Instantaneous THMs ranged from 

0 to 6.8 ug/1 and averaged 2.4 ug/1. Instantaneous total 

organic halide levels ranged from 0 to 56.6 ug/1 and averaged 

8.7 ug/1. Wells C-26 and SC-14 were the only production wells 

in which neither ITHMs nor ITOX compounds were detected. The 

parameters trihalomethane formation potential (THMFP) and 

total organic halide formation potential (TOXFP) quantified 

the reactivity of DOC in groundwater extracted from production 

wells. Trihalomethane formation potential ranged from 2.7 

ug/1 at AF-64 to 20.4 ug/1 at SC-3, and averaged 13.5 ug/1. 

Aside from the 2.7 ug/1 value'defining the lower end of this 

range, groundwater THMFP fell between 10 and 20 ug/1. 

Corresponding TTHM levels, representing the sum of ITHM and 

THMFP, ranged from 7.7 at AF-64 to 25.7 at Z-2. 

Total organic halide formation potential ranged from 2.2 

at Z-2 to 88.1 ug/1 at SC-4 and averaged 49.0 ug/1. 

Corresponding TTOX levels ranged from 24.2 ug/1 to 104.4 ug/1 

and averaged 57.7 ug/1. The average TTOX level associated 

with production wells exceeded average TTHMs by a factor of 

5.4. 

Specific reactivity, a parameter expressed as the ratio 

of THMFP or TOXFP to DOC (THMFP/DOC, TOXFP/DOC), defines 

formation potential relative to the amount of DOC present. 

Specific THMFP and TOXFP corresponding to production wells 

averaged 16.77 ug/mg and 53.0 ug/mg, respectively. 
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Groundwater obtained from production wells was marked by 

variable conductivity ranging from 360 to 1050 umhos/cm and 

averaging 632 umhos/cm. As seen from Table 7.4, these 

fluctuations appeared to be regional in nature with higher 

values corresponding to the Santa Cruz and Southside 

wellfields (800-1050 umhos/cm). The highest conductivity 

value, measured in SS-18, may reflect the proximity of this 

well to the Ryland Landfill. 

Chloride concentrations corresponding to these wells 

ranged from 9.8 to 35.7 mg/1 and averaged 25.56 mg/1. 

Bromide levels ranged from .13 to .39 mg/1, and averaged 0.24 

mg/1. These levels exceeded the 0.1 mg/1 level typical of 

background water quality (Koglin, 1984). Zones of poorer 

groundwater quality relative to chloride and bromide were 

observed in the Santa Cruz wellfields, Southside wellfields 

and near the Rillito River. CI/Br ratios associated with 

production wells were variable, and ranged from 30.6 to 224.0. 

This variability suggested that groundwater may have been 

influenced to some degree by water from another source. 

Concentrations of sulfate (21.0 -264.0 mg/1), nitrate 

(1-11 mg/1) and bicarbonate (112 - 289 mg/1) also varied 

dramatically in groundwater obtained from production wells. 

Average sulfate, nitrate and bicarbonate levels corresponding 

to these wells were 100.3 mg/1, 4.8 mg/1 and 181.2 mg/1, 

respectively. Zones of poorer groundwater quality relative 
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to these parameters again were observed in the Southside and 

Santa Cruz wellfields, in part reflecting the sodium-

bicarbonate and sodium-sulfate bicarbonate type groundwater 

characterizing the hydrologic environment in the vicinity 

of the Santa Cruz wellfield (CH2M Hill, 1987). 

7.1.1.2 Santa Cruz River North of Roger Road: 

Eleven monitoring wells operated by Pima County 

Wastewater provided access to groundwater downstream from the 

Roger Road and Ina Road Wastewater Treatment Plants, points 

of secondary effluent discharge. These wells included SC-1P, 

SC-2P, SC-3P, SC-4P, SC-5P, SC-6P, SC-7P, SC-8P, SC-9P, SC-

10P and SC-12P, and as shown on Figure 4.1, extended from an 

effluent discharge point just north of the Roger Road 

Wastewater Treatment Facility to an area just northwest of 

Marana, a distance of approximately 22 miles. 

Dissolved organic carbon levels measured at this location 

ranged from 0.83 mg/1 at SC-12P to 2.28 mg/1 at 

SC-3P. Average groundwater DOC concentration along the Santa 

Cruz was 1.84 mg/1, a value exceeding the average 

characterizing wells in upstream wellfields (0.96 mg/1). An 

overall trend of decreasing DOC levels downstream of effluent 

discharge points was apparent. Groundwater UV absorbance 

levels were also higher than levels measured in upstream 

wellfields, ranging from 0.004 at SC-10P to 0.069 at SC-7P, 

and averaging 0.023. Specific absorbance for these wells 
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averaged 0.0118, a value almost twice as high as specific 

absorbance associated with upstream groundwater. The 

magnitude of these values suggests that the amount of DOC 

comprised of humics in groundwater impacted by artificial 

recharge is substantially higher than the fraction in regions 

unaffected by artificial recharge activity. 

Measurable organo-chlorine levels were detected in 

groundwater along the Santa Cruz River, but not to the extent 

observed elsewhere in Tucson. Instantaneous trihalomethane 

levels were not detected in any of the monitoring wells (SC-

1P through SC-12P). Instantaneous total organic halide 

levels, detected in five of the eleven monitoring wells, 

ranged from 9.2 ug/1 at SC-2P to 58.8 ug/1 at SC-3P, and were 

most prevalent near effluent discharge points. With the 

exception of SC-12P, ITOX concentrations were not detected 

in wells downstream of SC-5P. 

As predicted by UV absorbance levels, the parameter 

quantifying organo-chlorine precursor material, both THMFP and 

TOXFP were higher in Santa Cruz River monitoring wells than 

in locations elsewhere in the Tucson area. Trihalomethane 

formation potential for these wells ranged from 14.8 ug/1 at 

SC-9P to 49.2 ug/1 at SC-7P, and averaged 30.3 ug/1, a value 

greater than the 16.8 ug/1 value determined for groundwater 

unaffected by artificial recharge. Total organic halide 

formation potential ranged from 53.1 ug/1 at SC-1P to 313.8 
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ug/1 at SC-12P, and averaged 158.2 ug/1, a value substantially 

higher than the average value corresponding to upstream 

production wells (49.0 ug/1). Total THM concentrations 

associated with groundwater downgradient from effluent 

discharge points ranged from 14.83 ug/1 at SC-9P to 49.21 

ug/1 at SC-7P , while total TOX concentrations ranged from 

70.6 ug/1 at SC-6P to 323.2 ug/1 at SC-12P. Average total TOX 

levels were 5.7 times higher than corresponding average TTHM 

concentrations associated with this area. 

Although trihalomethane formation potential corresponding 

to Santa Cruz River monitoring wells SC-IP through SC-12P was 

substantially higher than that associated with upgradient 

wellfields, specific trihalomethane formation potential 

(THMFP/DOC) was similar. Average THMFP/DOC characterizing 

groundwater downgradient from the wastewater treatment plants 

was 18.45 ug/mg, a value only slightly higher than the 16.77 

ug/mg average value associated with production wells. As 

already indicated, the amount of humics comprising DOC (UV/DOC 

= 0.013) was higher in groundwater affected by secondary 

effluent than in groundwater unimpacted by artificial recharge 

(UV/DOC = 0.006). This similarity in specific THMFP 

suggested that humics in groundwater unaffected by artificial 

recharge were more reactive than humics in groundwater 

affected by recharge. However, the average TOXFP/DOC of 

109.5 ug/gm was significantly greater than the 53.0 ug/mg 
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value characterizing upstream wellfields, a finding consistent 

with specific absorbance levels characterizing these two 

locations. 

Groundwater conductivity at this location ranged from 710 

umhos/cm at SC-9P to 860 umhos/cm at SC-3P, and averaged 785 

umbos/cm. Higher conductivity values were measured in 

groundwater near effluent discharge points than in downstream 

locations. The average conductivity associated with these 

monitoring wells was slightly higher than the average 

associated with groundwater affected by artificial recharge 

by a factor of 1.2. 

Monitoring wells SC-1P through SC-12P were characterized 

by chloride levels ranging from 50.9 mg/1 at SC-6P to 81.3 

mg/1 at SC-2P, and bromide levels ranging from 0.16 mg/1 at 

SC-2P to 0.35 mg/1 at SC-7P. Average chloride and bromide 

values measured in these wells were 67.0 mg/1 and 0.23 mg/1, 

respectively. In general, average chloride levels in 

groundwater along this portion of the Santa Cruz were 2.6 

times higher than those detected in groundwater unaffected 

by artificial recharge. Chloride to bromide ratios were 

variable, and ranged from 191 to 508.1, ratios similar to ones 

reported by Koglin (1984) for this location. Koglin (1984) 

attributed these levels to several sources that included 

recharge by sewage effluent, irrigation return flows, 

miscellaneous pollution sources, and underflow of poor quality 
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groundwater from the Pantano Formation. 

Sulfate levels were present at concentrations ranging 

from 70 mg/1 at SC-7P to 135 mg/1 at SC-12P, and averaged 91.1 

mg/1. Sulfate levels along the Santa Cruz were similar to 

concentrations measured in wells in the Santa Cruz and 

Southside Wellfields , reflecting the poorer quality calcium 

sulfate or sodium sulfate type groundwater present along the 

Santa Cruz River channel. Nitrate levels measured in these 

monitoring wells ranged from 0.3 mg/1 at SC-7P to 10.2 mg/1 

at SC-10P, and averaged 4.81 mg/1, a value similar to the 

average corresponding to upstream wellfields. Bicarbonate 

levels ranged from 173 mg/1 (SC-6) to 256 mg/1 (SC-1P), and 

averaged 220.6 mg/1. This average value exceeds the 181.2 

average associated with production wells. 

7.1.1.3 Demonstration Recharge Project: 

Monitoring wells sampled at the Demonstration Recharge 

Project included WR-60, WR-66, WR-68, and WR-69. These wells 

surround recharge basin 4, through which tertiary effluent was 

recharged between 1986 and 1989. As shown on Figure 4.2, 

monitor well WR-69 is located upgradient of the recharge basin 

and adjacent to the Santa Cruz River. Monitoring well WR-60 

is located immediately downgradient of the recharge basin. 

Monitoring well WR-66 falls between the recharge basin and the 

Santa Cruz River, and monitoring well WR-68 is located 

approximately one half mile downstream of the recharge basin. 
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Water quality data for bromide, chloride, alkalinity, sulfate 

and nitrate were not available for WR-68; hence, calculated 

average values and ranges of these parameters do not include 

data corresponding to WR-68. 

Dissolved organic carbon levels at the Demonstration 

Recharge project ranged from 1.3 mg/1 at WR-68 to 1.99 at WR-

60. The average DOC value associated with monitoring wells 

was 1.6 mg/1, a value similar in magnitude to the average 

characterizing groundwater along the Santa Cruz River north 

of Roger Road, but generally higher than concentrations 

measured in upstream production wells. Dissolved organic 

carbon measured at a point upgradient of the recharge basin 

was not significantly less than DOC measured at locations 

downgradient from the basin. UV absorbance ranged from 0.012 

at WR-69 to 0.020 at WR-60, and averaged 0.016. The DOC 

fraction comprised of humics (specific absorbance) averaged 

0.107, a value greater than the fraction associated with 

production wells (0.0062) but less than that associated with 

monitoring wells along the Santa Cruz River (0.0118). 

Organo-chlorine was detected in some of the wells at the 

Demonstration Recharge project. Instantaneous THMs ranged 

from undetectable levels at WR-68 and WR-69 to 8.92 ug/1 at 

WR-60, and averaged 3.5 ug/1, a value just slightly higher 

than the average characterizing unaffected by artificial 

recharge. Instantaneous TOX ranged from 3.6 ug/1 in WR-69 to 
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24.0 ug/1 at WR-60, and averaged 13.8 ug/1, a value consistent 

with groundwater TOX concentrations downstream from secondary 

effluent discharge points, but higher than levels measured in 

production wells. 

Reactivity of groundwater at the Demonstration Recharge 

project was variable; THMFP ranged from 15.8 ug/1 at WR-68 to 

28.5 ug/1 at WR-60, and averaged 20.9 ug/1. Total organic 

halide formation potential ranged from 83.2 ug/1 at WR-68 to 

240.8 ug/1 at WR-60, and averaged 143.7 ug/1. As indicated 

by these values, reactivity of groundwater at the 

Demonstration Recharge project was greater than groundwater 

reactivity in areas unimpacted by artificial recharge, but 

less than reactivity in Santa Cruz River monitoring wells. 

Total THM and TOX levels were 24.4 ug/1 and 157.5 ug/1, 

respectively. 

Specific reactivity characterizing groundwater at the 

Demonstration Recharge project averaged 13.1 ug/mg for 

THMFP/DOC and 87.6 ug/mg for TOXFP/DOC. Values of specific 

formation potential corresponding to groundwater at this 

location were generally below levels corresponding to Santa 

Cruz River monitoring wells but higher than values associated 

with wells unimpacted by artificial recharge. 

As indicated by Table 7.4, groundwater conductivity in 

the vicinity of the recharge ponds ranged from 610 umhos/cm 

at WR-66 to 950 at WR-69, and averaged 770 umhos/cm. This 
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value is similar to the average value characterizing Santa 

Cruz River monitoring wells (785 umhos/cm); however, both 

values were above the average measured in groundwater 

unimpacted by artificial recharge. 

Chloride levels measured at the Demonstration Recharge 

project were similar to concentrations detected in groundwater 

downgradient of effluent discharge points, but higher than 

concentrations associated with production wells. Bromide 

levels detected at this site were similar in magnitude to 

concentrations measured in production wells and Santa Cruz 

River monitoring wells. At the Demonstration Recharge project, 

chloride concentrations ranged from 46.2 mg/l at WR-69 to 94.2 

mg/l at WR-60, and averaged 67.9 mg/l. Bromide concentrations 

ranged from 0.14 mg/l at WR-66 to 0.30 mg/l WR-60, and 

averaged 0.24 mg/l. Ratios of chloride to bromide at the 

Demonstration Recharge project ranged from 165 at WR-69 to 451 

at WR-66. Although conductivity measured in WR-69 was high, 

chloride levels and the chloride/ bromide ratio associated 

with this well suggests that it was impacted by the recharge 

basin to a lesser degree than downgradient wells. 

Average sulfate and nitrate levels characterizing the 

Demonstration Recharge project were higher than average 

levels associated with both Santa Cruz River groundwater and 

groundwater unimpacted by artificial recharge. Sulfate levels 

at the Demonstration Recharge project ranged from 114 mg/l at 
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WR-66 to 166 mg/1 at WR-69, and averaged 134 mg/1. Nitrate 

levels ranged from 9.7 mg/1 in WR-66 to 14.8 mg/1 in 

WR-69, and averaged 11.5 mg/1. Alkalinity of groundwater at 

the Demonstration Recharge project ranged from 203 mg/1 at WR-

60 to 220 mg/1 at WR-69 and averaged 210 mg/1, a value 

consistent with the average characterizing the Santa Cruz 

River (220.6 mg/1) , but higher than the average (132.5 mg/1) 

associated with production wells. 

7.1.1.4 Overall Regional Water Quality Differences: 

Results of this study suggested that groundwater quality 

was generally poorer in areas where artificial recharge has 

occurred than in areas unaffected by artificial recharge; 

however, zones of poor water quality were apparent in several 

production wellfields. In general, levels of DOC, UV 

absorbance, conductivity, chloride, bicarbonate alkalinity, 

and in some instances nitrate and sulfate were higher in 

groundwater along the Santa Cruz River downgradient from 

effluent discharge points and at the Demonstration Recharge 

project than at other locations around the Tucson Basin and 

Avra Valley. The Southside and Santa Cruz wellfields also 

comprised areas where levels of nitrate, sulfate, bicarbonate, 

chloride, bromide and conductivity surpassed concentrations 

measured at other locations. 

Although recharge was one probable source of groundwater 

quality degradation, other factors may also have accounted for 
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differences in groundwater quality, especially in groundwater 

unaffected by artificial recharge. Elevated conductivity, 

sulfate and bicarbonate concentrations in the Southside and 

Santa Cruz wellfields and in artificial recharge areas 

coincided with a zone of naturally occurring poor water 

quality possibly resulting from dissolution of relict 

carbonate and gypsum salts or the upward migration of 

groundwater from gypsiferous mudstone. Sulfate, nitrate and 

conductivity in the Southside and Santa Cruz wellfields may 

also have resulted from land use activities other than 

recharge such as certain agricultural practices. 

Groundwater quality data corresponding to the 

Demonstration Recharge project and the Santa Cruz River 

downstream of effluent discharge points suggest that 

groundwater quality degradation in these areas is related to 

artificial recharge. For instance, levels of conductivity, 

DOC, and UV absorbance generally were highest in the vicinity 

of effluent discharge points but decreased with distance away 

from these points. At the Demonstration Recharge project, 

lowest levels of inorganic and organic parameters were 

generally detected in either WR-60, the well upgradient from 

the recharge basin, or in WR-68, the well farthest downstream 

from the recharge basin. Along the Santa Cruz River, levels 

of DOC, UV absorbance and conductivity were generally highest 

in areas closest to effluent discharge points. 
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Although groundwater quality tended to be poorer in 

artificial recharge areas and in the Southside and Santa Cruz 

wellfields, water quality data suggest that much of the 

groundwater examined in this study has been impacted by land 

use activities. Measurable levels of organo-chlorine were 

present in all wells except for C-26 and SC-14. Bromide 

levels in all wells were above what Koglin (1984) defined as 

representative of background water quality. Finally, 

fluctuation in bromide/chloride ratios throughout the Tucson 

Basin and Avra Valley suggest that groundwater has been 

affected by external influences. 

Groundwater organo-chlorine formation potential was 

generally higher in artificial recharge areas than in other 

areas reflecting the presence of elevated DOC and UV 

absorbance levels in artificial recharge areas. In addition, 

average specific absorbance (UV/DOC) values indicated that the 

amount of humic substances comprising DOC in areas of 

artificial recharge was greater than the fraction present in 

other locations. Correspondingly, specific total organic 

halide formation potential (TOXFP/DOC) was also higher in 

areas of recharge. However, specific trihalomethane 

formation potential (THMFP/DOC) was similar at all locations 

investigated suggesting that humic substances in groundwater 

unaffected by artificial recharge were likely to form 

trihalomethanes than humics in groundwater in artificial 
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recharge areas. 

Presently, existing drinking water standards limit 

trihalomethane levels to 100 ug/1. Proposed drinking water 

standards are likely to further reduce this level to 25 ug/1. 

In addition, it is expected that standards will be developed 

to regulate other organo-chlorine constituents comprising the 

TOX parameter. Analytical results indicated that ITHM levels 

measured in all wells met both existing and proposed drinking 

water standards. Although total trihalomethane levels met 

existing standards at all locations investigated, TTHM levels 

in groundwater at recharge sites exceeded the proposed 

standard of 25 ug/1. Finally, TTOX levels were substantially 

higher than TTHM levels throughout Pima County, and may not 

meet future TOX water quality standards, if promulgated. 

7.1.2. Statistical Analyses: 

Statistical methods employed to evaluate inorganic and 

organic groundwater quality data consisted of simple linear 

regression and multiple regression analyses. Simple linear 

regression analyses were performed to determine correlation 

coefficients (r values) between two parameters. Multiple 

regression analyses were performed to determine the relative 

influence of a group of correlating parameters on a given 

variable. 

7.1.2.1 Results of Simple Linear Regression: 

Simple linear regressions were performed to evaluate 
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relationships between inorganic and organic parameters. 

Tables 7.7 through 7.10 present correlations between 

dependent variables such as DOC, UV absorbance, THMFP and 

TOXFP, and various independent variables in groundwater at 

artificial recharge areas and in groundwater unaffected by 

artificial recharge. Production wells were included in linear 

regression analyses to determine relationships between water 

quality parameters in groundwater unimpacted by artificial 

recharge. Monitoring wells along the Santa Cruz River (SC-1P 

through SC-12P) and at the Demonstration Recharge Site were 

included in linear regression analyses to determine 

relationships between water quality parameters in groundwater 

at artificial recharge sites. Tables 7.7 through 7.10 define 

the "n" number of samples included in an analysis, the 

correlation coefficient (r) for each pair of variables, and 

the nature of their relationship, i.e., whether parameters 

correlated in a direct or inverse manner. 

As seen from r values presented on Tables 7.7 through 

7.10, many of the independent variables correlated weakly 

with UV absorbance, DOC, THMFP or TOXFP. Examination of data 

sets revealed that many poor correlations resulted from the 

departure of one or two data points from the linear 

relationship. As a result, r values were recalculated 

following removal of data points representing obvious 

outliers. Results presented on Tables 7.7 through 7.10 list 
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TABLE 7.7 

8ZMPLE LINEAR REGRESSION ANALYSES 
CORRELATION BETWEEN PARAMETERS 

PARAMETER N r Rel. N r Rel. 

UV Absorbance 
correlation with: 

PH (UI) 
PH (I) 

10 
15 

.50 

.04 
I 
D 

Conductivity (UI) 
Conductivity (I) 

10 
15 

.79 

.18 
D 
D 14 .28 D 

Chloride (UI) 
Chloride (I) 

10 
14 

.39 

.36 
D 
D 13 .38 D 

Bromide (UI) 
Bromide (I) 

10 
14 

.44 

.38 
D 
D 13 .30 I 

Alkalinity (UI) 
Alkalinity (I) 

10 
14 

.87 

.41 
D 
D 12 .66 D 

Sulfate (UI) 
Sulfate (I) 

10 
14 

.69 

.44 
D 
I 

Nitrate (UI) 
Nitrate (I) 

10 
14 

.77 

.59 
D 
I 

Rel. = Relationship 

(UI) Groundwater unimpacted by artificial recharge 
(I) Groundwater in artificial recharge areas 

D = Direct correlation between parameters 
I = Inverse correlation between parameters 
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TABLE 7.8 

SIMPLE LINEAR REGRESSION ANALYSES 
CORRELATION BETWEEN PARAMETERS 

PARAMETER N r Rel. N r Rel. 

DOC correlation 
with: 

UV Absorbance (UI) 10 .02 D 9 .28 D 
UV Absorbance (I) 15 .92 D 

pH (UI) 10 .03 I 
PH (I) 15 .04 D 

Conductivity (UI) 10 .12 I 9 .28 D 
Conductivity (I) 15 .31 D 

Chloride (UI) 10 .37 I 9 .37 D 
Chloride (I) 14 .47 D 

Nitrate (UI) 10 . 08 D 9 .39 D 
Nitrate (I) 14 .46 I 13 .31 D 

Sulfate (UI) 10 .17 I 9 .26 I 
Sulfate (I) 14 .40 I 

Alkalinity (UI) 10 .03 D 9 .47 D 
Alkalinity (I) 14 .45 D 13 .66 D 

Bromide (UI) 10 .01 D 
Bromide (I) 14 .40 D 

Rel.= Relationship 

(UI) Groundwater unimpacted by artificial recharge 
(I) Groundwater in artificial recharge areas 

D = Direct correlation between parameters 
I = Inverse correlation between parameters 
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TABLE 7.9 

SIMPLE LINEAR REGRESSION ANALYSES 
CORRELATION BETWEEN PARAMETERS 

PARAMETER N X Rel. N r Rel. 

THMFP 
correlation with: 

DOC (UI) 10 .84 I 
DOC (I) 15 .68 D 

UV Absorbance (UI) 10 .33 D 
UV Absorbance (I) 15 .72 D 

Conductivity (UI) 10 .31 D 
Conductivity (I) 15 .54 D 

Chloride (UI) 10 .39 D 
Chloride (I) 14 .54 D 

Bromide (UI) 10 .13 D 
Bromide (I) 14 .09 D 

Alkalinity (UI) 10 .23 D 
Alkalinity (I) 14 .42 D 

Sulfate (UI) 10 .36 D 
Sulfate (I) 14 .32 I 

Nitrate (UI) 10 .03 D 
Nitrate (I) 14 .36 I 

Rel. = Relationship 

(UI) Groundwater unimpacted by artificial recharge 
(I) Groundwater in artificial recharge areas 

D = Direct "correlation between parameters 
I = Inverse correlation between parameters 
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TABLE 7.10 

SIMPLE LINEAR REGRESSION ANALYSES 
CORRELATION BETWEEN PARAMETERS 

PARAMETER N r Rel. N r Rel 

TOXFP 
correlation with: 

DOC (UI) 
DOC (I) 

10 
15 

.35 

.18 
D 
D 14 .50 D 

UV Absorbance (UI) 
UV Absorbance (I) 

10 
15 

.02 

.21 
D 
D 

Conductivity (UI) 
Conductivity (I) 

10 
15 

.24 

.06 
I 
I 

Chloride (UI) 
Chloride (I) 

10 
14 

.55 

.29 
I 
D 

8 
13 

.83 

.71 
I 
D 

Bromide (UI) 
Bromide (I) 

10 
14 

.23 

.34 
I 
D 

Alkalinity (UI) 
Alkalinity (I) 

10 
14 

.08 

.11 
I 
I 

Sulfate (UI) 
Sulfate (I) 

10 
14 

.29 

.17 
I 
D 

Nitrate (UI) 
Nitrate (I) 

10 
14 

.08 

.20 
I 
D 

Rel. = Relationship 

(UI) Groundwater umimpacted by artificial recharge 
(I) Groundwater in artificial recharge areas 

D = Direct correlation between parameters 
I = Inverse correlation between parameters 
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the original r values generated for a particular relationship, 

recalculated r values and the "n" number of data points 

included in each analysis. 

The two most common outliers weakening the relationship 

between independent variables and DOC resulted from high DOC 

measured in wells AF-64 (1.82) and SC-7P (4.41). High UV 

absorbance measured in well SC-7P (.069) also weakened the 

relationship between this parameter and various independent 

variables. The relationship between TOXFP and other 

parameters at times was affected by high TOXFP 

(313.8 ug/1) corresponding to well SC-12P, while the 

relationship between THMFP and other parameters was influenced 

by THMFP measured in well SC-5P (47.20 ug/1). 

The first set of linear regression analyses determined 

the correlation between UV absorbance and the independent 

variables of pH, conductivity, chloride, bromide, alkalinity, 

sulfate and nitrate that characterized groundwater within 

artificial recharge areas and throughout the Tucson basin and 

Avra valley. Relatively strong direct correlations were 

observed between UV absorbance and the parameters of 

conductivity (r=0.79), alkalinity (r=0.87), sulfate (r=0.69) 

and nitrate (r=0.77) in production wells. These relationships 

are graphically illustrated in Figures 7.1 through 7.4. The 

correlation between conductivity and UV absorbance may haye 

reflected the nature of humics present in deeper groundwater 
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or resulted from the presence of sulfate, nitrate and 

bicarbonate anions, parameters also strongly correlated with 

UV absorbance. Humic molecules present in deeper groundwater 

were likely characterized by a smaller molecular size and more 

functional groups, properties which enhanced their mobility 

in the aquatic environment. Molecules of this nature would 

increase the ionic strength of groundwater to a greater extent 

than larger, more hydrophobic molecules. 

Although a strong direct correlation was observed between 

UV absorbance and the parameters sulfate (r=0.69) and nitrate 

(r=0.77) in production wells, a weak inverse correlation was 

observed between UV absorbance and sulfate (r=-0.44) and 

nitrate (r=-0.59) in wells located in areas impacted by 

artificial recharge (Figures 7.5 and 7.6). The indirect 

relationship characterizing groundwater affected by artificial 

recharge may reflect a disproportionate amount of nitrate and 

sulfate in recharge water impacting shallow groundwater. 

Alkalinity correlated directly with UV absorbance (r=0.44) in 

groundwater affected by artificial recharge; however, the 

strength of the correlation was considerably weaker than that 

observed between these parameters in areas outside of recharge 

activity. 

The second set of relationships focused on the 

correlation between DOC and the independent variables, UV 

absorbance, pH, conductivity, chloride, bromide, sulfate, 
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alkalinity, and nitrate in groundwater within and outside of 

artificial recharge areas. Generally, these parameters 

correlated weakly with DOC. However, a strong direct 

correlation (r=0.92) existed between UV absorbance and DOC 

in groundwater affected by artificial recharge (Figure 7.7). 

In contrast, groundwater obtained from production wells 

exhibited a weaker correlation (r=0.28) suggesting that the 

fraction of DOC comprised of humic substances varied 

throughout the Tucson Basin and Avra Valley (Figure 7.8). 

Production wells were spatially scattered throughout the 

Tucson area and received DOC contribution from a number of 

diverse inputs. On the other hand, effluent contribution 

probably provided a major source of DOC and humic materials 

in areas impacted by artificial recharge. It is expected that 

the fraction of DOC comprised of humic substances would vary 

less if DOC originated from a single source. 

The final set of linear regression analyses evaluated the 

relationship between formation potential (THMFP and TOXFP) and 

organic and inorganic water quality parameters. A direct 

correlation was observed between THMFP and the parameters UV 

absorbance (r=0.72) and DOC (r=0.68) in artificial recharge 

areas (Figures 7.9 & 7.10). However, the correlation between 

UV and THMFP in groundwater in areas unimpacted by artificial 

recharge was weaker (r=0.33), suggesting a greater 

variability in the reactivity of humics present in this 
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groundwater (Figure 7.11). THMFP correlated inversely with DOC 

in groundwater unaffected by artificial recharge. It is 

believed that this relationship is spurious and not 

characteristic of any particular trend. Correlations between 

TOXFP and other independent variables generally were weak or 

nonexistent, and therefore have not been tabulated. 

7.1.2.2 Results of Multiple Regression: 

While linear regression analyses define the correlation 

between two variables, multiple regression analyses describe 

the extent and direction of the relationship between several 

independent variables and a dependent variable. In cases 

where several independent variables are closely related to one 

another, the multiple regression analysis will yield an 

equation relating groups of intercorrelated independent 

variables to the dependent variable. Consequently, the 

multiple regression analysis will often define the extent to 

which various associations of closely related parameters 

influence a dependent variable. 

The multiple regression analysis yields an equation which 

incorporates independent variables in a stepwise fashion. 

Stepwise regression permits reexamination at every step of 

the independent variables incorporated in the model in 

previous steps. Therefore, an independent variable initially 

entered into the analysis may later become superfluous due to 

its close correlation with other variables incorporated into 
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the model. Superfluous independent variables are discarded 

from the model and the resulting equation includes independent 

variables which may be closely correlated with other 

independent variables excluded from the model. As a result, 

an independent variable incorporated into the multiple 

regression equation reflects the characteristics of that 

variable as well as characteristics of other independent 

variables discarded from the equation as a result of their 

close correlation with the included independent variable. In 

other words, the individual terms of a multiple regression 

equation represent a specific set of properties that describe 

the dependent variable. The degree to which these independent 

variable predict the dependent variable is defined by an 

overall R value. 

Multiple regression analyses were performed to determine 

the extent to which the dependent variables of DOC, UV 

absorbance, THMFP and TOXFP were described by various 

independent variables. Results of these analyses are 

summarized in Tables 7.11 through 7.14. Included in these 

tables is a listing of independent variables factored into 

multiple regression equations, an overall R value describing 

the strength of the relationship between independent and 

dependent variables, a term quantifying the degree to which 

an individual independent variable predicted the dependent 

variable, and superfluous independent variables associated 
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TABLE 7.11 

MULTIPLE REGRESSION ANALYSES 

DEP. VAR. R INDEPENDENT B*IV CORRELATING 
VARIABLES INDEPENDENT 

VARIABLES 

UV ABS. .91 Alkalinity .01 Conductivity .94 
(UI) pH -.91 

UV Absorbance .87 
Chloride .53 
Bromide .7 2 
Nitrate .81 

Bromide - .005 Conductivity .68 
pH -.91 
Alkalinity .72 
Sulfate .68 

Constant .0004 

UV ABS. 
(I) 

.94 DOC 

Chloride 

Nitrate 

Constant 

.03 

-.01 

-.005 

01 

UV Absorbance -.57 
Alkalinity -.52 
Sulfate .85 

(UI) Groundwater from areas unimpacted by artificial recharge 

(I) Groundwater from outside artificial recharge areas 

Dep. Var. = Dependent Variable 

B*IV = Product of multiple regression coefficient and average 
value of independent variable included in equation 
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TABLE 7.12 

MULTIPLE REGRESSION ANALYSES 

DEP. VAR. R INDEPENDENT B*IV CORRELATING 
VARIABLES INDEPENDENT 

VARIABLES 

DOC .48 pH -4.36 Conductivity -.85 
(UI) UV Absorbance -.71 

Chloride -.61 
Bromide -.72 
Alkalinity -.91 
Sulfate -.78 
Nitrate -.78 

Chloride -.48 Conductivity -.67 
pH -.61 
Alkalinity .53 
Sulfate .65 

Constant 5.80 

Conductivity 1.15 Alkalinity .58 

UV Absorbance .97 Nitrate -.57 

Chloride .69 

Constant -1.01 

(UI) Groundwater unimpacted by artificial recharge 
(I) Groundwater in artificial recharge areas 

Dep. Var.= Dependent Variable 

B*IV = Product of multiple regression coefficient and average 
value of independent variable included in equation 



114 

TABLE 7.13 

MULTIPLE REGRESSION ANALYSES 

DEP. VAR. R INDEPENDENT 
VARIABLE 

B*IV CORRELATING 
INDEPENDENT 
VARIABLES 

r 

THMFP 
(UI) 

.87 DOC 

UV Absorbance 

-12.26 

4.52 

Nitrate -2.31 Conductivity 
PH 
UV Absorbance 
Sulfate 

.78 
-.88 
.77 
.67 

Constant 23.97 

THMFP 
(I) 

.73 pH 

Chloride 

-123.65 

25.54 

UV Absorbance 9.43 DOC 
Nitrate 

.92 
-.57 

(I) Groundwater from areas of recharge 
(UI) Groundwater unimpacted by artificial recharge 

Dep. Var. = Dependent Variable 

B*IV = Product of multiple regression coefficient and average 
value of independent variable included in equation 
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TABLE 7.14 

MULTIPLE REGRESSION ANALYSES 

DEPENDENT R INDEPENDENT B*IV CORRELATING r 
VARIABLES VARIABLES INDEPENDENT 

VARIABLES 

TOXFP .70 pH 625.26 Conductivity -.85 
(UI) UV Absorbance -.71 

Chloride -.61 
Bromide -.72 
Alkalinity -.91 
Sulfate -.78 
Nitrate -.88 

Alkalinity 68.81 Conductivity -.94 
pH -.91 
UV Absorbance .87 
Bromide .72 
Sulfate .89 
Nitrate .81 

Chloride -30.66 Conductivity .67 
pH -.61 
Alkalinity -.91 
Sulfate -.78 
Nitrate -.88 

Constant -609.94 

TOXFP .59 Conductivity -178.87 Alkalinity .58 
(I) 

Chloride 153.87 

Bromide 110.56 

Nitrate -49.76 UV Absorbance -.57 
Alkalinity -.52 
Sulfate .83 
DOC -.46 

Constant -178.87 

(UI) Groundwater unimpacted by artificial recharge 
(U) Groundwater in areas of artificial recharge 
B*IV = Product of multiple regression coefficient and average 
value of independent variable included in equation 
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with independent variables included in the equation. The term 

quantifying the degree to which an independent variable 

influenced the dependent variable is the product of the 

average value of the independent variable and regression 

coefficient, and is referred to as B*IV on Tables 7.11 through 

7.14. 

As seen from Tables 7.11 through 7.14, the parameters 

describing dependent variables were different at artificial 

recharge sites than at other locations throughout the Tucson 

area. An overall R value of 0.91 indicated a strong 

relationship between UV absorbance and the independent 

variables of alkalinity and bromide at wells unaffected by 

artificial recharge. The alkalinity parameter, closely 

associated with a number of other inorganic constituents, 

provided most of the variability in the equation. In 

contrast, UV absorbance in groundwater within artificial 

recharge areas was best described by the independent 

variables DOC, chloride and nitrate with DOC contributing most 

of the variability to the equation. An R value of 0.94 

indicated a strong correlation between independent variables 

and UV absorbance. 

A weak overall correlation of 0.48 characterized the 

relationship between dissolved organic carbon and the 

independent variables of pH and chloride in groundwater 

unaffected by artificial recharge. The variable pH, appeared 
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to represent the ionic strength property of groundwater, as 

evidenced by its strong inverse intercorrelation with a number 

of other inorganic parameters. A strong overall correlation 

of 0.94 characterized the relationship between DOC and the 

independent variables of conductivity, UV absorbance and 

chloride in groundwater affected by artificial recharge. As 

seen from Table 7.12, conductivity followed by UV absorbance 

and chloride were parameters best describing groundwater DOC 

in these locations. In contrast to DOC measured in 

groundwater unaffected by artificial recharge which was 

mainly influenced by ionic strength, DOC in recharge impacted 

groundwater was described by both ionic strength properties 

(conductivity) as well as properties relating to organic 

content (UV absorbance). 

Trihalomethane formation potential of groundwater 

unimpacted by artificial recharge was best described by the 

variables DOC and UV absorbance, and to a lesser extent, 

nitrate. An overall R value of 0.87 corresponded to the 

regression equation, suggesting a strong correlation. 

However, most variation in the equation was attributed to DOC, 

which correlated inversely with THMFP. As indicated earlier, 

linear regression analyses also indicated an inverse 

relationship between DOC and THMFP in groundwater outside of 

recharge areas for unknown reasons. On the other hand, 

trihalomethane formation potential of groundwater impacted by 
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artificial recharge was most influenced by pH, and to a lesser 

extent by chloride and UV absorbance. The overall R value of 

0.73 was weaker than that associated with THMFP in production 

wells suggesting that a substantial amount of variation in the 

equation was unaccounted for by parameters included in the 

multiple regression analysis. 

The independent variables of pH, alkalinity and chloride 

best described total organic halide formation potential of 

groundwater unimpacted by artificial recharge. Much of the 

variation was attributed to pH which inversely correlated with 

conductivity, UV absorbance, chloride, bromide, alkalinity, 

sulfate and nitrate. However, as seen from the overall R 

value of 0.70, parameters included in this analyses did not 

adequately describe all of the variability of this regression 

equation. An overall R value of 0.59 characterized the 

relationship between TOXFP and the independent variables of 

conductivity, chloride, bromide and nitrate in groundwater 

obtained from artificial recharge areas, again suggesting that 

factors unaccounted for in the regression analysis contributed 

to sample variability. The weak overall R values associated 

with TOXFP in groundwater representing both artificial 

recharge areas and areas unaffected by artificial recharge is 

consistent with the weak correlation coefficients yielded by 

linear regression analyses. Parameters such as functional 

group characterization and molecular weight of humic 



119 

substances are variables not directly accounted for in either 

the linear or multiple regression analyses that may have 

influenced TOXFP. 

7.2 LAS VEGAS RECHARGE STUDY: 

As mentioned in Chapter 4, the Las Vegas recharge study 

involved the injection of 4142 acre feet of chlorinated 

Colorado River water (CRW) through two active production 

wells. The injection period was followed by a recovery period 

during which varying mixtures of Colorado River water and 

native groundwater were removed. 

7.2.1. Dilution Analysis: 

During the recovery cycle, samples of recovered water and 

field measurements of recovered water pH, conductivity and 

temperature were obtained at regular intervals by Las Vegas 

Valley Water District (LVWJD) personnel. Field measurements 

of temperature, conductivity and pH corresponding to each 

recovered water sample obtained during the study are presented 

in Table 7.15. 

The Las Vegas Valley Water District also provided data 

relating to the cumulative volume of water recovered on each 

sampling date for wells #16 and #17. These data are shown 

on Table 7.16, and were used to calculate pumping rates for 

the two wells on different dates. 

As already stated, recovered water consisted of mixtures 
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TABLE 7.15 

LAS VEGAS WELL RECHARGE AND RECOVERY 
INORGANIC RECOVERED WATER QUALITY DATA FOR WELLS 16 AND 17 

WELL # 16: 

DATE 

5/11/89 
5/12/89 
5/15/89 
5/17/89 
5/22/89 
6/02/89 
6/06/89 
6/13/89 
6/22/89 
6/29/89 
7/18/89 
7/28/89 
8/02/89 
8/08/89 
8/16/89 

WELL # 17: 

DATE TIME TEMPERATURE CONDUCTIVITY PH 
(days) ( C) (umhos/cm) 

5/11/89 1 13.2 860 7.83 
5/12/89 2 13.2 840 7.81 
5/15/89 5 13.8 860 7.66 
5/17/89 7 13.8 861 7.58 
5/22/89 12 14.0 863 7.71 
6/02/89 23 14.1 840 7.60 
6/06/89 27 14.2 819 7.56 
6/13/89 34 14.7 816 7.64 
6/22/89 42 15.0 777 7.67 
6/29/89 49 15.7 764 7.53 
7/18/89 68 17.1 701 7.16 
7/28/89 78 14.9 684 NA 
8/02/89 83 18.0 681 NA 
8/08/89 89 19.1 641 NA 
8/16/89 97 19.1 620 NA 

TIME TEMPERATURE CONDUCTIVITY PH 
(days) ( C) (umhos/cm) 

1 14.0 859 7.84 
2 13.5 837 7.64 
5 13.8 849 7.56 
7 13.5 860 7.74 
12 14.0 858 7.63 
23 14.0 885 7.75 
27 14.2 817 7.60 
34 14.8 816 7.60 
42 15.0 787 7.69 
49 15.6 780 7.51 
68 17.0 715 7.60 
78 17.8 707 NA 
83 18.2 710 NA 
89 18.9 635 NA 
97 19.2 631 NA 
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TABLE 7.16 

LAS VEGAS WELL RECHARGE AND RECOVERY 
HYDRAULIC DATA FOR WELLS #16 AND # 17 

WELL #16 

DATE 

5/11/89 
5/12/89 
5/15/89 
5/17/89 
5/22/89 
6/02/89 
6/06/89 
6/13/89 
6/29/89 
7/18/89 
7/28/89 
8/02/89 
8/16/89 

TIME 

15:33 
11:52 
11:25 
13:05 
11:20 
13:20 
15:30 
09:45 
08:30 
06:05 
07:30 
10:48 
NA 

CUMULATIVE 
VOLUME 
(Acre-feet) 

9.3 
15.7 
38.6 
NA 
85.4 
168.9 
198.1 
246.0 
356.1 
483.4 
548.9 
576.7 
671.5 

FLOWRATE 
(GPM) 

NA 
1708 
1751 
NA 
1514 
1873 
1615 
1604 
1563 
1524 
1484 
1220 
1536 

SOURCE WATER RECHARGED 
1/18/89 TO 5/8/89 

WELL # 17: 

917.0 1870 

DATE 

5/11/89 
5/15/89 
5/17/89 
5/22/89 
6/02/89 
6/06/89 
6/13/89 
6/22/89 
6/29/89 
7/18/89 
7/28/89 
8/02/89 

TIME 

15:58 
11:25 
13:05 
11:40 
13:45 
15:50 
11:30 
10:30 
09:00 
06:10 
06:40 
10:30 

CUMULATIVE 
VOLUME 
(Acre-feet) 

11.4 
48.5 
67.1 
105.7 
209.0 
246.7 
308.9 

NA 
453.0 
625.0 
718.7 
720.2 

FLOWRATE 
(GPM) 

NA 
2204 
NA 
1847 
2100 
2089 
2063 
NA 

2050 
2067 
2098 
32 

SOURCE WATER RECHARGED 
1/18/89 TO 5/08/89 1114.2 

NA = Not available 
2272 
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of native groundwater and recharged CRW. Shown on Table 7.17 

are percentages of Colorado River water in recovered water 

samples, cumulative percentages of CRW recovered on various 

dates, and cumulative percentages of the total recharge 

volume recovered over the course of the sampling period. 

Percentages of CRW comprising a given recovered volume were 

interpolated based on conductivity measured in individual 

water samples and that previously measured in native 

groundwater (Katzer an Brothers, 1988). The degree of mixing 

characterizing individual samples was then used to determine 

the cumulative volume of CRW recovered on various sampling 

dates. 

During the initial phase of the recovery period, water 

recovered from wells # 16 and # 17 consisted entirely of CRW. 

Continual pumping drew in native groundwater from the aquifer, 

effectively diluting recovered CRW. Consequently, as pumping 

progressed, the percentage of CRW recovered from the aquifer 

declined. This mixing effect was clearly illustrated by a 

reduction in the conductivity parameter measured over the 

course of the sampling period, and is depicted graphically in 

Figure 7.12. Shown on Figure 7.12 are conductivity values 

measured in recovered water during the sampling period as well 

as conductivity values representing native groundwater and 

recharge source water. 

Initially, recovered water conductivity was identical to 
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TABLE 7.17 

LAS VEGAS WELL RECHARGE AMD RECOVERY 
COLORADO RIVER WATER RECOVERY FROM WELLS # 16 AMD # 17 

WELL #16 

TIME VOLUME 

(days) (acre-ft) 

% CRW RECOVERED CRW 

(acre-ft) 

% TOTAL 
RECOVERY 

% CRW 
RECOVERY 

1 9.3 100 9.3 1.0 1.0 
2 15.7 100 15.7 1.7 1.7 
5 38.6 100 38.6 4.2 4.2 
7 NA 100 NA NA NA 
12 85.4 100 85.4 9.3 9.3 
23 168.9 100 168.9 18.4 18.4 
27 198.1 90 195.1 21.6 21.3 
34 246.0 89 237.9 26.8 25.9 
49 356.1 81 326.7 38.8 35.6 
68 483.4 64 408.3 52.7 44.5 
78 549.0 62 449.0 59.9 49.0 
83 576.7 62 466.4 62.9 50.9 
97 671.5 43 505.0 73.2 55.6 

WELL # 17 

TIME VOLUME 

(days) (acre-ft) 

% CRW RECOVERED CRW 

1 
5 
7 
12 
23 
27 
34 
49 
68 
78 
83 
97 

11.4 
48.4 
67.1 
105.7 
209.0 
246.7 
308.9 
453.0 
625. 0 
718.7 
720.2 
978.4 

100 
100 
100 
100 
96 
90 
90 
77 
61 
56 
56 
40 

(acre-ft) 

11.4 
48.5 
67.1 
105.7 
204.6 
238.7 
294.4 
404.7 
508.9 
561.7 
562.5 
6 6 6 . 3  

% TOTAL 
RECOVERY 

1.0 
4.4 
6 . 0  
9.5 
18.8 
22.1 
27.7 
40.7 
56.1 
64.5 
64.6 
87.8 

% CRW 
RECOVERY 

1.0 
4.4 
6 . 0  
9.5 
18.4 
21.4 
26.4 
36.3 
45.7 
50.4 
50.5 
60 .8  

% CRW Recovery caluculated using conductivity data 
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CONDUCTIVITY VS. TIME 
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that of recharge CRW, indicating that it consisted of 100% 

CRW. As pumping progressed, dilution of CRW by native 

groundwater brought about a reduction in recovered water 

conductivity. Conductivity values of recovered water 

eventually began to approach those of native groundwater. As 

a result of dilution, the cumulative volume of recovered CRW 

was less than the amount recharged. As shown on Table 7.17, 

the cumulative volume of CRW recovered from wells # 16 and # 

17 at the end of the sampling period was only 55.6% and 60.8%, 

respectively, of the total volume recharged. However, the 

total volume of water recovered from wells # 16 and # 17 

amounted to 73.2% and 87.8%, respectively, of the total 

recharged amount. Based on the rate of CRW recovery from 

these wells, the time estimated for complete recovery of the 

entire recharged volume would asymptotically approach 150 

days. The total amount of groundwater recovered from wells 

# 16 and § 17 at the end of a 150 day pumping period would 

approach 1048 and 1506 acre-feet, respectively, amounts in 

excess of the volumes initially recharged. In other words, 

residual amounts of CRW would likely remain in an aquifer 

following deep well injection. 

7.2.2 Sample Characterization; 

Recovered water samples from wells # 16 and # 17 were 

shipped to University of Arizona and analyzed for 

trihalomethanes, instantaneoustrihalomethanes, trihalomethane 
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formation potential, total organic halide, dissolved organic 

carbon, and UV absorbance according to procedures outlined in 

Chapter 6 of this document. Results of these analyses are 

presented in Tables 7.18 through 7.19. Although residual 

chlorine was not measured at the time samples were collected, 

its presence may have contributed to THM levels measured in 

samples. To determine if residual chlorine was contributing 

to THM formation, University of Arizona collected duplicate 

samples for THM analysis, one with sodium thiosulfate added, 

and the other without thiosulfate. Sodium thiosulfate reduced 

residual chlorine to chloride, thereby preventing oxidation 

of DOC by chlorine. THMs measured in samples with sodium 

thiosulfate were referred to as instantaneous THMs (ITHMs). 

Similar THM and ITHM levels measured in recovered samples 

suggested that additional THM formation did not occur during 

shipment and storage of samples. 

An attempt was made to conduct similar analyses on source 

water. A combination of difficulties that included access 

to limited quantities of source water and equipment 

malfunctions precluded efforts to determine THM and TOX levels 

present in source water. As a result, DOC and UV absorbance 

were measured directly, but THM and TOX levels were estimated. 

The estimation of TOX was based on the TOX/DOC ratio measured 

in undiluted recovered water. A value for source water TOX 

was derived from the product of source water DOC and the 
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TABLE 7.18 

LAS VEGAS WELL RECHARGE AND RECOVERY 
TRIHLOMETHANE DATA FOR WELLS #16 AND # 17 

WELL #16 

DATE TIME THM(2) ITHM(l) TTHM THMFP 
(days) (ug/1) (ug/l) (ug/l) (ug/l) 

5/11/89 1 69.4 NA 169.3 99.9 
5/12/89 2 63.3 NA 190.6 127.4 
5/15/89 5 59.1 NA 146.8 83.8 
5/17/89 7 71.2 63.1 120.0 56.8 
5/22/89 12 60.4 79.1 194.8 115.7 
6/02/89 23 70.9 65.3 158.1 92.8 
6/06/89 27 65.7 64.5 115.5 51.0 
6/13/89 34 86.1 80.4 165.8 85.5 
6/22/89 42 52.2 51.7 166.1 114.4 
6/29/89 49 53.5 56.2 173.1 117.2 
7/18/89 68 64.7 56.0 177.0 121.0 
7/28/89 78 42.3 54.6 169.2 114.6 
8/02/89 83 NA 46.5 NA NA 
8/08/89 89 75.7 69.8 NA NA 
8/16/89 97 61.1 68.4 95.3 26.9 

WELL # 17 

DATE TIME 
(days) 

5/11/89 1 
5/12/89 2 
5/15/89 5 
5/17/89 7 
5/22/89 12 
6/02/89 23 
6/06/89 27 
6/13/89 34 
6/22/89 42 
6/29/89 49 
7/18/89 68 
7/28/89 78 
8/02/89 83 
8/08/89 89 
8/16/89 97 

THM(2) ITHM(l) 
(ug/l) (ug/l) 

77.6 NA 
NA NA 
89.3 NA 
70.5 72.9 
89.5 55.8 
69.8 63.6 
64.5 NA 
78.0 61.9 
54.8 67.2 
54.4 64.0 
56.6 NA 
NA 58.3 
35.9 40.3 
73.2 32.1 
52.9 35.3 

TTHM THMFP 
(ug/l) (ug/l) 

191.8 114.2 
NA NA 

180.4 91.0 
138.9 66.1 
129.3 73.5 
127.5 64.0 
96.8 32.3 
170.6 108.7 
172.6 105.4 
151.8 87.8 
178.1 121.2 
NA NA 

116.2 76.4 
64.8 36.7 
62.1 26.8 

NA = Sample not available 
(1) Sodium Thiosulfate added to sample (2) No Thiosulfate 
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TABLE 7.19 

LAS VEGAS WELL RECHARGE AMD RECOVERY 
DOC/ UV ABSORBANCE AMD TOX DATA FOR WELL # 16 & # 17 

WELL #16 

DATE TIME DOC UV ABSORBAMCE TOX 
(days) (mg/1) (1/cm) (ug/l) 

5/11/89 1 2.9 0.032 154.4 
5/12/89 2 2.7 0.031 131.6 
5/15/89 5 3.0 0.029 94.8 
5/17/89 7 2.7 0.028 142.0 
5/22/89 12 2.8 0.024 88.8 
6/02/89 23 2.8 0.028 74.0 
6/06/89 27 2.7 0.022 126.0 
6/13/89 34 2.2 0.023 75.2 
6/22/89 42 2.0 0.021 168.8 
6/29/89 49 1.6 0.023 NA 
7/18/89 68 2.3 0.020 151.2 
7/28/89 78 1.6 0.017 50.8 
8/02/89 83 1.3 NA NA 
8/08/89 89 1.4 0.019 NA 
8/16/89 97 1.0 0.013 45.2 

WELL # 17 

DATE TIME DOC UV ABSORBAMCE TOX 
(days) (mg/1) (1/cm) (ug/l) 

5/11/89 l 2.7 0.035 158.8 
5/12/89 2 NA NA NA 
5/15/89 5 2.6 0.027 107.6 
5/17/89 7 2.8 0.033 133.6 
5/22/89 12 2.3 0.022 109.2 
6/02/89 23 2.1 0.025 68.4 
6/06/89 27 2.0 0.023 13.3 
6/13/89 34 2.0 0.021 116.4 
6/22/89 42 4.1 0.020 84.8 
6/29/89 49 1.7 0.016 120.8 
7/18/89 68 1.2 0.014 21.2 
7/28/89 78 1.2 NA NA 
8/02/89 83 1.0 0.013 18.8 
8/08/89 89 1.2 0.013 34.0 
8/16/89 97 1.2 0.015 68.7 

NA = Sample not available 
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TOX/DOC ratio characterizing undiluted recovered water. 

Source water THM was determined in a similar fashion. Source 

water conductivity and pH data were provided by LWWD. Data 

corresponding to source water and groundwater characterization 

are presented on Table 7.20. 

7.2.3 Mass Balance Analysis: 

Results of chemical analyses performed on recovered water 

samples are depicted graphically on Figures 7.13 through 7.18. 

Concentrations of THM, TOX, and DOC measured in recovered 

water were normalized relative to respective source water 

concentrations and plotted against time. The parameter, 

trihalomethane formation potential, was not measured in source 

water; consequently, THMFP was plotted directly against time 

on Figure 7.19. An overall decrease in the relative 

concentration of these parameters with respect to time is 

evident in all figures. Dilution represented the most obvious 

reason for these reductions. Sorption of organo-chlorine 

onto aquifer material also may have accounted for some 

reduction. Finally, volatilization during sampling and 

shipment may further have contributed to decreased organo-

chlorine levels. 

To determine the degree to which dilution or 

physicochemical processes contributed to concentration losses, 

mass balances on THMS and TOX were performed . Chemical 

analyses to determine background THM or TOX concentrations 
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TABLE 7.20 

LAS VEGAS WELL RECHARGE AND RECOVERY 
SOURCE AND GROUNDWATER CHARACTERIZATION 

THM UV ABS. DOC TOX CONDUCTIVITY PH 
(ug/1) (l/cm) (mg/1) (ug/1) (umhos/cm) (5). 
(1) (2) (3) (4) (5) 

WELL # 16: 

67.6 0.030 2.9 117.5 858 7.8 

WELL # 17: 

91.2 0.030 2.9 142.0 857 7.8 

GROUNDWATER: 

NA NA NA NA 461 8.1 

(1) THM derived from groundwater DOC/THM concentration 

(2) UV Absorbance values measured on Colorado River Water 
collected during recovery cycle 

(3) DOC value measured on Colorado River Water collected 
during recovery cycle 

(4) TOX value estimated from groundwater DOC/TOX 
correlation 

(5) Data provided by Las Vegas Valley Water District 
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THM/THMo VS. TIME 
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TOX/TOXo VS. TIME 
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TOX/TOXo VS. TIME 
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DOC/DOCo VS. TIME 
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DOC/DOCo V& TIME 
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TTHM VS. TIME 
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were not performed on native Las Vegas groundwater prior to 

recharge; however, an assumption was made that organo-chlorine 

was absent from native groundwater. Other assumptions were 

that additional organo-chlorine formation did not occur 

following recharge, and that removal resulted from 

physicochemical or biochemical processes. 

Recovery of TOX and THMs during the sampling period were 

determined using the following mass balance equation: 

(Cin)(Vin) = (Cout)(Vout) + (mass removed by physicochemical 

processes). 

Calculations made using the above formula facilitated 

determination of percent recovery of THMs and TOX on various 

days throughout the sampling period; results of these 

calculations are presented on Table 7.21. In addition, 

recovery THM and TOX in wells # 16 and # 17 are plotted 

against time on Figures 7.20 and 7.21, along with percent 

recovery of CRW and total recharged water volume. 

THM and TOX recovered in source water from well # 16 

during the sampling period was approximately 57.48 and 59.82 

percent, respectively, of the total amount recharged. 

Likewise, the volume of CRW recovered during this period was 

approximately 55.6 percent of the total volume recharged. The 

similarity in recoveries for CRW, THM and TOX suggest that 

removal of organo-chlorine via physicochemical processes was 
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TABLE 7.21 

LAS VEGAS RECHARGE AND RECOVERY 
THM AND TOX RECOVERY FROM MASS BALANCE CALCULATION 

WELL # 16: 

TIME RECOVERED RECOVERED RECOVERED RECOVERED 
[days) WATER (%) CRW (%) TOX (%) THM (%) 

1 1.0 1.0 1.3 1.0 
2 1.7 2.1 2.1 1.7 
5 4.2 4.2 4.1 4.3 
12 9.3 9.3 8.0 8.8 
23 18.3 18.3 13.7 18.4 
27 21.6 21.3 17.1 21.5 
34 26.8 25.9 20.5 21.5 
49 38.8 35.6 20.5 35.1 
68 52.7 44.5 51.6 44.0 
78 60.0 49.0 54.7 46.8 
97 73.0 55.6 59.8 51.8 

WELL # 17: 

TIME 
(days) 

l 
5 
7 
12 
23 
27 
34 
49 
68 
83 
97 

RECOVERED 
WATER (%) 

1.0 
4.3 
6.0 
9.5 

2 8 . 8  
22.1 
27.7 
40.7 
56.1 
64.5 
87.8 

RECOVERED 
CRW (%) 

1.0 
4.3 
6.0 
9.5 
18.4 
21.4 
26.4 
36.3 
45.7 
50.5 
60.8 

RECOVERED 
TOX (%) 

1.1 
3.7 
5.2 
7.9 
12.4 
12.7 
17.2 
2 8 . 2  
30.5 
31.7 
42.9 

RECOVERED 
THM (%) 

0.9 
4.1 
5.4 
8 . 8  
15.9 
18.3 
23.1 
30.8 
36.9 
38.4 
51.8 
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not significant. Trihalomethanes and total organic halides 

recovered from well # 17 during the same period were about 

51.79 and 42.91 percent, respectively, of the total amount 

recharged. In contrast, the amount of recovered CRW equalled 

60.8 percent of the volume recharged. Recoveries of THMs and 

TOX below that observed for CRW were indicative of some 

removal via physicochemical processes. The slope of lines 

corresponding to recovery of THM, TOX and CRW on Figures 7.20 

and 7.21, denote the rate of recovery for these parameters. 

Based on inspection of Figures 7.20 and 7.21, THM and TOX 

recovery rates during the last 50 days of the sampling period 

appeared to more closely approximate those observed for CRW 

than THM and TOX recovery rates observed at the onset of the 

sampling period. This finding suggests that some sorptive 

capacity characterized aquifer material into which CRW was 

injected; however, ultimate sorption capacity appears to have 

been reached. 

Based on the results of the mass balance analysis 

performed on THMS and TOX for wells # 16 and # 17, dilution 

of recharged water by native groundwater appears to be the 

primary mechanisms responsible for reduction in nonspecific 

parameters measured in recovered water. Because the alluvial 

aquifer appears to have a limited ability to attenuate THMs 

and TOX via sorption, removal of these constituents from 

groundwater following recharge would require complete recovery 
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of recharged water. Water quality degradation relative to 

THMs and TOX is a potential ramification of incomplete 

recovery of recharge water. 

From a water supply perspective, reductions in THM, TOX 

and DOC levels via dilution does enhance water potability. 

Dilution of THMs helps to maintain their level below the 

existing primary drinking water standard of 100 ug/1, while 

dilution of TOX reduces its concentration to more healthful 

levels. A corresponding reduction in organo-chlorine 

precursor material measured by DOC and THMFP in recovered 

water samples was not apparent in this study. The effect of 

precursor reduction is depicted on Figure 7.19 showing 

trihalomethane formation potential measured in recovered 

samples during the sampling period. THMFP appears to remain 

relatively constant throughout this period, suggesting that 

DOC in native groundwater is more reactive than that in 

recharged CRW. 
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CHAPTER 8 

CONCLUSIONS 

8.1 TUCSON AREA GROUNDWATER QUALITY: 

Groundwater data generated during this investigation 

indicate that groundwater in recharge areas was generally of 

poorer quality relative to the parameters DOC, UV absorbance, 

conductivity, chloride, alkalinity and nitrate than 

groundwater outside of recharge activity. Average sulfate and 

bromide levels were similar in both recharge areas and areas 

outside of recharge activity. With the exception of 

production wells SC-14, SS-18 and C-26, and monitoring wells 

SC-6P through SC-10P, measurable levels of organo-chlorine 

were detected in groundwater obtained from all monitoring and 

production wells sampled. 

Bromide levels in excess of 0.1 mg/1 and the presence of 

organo-chlorine suggest that groundwater quality has been 

impacted in all areas investigated. Water quality degradation 

relative to THMs, TOX, and bromide may have resulted from a 

number of sources including irrigation, landfill operation, 

urban runoff as well as effluent recharge. 

Previous investigations have documented zones of 

naturally occurring poor water quality relative to inorganic 

parameters along the Santa Cruz River. Elevated sulfate and 

alkalinity levels have been attributed to both dissolution of 

relict salts and upward migration of poorer quality 
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groundwater from underlying gypsiferous mudstone. Although 

these zones have roughly corresponded to recharge areas 

examined in this investigation, inorganic and organic data 

suggest that recharge also has contributed to elevated 

parameters observed at the Demonstration Recharge project and 

along the Santa Cruz River downstream from effluent discharge 

points. 

Evidence of impact from recharge was apparent in the 

distribution of inorganic and organic parameters in the 

vicinity of the recharge basin and downstream from effluent 

discharge points. As mentioned in Chapter 7, levels of 

conductivity, DOC, and UV absorbance were highest in the 

vicinity of effluent discharge points but showed substantial 

decline in wells farther downstream. At the Demonstration 

Recharge project, concentrations of inorganic and organic 

water quality parameters were generally highest in monitoring 

wells immediately downgradient of the recharge basin. 

Statistical analyses indicate that relationships between 

organic and inorganic water quality parameters in groundwater 

differ between recharge areas and areas outside of recharge 

activity. Results, of multiple regression analyses indicate 

that UV absorbance in groundwater outside of recharge activity 

was best described by closely intercorrelated inorganic 

parameters while UV absorbance in groundwater at recharge 

sites was best described by DOC, and chloride and nitrate, 
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inorganic parameters present in recharged effluent. 

Furthermore, simple linear regression analyses revealed a 

close association between UV absorbance and the inorganic 

parameters of sulfate, nitrate, conductivity and alkalinity 

in groundwater outside of recharge activity , while the 

association between these parameters in groundwater at 

recharge sites was marginal. These associations suggest that 

humics in groundwater at recharge sites were mostly derived 

from recharged effluent while humics outside of recharge 

activity were derived through natural processes. 

The reactivity of groundwater in terms of total organic 

halide formation potential did not appear to vary 

significantly between recharge areas and areas outside of 

recharge activity when examined relative to the amount of 

humics comprising DOC at each location. However, groundwater 

reactivity relative to trihalomethanes appeared to be higher 

in areas outside of recharge activity. 

Results of multiple regression analyses revealed that 

groundwater THMFP outside of recharge areas was best described 

by the organic fraction while that at recharge areas was 

inversely correlated with pH. Total organic formation 

potential correlated poorly with other variables in both 

multiple and linear regression analyses. 

8.2 LAS VEGAS RECHARGE STUDY: 

Results of the Las Vegas recharge and recovery study 
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indicated that dilution was the primary mechanism responsible 

for reduction in organo-chlorine levels during recovery of 

chlorinated Colorado River Water. Although some attenuation 

of THMs and TOX was apparent during the initial phases of 

recovery, results of mass balance analyses indicated that 

organo-chlorine recovered at the same rate as Colorado River 

Water during the final stages of recovery. Because of the 

limited ability of alluvial aquifers to attenuate organo-

chlorine, groundwater contamination is a potential result of 

incomplete recovery. Furthermore, removal of organo-chlorine 

during recharge via aquifer treatment is an impractical 

consideration. 

8.3 IMPLICATIONS FOR RECHARGE IN TUCSON: 

Intentional recharge of tertiary effluent at the 

Demonstration Recharge project and incidental recharge of 

secondary effluent from the Roger and Ina Road Wastewater 

treatment plants appears to have adversely impacted 

groundwater relative to organo-chlorine, dissolved organic 

carbon and formation potential. Although soil aquifer 

treatment may be of limited value in removing organo-chlorine 

during spreading operations, results of this study indicate 

that some of these compounds eventually enter the groundwater 

supply. 

Regions within the Tucson area targeted for recharge of 

untreated Colorado River Water include the Rillito River, 
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Brawley Wash, and the Santa Cruz River at Pima Mine Road. 

Total THM levels in groundwater at these areas are below the 

existing 100 ug/1 standard but in excess of the proposed 25 

ug/1 standard. Recharge of untreated CRW may further impact 

groundwater quality relative to TTHMs due to the introduction 

of precursor material. 

Regions within the Tucson area targeted for recharge of 

chlorinated effluent include the Santa Cruz River in the 

vicinity of the Southside Wellfield and the Demonstration 

Recharge project. Total THM levels in groundwater at these 

locations are above proposed standards, and in some cases 

above the existing 100 ug/1 standard. Again, introduction of 

precursor material is expected to further impact groundwater 

relative to TTHMs. 

Areas in Tucson targeted for recharge of chlorinated 

Colorado River Water via deep well injection include the 

Interior Wellfield and the Santa Cruz Wellfield. Water 

quality data generated for these areas indicate that TTHM 

levels are less than existing standards but exceed proposed 

standards. Based on results of the Las Vegas study, recharge 

of chlorinated Colorado River Water into an alluvial aquifer 

will likely result in water quality degradation in excess of 

existing and proposed standards due to the introduction of 

organo-chlorine and organo-chlorine precursors. 
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