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ABSTRACT 

Secondary effluent from the Roger Road Wastewater 

Treatment Plant undergoes tertiary treatment of dual media 

filtration and chlorination. The tertiary effluent is 

recharged and subsequently extracted for irrigation in 

Tucson, Arizona. The fate of chlorinated organics in this 

recharge system was investigated in this research. 

Nonpurgeable organic carbon was found to reach a constant 

level in the groundwater after being recharged. Not all of 

the organic carbon was removed from the water. Nonpurgeable 

organic halogens increased as they flowed away from the 

recharge basins. Reasons for this increase were not 

determined. Attempts were made to define the apparent 

molecular weight distribution of the NPOC and the NPOX. 

Measured values of the two parameters were consistently 

greater after the analytical processing than before, making 

the determination impossible. 



INTRODUCTION 

Artificial recharge can be defined to be the return 

of water to an underground formation that is facilitated by 

man's physical activities. This return may be planned and 

intentional or it may occur coincidentally with another 

action. Examples of intentional recharge are the 

construction of injection wells, spreading basins, or 

retention basins. Examples of coincidental recharge include 

the discharge of wastewater to unlined evaporation ponds or 

to ephemeral streambeds. Both types of recharge occur in 

Pima County, Arizona. 

Secondary effluent from the two major wastewater 

treatment plants in Pima County is released into the Santa 

Cruz River. The effluent readily infiltrates the permeable 

channel bed and recharges the regional aquifer. Tucson 

Water, the primary water utility in the metropolitan Tucson 

area, has constructed a recharge system that uses tertiary 

effluent as the feed water. Spreading basins recharge the 

effluent which is subsequently withdrawn and used for 

irrigation. 

Chlorine serves as the disinfectant in both the 

secondary and tertiary treatments. Chlorination of water 

containing humic substances is known to result in the 
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formation of trihalomethanes (THMs). THMs are known 

carcinogens. 

Humic substances are among the organic components 

of domestic wastewater. Chlorination of treated wastewater 

will produce an effluent containing byproducts identical to 

those resulting from chlorination of potable water. 

Purgeable organic halide (POX) is generally 

composed of volatile species such as THMs. These compounds 

are readily identified and quantified by gas chromatography. 

Nonpurgeable organic halides (NPOX) are also 

byproducts of chlorination of humic substance containing 

water and wastewater. These compounds are not volatile and 

most are not readily identified. The NPOX fraction of 

treated wastewater has been found to be mutagenic. 

Total organic halide (TOX) is the sum of POX and 

NPOX. POX has been estimated to be 6% to 20% of the TOX. 

The POX fraction can be expected to volatilize following 

discharge of chlorinated effluent to surface waters. The 

NPOX compounds may be subject to photolysis, 

biotransformation, chemical transformation (e. g. 

hydrolysis, oxidation-reduction), and sorption. 

Little is known about the environmental fate of 

wastewater derived TOX following recharge. Sorption to soil 

and aquifer surfaces can be expected to play a major role in 

the subsurface. The mobility of these compounds in the 

subsurface will be affected by their hydrophobic or 
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hydrophilic nature. Hydrophobic, higher molecular weight 

chloro-humic acids can be expected to be more affected by 

sorption than the lower molecular weight, hydrophilic 

chloro-fulvic acids. Presumably, a decrease in the apparent 

molecular weight of the NPOX can be anticipated as distance 

from the point of recharge increases. 

The research presented within this thesis focused 

on the NPOX fraction of water samples from the Tucson Water 

Demonstration Recharge Facility. Tucson Water has 

monitoring wells throughout the recharge area. Analyses 

performed to date by Tucson Water have concentrated on 

priority pollutants and pesticides. The parameters 

nonpurgeable organic carbon (NPOC), NPOX, and POX, along 

with a characterization of NPOC and NPOX according to 

apparent molecular weight, were measured in samples of 

recharged effluent and groundwater extracted from the 

recharge site and in the humic-containing fraction of these 

samples. The results of the analyses were expected to 

determine the validity of the assumption that the apparent 

molecular weight of the NPOX decreases as distance from the 

recharge basins increases, as well as provide a preliminary 

glimpse of the fate of recharged chlorinated organics. 
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LITERATURE SURVEY 

Little information concerning the fate of recharged 

chlorinated organic material was found during the literature 

survey conducted as a part of this research. Extensive 

literature was available concerning priority pollutants in 

recharged effluent. Numerous reports on the fate of 

recharged organic compounds, with concentrations expressed 

as COD or TOC, were available in journals and texts. 

Treated sewage effluent contains measurable amounts 

of organic matter, regardless of the level of treatment 

provided or how advanced that treatment is (1). Bouwer et 

al. reported during studies at the Flushing Meadows recharge 

project that the recharged water contained "...relatively 

stable residual organic carbon..." which, when extracted and 

analyzed, was at approximately equal concentrations 

throughout the monitoring well system. TOC concentrations 

in the recharged effluent ranged from 10 to 30 mg/L. 

Organic carbon concentrations in the extracted groundwater 

averaged 5 mg/L (2). This apparently recalcitrant organic 

matter has been reported to be composed of 40 to 50% humic 

substances (3). 
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In studies of natural waters, Thurman reported that 

humic substances are the "...major constituent of dissolved 

organic carbon..." within these waters, also (4). 

Humic Substances 

Humic substances are the end products of microbial 

action. The microbial processes occur in two steps. Plant 

and animal residues are decomposed to relatively simple 

organic compounds during the first step. These simple 

organics are synthesized into high molecular weight, 

biologically inactive organic compounds by further microbial 

activity during the second step (3, 4). 

Humic substances are nonvolatile, polymeric 

compounds that have widely varied molecular structures. 

Within the pH range commonly found in wastewater and natural 

water, the humic substances are anionic compounds. The 

anionic character and associated polarity are caused by 

functional groups associated with the humic molecules. The 

primary functional groups are carboxyls, phenolic hydroxyls, 

carbonyls, and hydroxyls, with carboxyls predominating. The 

humic molecules are soluble in water, serve effectively as 

ligands for both metals and organics, and, in natural 

environments, provide protons for chemical weathering (4). 

Humic substances are also known to be precursors of 

trihalomethanes (THMs) . THMs are formed during chlorine 
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disinfection of potable water. They are also formed during 

chlorine disinfection of treated wastewater. THMs appear as 

POX during the nonspecific analysis of TOX. However, THMs 

comprise only a small portion of the TOX. Suzuki and 

Nakanishi (5) reported that about 20% of the TOX is 

accounted for by THMs. Similar results, without such a 

quantification, were reported by Christman et al. (6), Jekel 

and Roberts (7), Roberts (8) and Rappaport et al. (9). 

The remaining NPOX fraction of the TOX is composed 

of generally recalcitrant polar compounds (7, 10, 11). The 

chemical identity of most of these compounds is unknown. 

Only a small fraction of the compounds is easily identified 

(8, 10, 12, 13) . 

The nonpurgeable organic halogens are more 

mutagenic than the volatile THMs (5). Rappaport et al. (9) 

found that secondary and post-secondary effluents produced 

positive responses during Ames tests. The mutagenecity was 

attributed primarily to chlorinated humic and fulvic acid 

fractions of the tested effluents. Marvoka used Ames 

testing to determine the mutagenicity of chlorinated humic 

substances. He reported that mutagenic activity was 

dependent on the chlorine dose, the major mutagens were 

polar compounds, and that formation of these compounds was 

not affected by pH (14). Coleman et al. (10) reported that 

about 6% of the mutagenic compounds could be identified by 

gas chromatography coupled with mass spectroscopy. The low 
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yield of identified chlorination byproducts was attributed 

to the compounds' polarity. Polarity leads to poor 

extraction from the aqueous phase and poor chromatographic 

separation once the compounds are extracted (10). 

Concern about the mutagenicity of the chlorinated 

byproducts is compounded by their behavior following 

discharge from treatment facilities. Upon discharge to 

surface waters, the ratio of TOXFP to TOC, where TOXFP is 

the total organic halogen formation potential and TOC is 

total organic carbon, increases. Suzuki and Nakanishi 

observed this trend throughout the treatment process train 

(5). While the TOC decreases, the potential TOX producing 

molecules remain at a constant level. Analyses of water 

quality that are based only on organic carbon content will 

show that the treatment was effective. Downstream users of 

the water will face increased potable treatment requirements 

because of the TOXFP entering the treatment system. 

Halogenated organics must also be considered when 

the effluent is recharged. Bouwer et al. (2) found that the 

TOC concentration of recharged effluent undergoes a 

reduction within a relatively short distance from the 

recharge point. The carbon content of the water showed 

little change after the initial decrease, regardless of time 

in the subsurface or distance traveled from the point of 

recharge. These results were shown to be applicable to 

halogenated organics by Jekel and Roberts (7) and Hutchins 
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et al (15). Jekel and Roberts found that halogenated 

organics in a groundwater recharge system were rapidly 

transported through the aguifer with little change in 

concentration brought about during this transport (7). 

Hutchins et al. observed that "...halogenated compounds 

moved more readily through the system than other classes of 

compounds." (15). 

Decreases in organic carbon concentration can be 

brought about by physical, chemical, and microbiological 

processes. Recharged halogenated organics are subject to 

the same processes. Microbiological transformation of humic 

substances may be facilitated by the oxidation of these 

compounds via chlorination and their subsequent 

deterioration into smaller, more biologically labile 

molecules. The principal chemical transformations affecting 

organic matter in water are hydrolysis and oxidation. The 

extent to which these reactions occur in the subsurface is 

unknown. The rate of these reactions is believed to be slow 

when compared to microbiological transformations (16). 

Dilution is one of the physical processes affecting 

the concentration of chlorinated and nonchlorinated 

recharged organics. The two major components of dilution 

are Brownian motion and physical mixing. Brownian motion 

diffuses the organics on a molecular scale. Physical 
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mixing, occuring on a bulk basis, is brought about by the 

tortuous path followed during groundwater flow. Dilution, 

commonly known as dispersion, generally takes place in a 

saturated subsurface environment. Decreases in organic 

concentration in the vadose zone are largely due to 

sorption. 

Sorption 

Sorption of nonpolar organic molecules, including 

priority pollutants and insecticides, has been widely 

studied. Sorption of these compounds has been attributed to 

various mechanisms. The principal mechanisms are van der 

Walls forces, hydrophobic bonding, hydrogen bonding, ion 

exchange, dipole-dipole interactions, and chemisorption 

(17). McCarty et al. (18), while studying the sorption of 

trace organics, found that adsorption was affected by the 

water temperature and ionic strength, the presence or 

absence of other organic compounds in the water, the 

presence or absence of ligands, and the organic material 

already present in the aquifer media. 

The effects of organic material within the aquifer 

(or soils above the aquifer) on sorption have been noted by 

several researchers (17, 19 - 22). Karickhoff (22) stated 

that sorption of neutral organic compounds was primarily 

controlled by the soil's organic carbon content. Secondary 
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control was determined to be a function of the sediment 

particle size distribution. The fines were found to be more 

effective sorbents. They also contained the majority of the 

sediment's organic carbon. Karickhoff and Brown (21) also 

reported the influence of particle size distribution on 

organic sorption. 

Chiou (17) observed that the sorption processes on 

dry or partially wetted soils was different than the same 

processes in a saturated soil system. 

Karickhoff (22) and Chiou (17) have determined that 

partitioning of the organics is the process that actually 

takes place. Both researchers supported their conclusions 

with thermodynamic considerations. 

Partitioning, rather than adsorption, may readily 

explain the reversible processes (i.e. sorption-desorption) 

observed in the laboratory by Schwarzenbach and Westall (20) 

and in the field by Hughes and Robson (23) . Changes in 

entropy and enthalpy occur during sorption processes. 

Desorption would require substantial energy input to 

overcome these changes. Entropy and enthalpy changes during 

partitioning are much lower. Lower energy input is required 

to overcome these changes during reverse partitioning. 

The studies cited above dealt with nonpolar to 

slightly polar compounds. Application of these conclusions 

to polar chlorinated organics in effluent may not be 

appropriate. 
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Parfitt et al. studied the sorption of humic 

substances in the lab (24). They reported that processes 

involved in the sorption of humics to known minerals 

included ligand reactions, especially with ferric iron and 

trivalent aluminum cations, and hydrogen bonding. Thurman 

(4) found that nonchlorinated humic substances with a 

relatively low carboxyl content adsorbed to aquifer 

materials. Another finding reported by Thurman was that 

humic substances are leached from surface and subsurface 

materials. This may be indicative of partitioning being the 

predominant process, rather than adsorption. 

As discussed earlier, chlorinated organics seem to 

be highly mobile in the subsurface. Mikita et al. (25) 

reported that recharged secondary effluent contained no 

haloforms upon extraction. They also reported that 

recharging reduced the concentration of phenolic compounds, 

humic substances, and chlorinated phenols by a factor of 

three. These results are questionable. THMs were monitored 

via gas chromatography. Any volatile chlorinated organics 

that are not THMs were not considered during the course of 

the Mikita group's investigation. Spectrophotometry was 

used in analyses for humates, phenols and chlorinated 

phenols. The authors extended spectrophotometric and 

aminoantipyrine results for concentrations of p-chlorophenol 

over chlorinated phenols in general. Further research is 
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required to confirm or disprove this publication. This 

further research will also assist in determining the 

environmental impacts of a water reuse method that will 

undoubtedly become more widespread. 
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TUCSON DEMONSTRATION RECHARGE PROJECT 

The Tucson Demonstration Recharge Project 

originated as an investigation of a promising water 

conversation method in an arid area. Tertiary effluent 

would be further treated by rapid infiltration to achieve 

State and Federal water quality standards for landscape 

irrigation. After infiltration the water would be extracted 

and pumped for use on golf courses and park areas. 

Secondary effluent was already being used for irrigation at 

some City of Tucson parks and golf courses. Recharge would 

provide water of high enough quality to be sold to private 

golf courses without negatively impacting the aesthetic 

values of members and/or guests. Recharge would also 

provide a relatively low cost means of storing water for 

reuse when it was needed. 

Pretreatment and Final Use 

Secondary effluent from the Roger Road Wastewater 

Treatment Plant receives further treatment before being 

pumped to the recharge site. The tertiary treatment 

consists of pressure filtration through dual media filters 

(anthracite-sand). Turbidity of the filter feed averages 

about 15 NTU. Turbidity of the tertiary effluent averages 
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about 2 NTU. Disinfection of the secondary effluent is 

achieved by chlorination. The typical chlorine dose is 8 

mg/L. The tertiary effluent is also disinfected with 

chlorine. The applied dose was not available from plant 

operators or managers. Chlorine contact time in the 

tertiary treatment system varies. The effluent is pumped on 

demand for irrigation or recharge. Irrigation is the first 

priority use of the effluent. Apparent seasonal biological 

turnover (October-November and March-April general time 

periods) within the secondary treatment towers precludes the 

use of effluent for recharge. Temperature changes during 

these time periods cause the biological film to begin 

sloughing off. The additional organic matter in the 

effluent is not completely removed during the pressure 

filtration step. Some of this matter is transported to the 

recharge basins. Surface straining in the recharge basins 

produces greatly reduced infiltration rates. High summer 

demands result in all of the tertiary effluent being pumped 

directly for irrigation. 

Recharge Site Lithology 

The recharge site is located about 1/4 mile west of 

the Roger Road Wastewater Treatment Plant, on the west bank 

of the Santa Cruz River, within the river's floodplain. 

Subsurface geology at the site is generally uniform. From 
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land surface to a depth of about 35 feet the media is river 

channel and overbank deposits. The soil is primarily sandy 

loam to a depth of 10 feet. From 10 feet to about 35 feet, 

the soil is composed of silty sands, silty gravels, clayey 

sands, and clayey gravels. Basin fill materials are found 

from depths of 35 feet to about 600 feet. These materials 

originated in the nearby Tucson Mountains. The volcanic 

material is generally poorly sorted and moderately 

weathered. The size fraction is primarily sandy gravels and 

gravelly sands. Lenses of cobbles, boulders and sandy, 

silty clay are present. Interbedded within this unit are 

clay layers from 0.5 to 1.0 feet thick (26, 27). 

Hydrogeology 

The water table is about 100 feet beneath land 

surface. General groundwater flow is toward the northwest, 

roughly paralleling the Santa Cruz River. During and 

immediately after surface flow events, subsurface flow is 

approximately normal to the river. The horizontal gradient 

is 0.002 to 0.003 ft/ft. Vertical gradients are minor in 

the absence of pumping or recharge induced stress (27). 
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Groundwater Quality 

The recharge site is located in an area considered 

to have low quality ground water. The major indicators used 

in this definition of water quality are chloride, sulfate, 

and total dissolved solids. This zone of low quality 

groundwater is found within, and approximately parallel to, 

the floodplain of the Santa Cruz (28). Concentrations of 

chloride range from 22 to 112 mg/L, sulfate from 100 to 700 

mg/L and TDS from 390 to 1700 mg/L. Concentrations of other 

water quality indicators are also high. Calcium and sodium 

are typically greater than 50 mg/L. Bicarbonate 

concentrations are generally greater than 150 mg/L. (28). 

The overall low quality of water within this strip 

along the Santa Cruz is believed to have natural origins 

(28), but has been impacted by man's activities. Water 

extracted from the low-quality zone has been used primarily 

for irrigation. This fact, combined with the proximity of 

the Roger Road Wastewater Treatment Plant and the relatively 

low pumping costs, were important considerations in locating 

the recharge facilities. 

Surface Facilities 

Recharge is achieved via four spreading basins. 

The basins, each having an area of about 3/4 of an acre, are 

situated to take advantage of areas with high infiltration 
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rates and so that they can be easily enlarged (29). 

Measured infiltration rates ranged from 0.7 to 2.5 feet per 

day. These rates decrease with time. 

Ten monitoring wells are distributed over the 

recharge site. Wells WR-65 and WR-69 are upgradient from 

the recharge basins (Well numbers are based on the Tucson 

Water well numbering system.). Well WR-63 is slightly 

upgradient, but within the area expected to be affected by 

groundwater mounding. Two wells, WR-60 and WR-61, are 

situated in the approximate center of the recharge basins, 

about 20 feet apart. The casing of WR-60 is perforated at a 

greater depth than the casing of well WR-61. Wells WR-64 

and WR-66 straddle the basins, slightly North of center. 

Well WR-62 is downgradient, within the area expected to be 

affected by groundwater mounding. Wells WR-67 and WR-68 are 

downgradient wells, North of the recharge basins. 

The monitor wells have a typical depth of 150 feet. 

A 6" steel casing is gravel packed within a 12" borehole. 

The casing is perforated from 75 feet to 150 feet. Surface 

seals seal the wells from land surface to a depth of 75 

feet. 

Recharged water is extracted through EW-1, the 

facility's extraction well. The well is approximately 300 

feet deep. Steel casing is gravel packed in the borehole. 

The casing diameter is 16". Borehole diameter is 26". The 

well has a 100 foot surface seal. The casing is perforated 
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from the seal to the casing bottom. The extracted water is 

pumped to the product water reservoir at the tertiary plant, 

from which it is pumped for irrigation. A site plan is 

shown in Figure 1. 

Hydraulic Parameters 

Preliminary design of the recharge facilities was 

based on a transmissivity of 30,000 to 60,000 gpd/ft and a 

hydraulic gradient of 0.003 ft/ft (26, 29). Lateral 

movement of the recharged water was expected to be minimal 

(26), suggesting the assumption of isotropic conditions by 

the designers. Subsequent aquifer tests revealed a 

transmissivity of 190,000 to 200,000 gpd/ft (26). 

Calibration of groundwater flow models required a horizontal 

hydraulic conductivity, KH, of 300 gpd/ft. Kv, the vertical 

hydraulic conductivity was 6 gpd/ft (27). These values are 

for flow in the saturated zone. The same parameters in the 

vadose zone would probably be more nearly equal at the onset 

of infiltration, but approach the above values as the 

wetting front proceeded downward and the soil became 

saturated. The resulting horizontal movement may be greater 

than anticipated during design. 
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Figure 1. Demonstration Recharge Site 
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EXPERIMENTAL METHODS 

Three sets of samples were obtained from the 

recharge site. Each set consisted of four one liter, 

screw-top bottles and, for groundwater samples, three 120-ml 

headspace free, septum-topped serum vials. Samples of the 

tertiary effluent, gathered at the treatment facility's 

booster pump station, consisted of the four one liter 

bottles and four 120-ml serum vials. Two of the serum vials 

contained an approximately stoichiometric mass of sodium 

thiosulfate to reduce any residual chlorine. Sodium 

thiosulfate was added to the remaining two vials after a 

96-hour incubation period (Temperature of 20°C, in total 

darkness). The monitor wells sampled were WR-60, WR-67, 

WR-68, and WR-69. The first set of samples was used to 

establish experimental protocol and procedures. Results of 

analyses performed on the first sample set were not 

considered in the subsequent data analysis. All samples 

were stored at 4°C. A schematic representation of the 

experimental procedure is presented in Figure 2. 

The samples were vacuum filtered through 0.45 

micron (um) filters to satisfy the operable definition of 

dissolved organic carbon. Any purgeable dissolved organic 

carbon was assumed to be lost to the atmosphere or during 

filtration. 
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Nonpurgeable Organic Carbon 

Nonpurgeable organic carbon (NPOC) analyses were 

performed with a Dohrmann DC-80 organic carbon analyzer. 

This instrument reports carbon concentrations as parts per 

million (ppm). The concentrations measured were low enough 

to justify the use of instrument-reported concentrations as 

milligrams per liter (mg/L). The instrument was calibrated 

by injecting a standard solution, prepared according to the 

manufacturer's directions, known to contain 10 mg/L carbon. 

Each sample was typically injected three to five times. 

Reported concentrations were the mean value of the readings. 

The number of injections was determined by calculating the 

coefficient of variance (CV) after three injections. 

Generally, the results were accepted after three analyses if 

the CV was less than 3%. Further analyses were performed 

when the CV did not satisfy this requirement. 

Samples with carbon concentrations less than 3 mg/L 

were concentrated by rotary evaporation to facilitate later 

analyses, particularly fractionation into apparent molecular 

weight ranges. The original experimental protocol called 

for concentration to achieve a carbon concentration factor 

(CF) of three (i.e. final concentration of three times 

original concentration). This approach proved to be 

inpractible as precipitates formed in the concentrate 

apparently removed some of the carbon. Concentration was 

carried to the point of origin of visible precipitate 
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formation. All concentrations were therefore considered on 

a volumetric basis. Samples were refiltered (0.45 um 

filter) and nonpurgeable organic carbon was remeasured after 

concentration. 

Total Organic Halide 

The concentration of halides bound to organic 

molecules was measured with a Xertec-Dohrmann DX-20 total 

organic halide (TOX) analyzer. This instrument provides 

readings of micrograms (ug) of halogen present. 

Concentration is calculated by multiplying the analytical 

value times 1000 divided by the sample volume. Sample 

volumes used were 200 ml for the direct groundwater, 100 ml 

for ultrafiltrated samples, and 50 ml for the tertiary 

effluent, both direct and ultrafiltrated. POX samples were 

10 ml each. Two injections of each sample were made. The 

remaining 100 ml in the serum vials was analyzed for NPOX, 

giving a check on values determined from the filtered 

samples. 

Humic Substance Fractionation 

Modifications of the method developed by Thurman 

and Malcolm (30) were used to isolate the humic substances 

from the samples. The modifications were gravity flow 
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through the column, rather than pressure flow, reverse 

elution was not used, and the sample eluted ahead of the 

O.lN NaOH eluate was not saved and recycled through the 

column. 

One liter of each sample was acidified to a pH of 2 

with 13.5 M HCl. The sample was then fed through an XAD-8 

(Rohm and Haas) resin column at an average rate of 10 

ml/min. The column was then eluted with 150 ml of 0.1 N 

NaOH. The 150 ml eluent was saved for further analysis. 

The resin column was cleaned prior to the next sample by 

further elution with another two liters of 0.1 N NaOH. 

Following this second elution, the column was rinsed with 6 

liters of distilled water. During a series of trials, TOC 

values of the distilled water rinse were measured after each 

500 ml pass through the column. The repeated analyses 

showed that the TOC values of the effluent were consistently 

the same as the feed after 6 liters had been passed through 

the resin column. 

Ultrafiltration 

Apparent molecular weight ranges were determined by 

ultrafiltration. Amicon YM-2 and YM-10 membranes were used 

under 30 pounds of nitrogen. The YM-2 membrane allows 

individual molecules with molecular weights less than 1,000 

to pass through. Molecules having apparent molecular 
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weights less than 10,000 pass through the YM-10 membrane. 

This procedure allows characterization of samples by 

molecular size and provides some clues to which weight 

ranges are more likely to produce recalcitrant compounds 

upon chlorination. 

All samples were ultrafiltrated. Groundwater 

samples requiring concentration were ultrafiltrated after 

concentration. Each ultrafiltration started with 150 ml of 

sample in the cell. The first 5 ml of filtrate were 

discarded. Ultrafiltration continued until 20 or 25 ml of 

sample were left in the cell. Analyses performed on the 

filtrate were NPOC, NPOX, and UV absorption. The 150 ml 

remaining from the XAD-8 fractionation of each sample was 

split into three aliquots. The aliquots were brought to 150 

ml by dilution with distilled water. One of the diluted 

aliquots was analyzed without ultrafiltration. The 

remaining were ultrafiltered as described above. 

One major problem was encountered during the 

ultrafiltration step. Samples with low NPOC values had 

higher NPOC readings after ultrafiltration with the YM-2 

membranes. Membranes were hydrated, stored, and cleansed as 

per manufacturer's direction. A minimum of 80 ml of 

distilled water was passed through the membranes prior to 

any sample run. Distilled water was analyzed for NPOC 

before and after ultrafiltration with new and used 

membranes. The measured NPOC was greater for the filtrates 
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for both membranes, though the difference between feed and 

filtrate was less when the previously used filter was used. 

This resulted in the use of "old" membranes for the low 

molecular weight ultrafiltration. The recorded NPOC values 

may still be greater than the actual concentration. This 

problem would have to be overcome before any extended 

investigation of the apparent molecular weight distribution 

within low carbon content water samples. 

Ultraviolet Absorbance 

A Perkin-Elmer UV-Vis spectrophotometer was used to 

measure the absorbance of each sample at 254 nanometers. 

The path length was 1 cm. A calibration curve was developed 

using technical grade humic acid (Aldrich, Lot Number 

121137). Humic substances absorb light at 254 nanometers. 

The UV absorbance can provide a quick determination of the 

presence of humic substances and an estimate of their 

concentration if they are present. To be truly effective, 

however, a calibration curve would have to be developed 

using total humic substances rather than only one of their 

components. Concentrations read off of the calibration 

curve were expected to be lower than those determined with 

the TOC analyzer due to this shortcoming. 
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RESULTS AND DISCUSSION 

Nonpurgeable Organic Carbon 

Tabulated NPOC values are presented in Table 1. 

Average NPOC values are given, along with the number of 

injections of each sample (n) and the coefficient of 

variance (CV) for those injections. 

Concentrations of NPOC were generally consistent 

over the time period covered by the analyses. Values for 

the October 21 groundwater samples ranged from about 1.2 ppm 

to about 2.7 ppm. Three out of the four wells sampled had 

NPOC concentrations between 2.6 8 ppm and 2.73 ppm. The 

sample from well WR-69 had the lowest NPOC value during this 

sampling round. The NPOC of the tertiary effluent was 20.38 

ppm, about 50% higher than the values reported by Amy et al. 

(31). This unusually high value may have been due to the 

biological turnover which occurs twice annually in the 

activated biofiIters at the Roger Road Wastewater Treatment 

Plant. The bacterial material which sloughed off of the 

filter media due to ambient temperature changes introduced 

additional organic material to the secondary effluent. Some 

of this organic matter, perhaps as a result of cell lysis, 

remained in suspension through the tertiary treatment 
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Table 1. NPOC of Direct Samples (ppm) 

Sample Date 10/21/87 11/09/87 

Sample Point 

WR-60 2.726 2.101 
n = 5 n = 5 

CV » 3.81% CV = 4.58% 

WR-67 2.647 1.694 
n = 5 n = 5 

CV = 2.06% CV = 1.34% 

WR-68 2.683 1.751 
n = 5 n * 5 

CV = 1.85% CV • 2.06% 

WR-69 1.200 
n - 5 

CV - 1.89% 

1.928 
n = 5 

CV • 2.77% 

Tertiary 
Effluent 20.38 

n = 5 
CV = 0.46% 

13.61 
n = 5 

CV = 1.71% 
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process and in the samples after the 0.45 urn filtration. 

November 9 samples had lower NPOC values than the 

earlier samples, with one exception. The NPOC at well WR-69 

increased from 1.200 ppm to 1.928 ppm. The tertiary 

effluent had 13.61 ppm NPOC, slightly greater than reported 

values for the tertiary effluent, but equalling the values 

reported for the secondary effluent (31). 

The general decrease in NPOC in the groundwater 

samples is probably due to the fact that feed to the 

recharge basins had been cut off. Effluent remaining in the 

basins and subsequently recharged was diluted by native 

groundwater during flow to the wells. The dilution process 

was not a new phenomenom within the recharge system. The 

process had been continually occurring, but the addition of 

organic material had ceased. 

The NPOC increase at WR-69 is more puzzling. 

Dilution of groundwater at down-gradient wells accompanied 

by increased carbon concentration at the upgradient well 

does not conform to expectations. The most viable 

explanation is that an influx of groundwater with a greater 

carbon content occurred during or between the sampling runs. 

An organic influx, combined with a decrease in the recharge 

rate, logically explains the decrease in down-gradient 

carbon concentrations and the concurrent increase in the 

upgradient concentration. 

A graphical representation of the breakthrough 



38 

parameter C/Co, the ratio of organic carbon in the 

groundwater samples to the organic carbon concentration of 

the tertiary effluent, is presented in Figure 3. Well WR-60 

is considered to be at a distance of zero feet. WR-69, the 

upgradient well, is represented by the first data points to 

the right of the origin. The apparent scatter of these two 

data points is explained by the location of the well, these 

data points should actually be 6.8 units to the left of the 

origin. The scale required to place the points in their 

true location resulted in the loss of detail necessary to 

illustrate the apparent data trend. The value of C/Co for 

the effluent in the recharge basins is 1.00. This value is 

not indicated in Figure 3. This figure illustrates the 

general trend toward a constant ratio of NPOC in the 

groundwater to NPOC in the feed water. Most of the organic 

matter that can be removed by infiltration and subsurface 

flow at the study site has been removed by the time the 

recharged water reaches the water table. Study of the 

variations in carbon content with respect to depth would aid 

in the definition of the effective limits of carbon removal. 

The organic carbon profile produced by this proposed study 

would be expected to show a rapid decrease in NPOC near the 

soil surface, followed by nearly constant NPOC 

concentrations to the depth of the water table. 
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NPOC of Concentrated Samples 

The NPOC values of the concentrated samples, 

presented in Table 2, showed a lack of consistency in carbon 

preservation. The volumetric concentration factor, CF, for 

the October 21 sample from WR-67 is 2.00. NPOC values 

result in a mass-based CF of 1.30. Volumetric CFs for the 

second sample were 2.00, 1.89, 2.04, and 1.68 for wells 

WR-60, WR-67, WR-68, and WR-69, respectively. Corresponding 

mass-based CFs are 2.17, 2.68, 1.49, and 1.58. 

Decreases in carbon concentration are probably due 

to volatilization of some carbon at 95° C. Organic 

compounds that were not volatile at ambient laboratory 

temperatures, alcohols for instance, were volatile when the 

temperature was increased. Some of the byproducts of 

chlorinated aquatic fulvic acid, identified by Christman et 

al. (6) and by Rook (13), are volatile at 95° C. 

Coagulation and flocculation of some of the organic matter 

may have taken place during rotary evaporation. This is not 

believed to account for the significant decrease in carbon 

content. 



Table 2. NPOC of Concentrated Samples (ppm) 
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Sample Date 10/21/87 11/09/87 

Sample Point 

WR-60 N/A 4.560 
n = 5 

CV = 1.19% 

WR-67 3.437 4.546 
n = 4 n = 5 

CV = 3.01% CV = 1.46% 

WR-68 N/A 2.604 
n = 5 

CV = 1.55% 

WR-69 N/A 3.046 
n = 5 

CV = 3.56% 

Tertiary 
Effluent N/A N/A 

NOTES: 
N/A • Not Applicable 
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Increases in carbon content can only be explained 

by experimental error. All glassware was acid washed 

between samples. The length of acid wash (1 hour minimum, 

later increased to 24 hours) or the purity of the acid 

possibly left residual carbon in the glassware. This 

residual may be inconsequential when samples have high 

carbon concentrations, but can become an important source of 

error when carbon concentrations are low. 

Organic Halogens 

Results of the organically-bound halogen analyses 

indicate that the nonpurgeable fraction is predominant at 

the study site. 

Purgeable Organic Halogens 

The results presented for POX concentrations in 

Table 3 are in micrograms/liter (ug/L) format. POX 

concentrations were fairly uniform throughout the recharge 

system for each set of samples. The October 21 samples 

contained about ten times more POX than the November 9 

samples. This is consistent with the cessation of recharge 

during the study period. Purgeable compounds were 

volatilized while the water stood in the recharge basins. 



Table 3. Organic Halogens (ug/L) 
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Sample Date 10/21/87 

Sample Point POX (1) NPOX (2) AOX (3) 

WR-60 63.0 113.3 25.5 

WR-67 52.0 84.6 76.1 

WR-68 64.0 106.6 95.8 

WR-69 81.6 94.5 45.2 

Tertiary 
Effluent 

Direct 
Incubated 

(4) 
(4) 

422.9 
597.6 

335.6 

Sample Date 11/09/87 

WR-60 7.0 51.4 8.2 

WR-67 7.0 50.3 14.2 

WR-68 2.0 13.7 42.0 

WR-69 16.0 11.6 5.3 

Tertiary 
Effluent 

Direct 
Incubated 

30.5 
375.0 

193.4 
273.2 

186.4 

NOTES: 
(1) Purgeable Organic Halogen 
(2) Nonpurgeable Organic Halogen 
(3) Adsorbable Organic Halogen 
(4) No readings taken due to instrumental failure 

Samples not incubated 
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Nonpurgeable Organic Halogens 

NPOX concentrations decreased as distance from the 

recharge basins increased. The majority of this decrease is 

believed to be due to physical straining as the compounds 

flow toward and through the aquifer. Some chemical 

adsorption may be taking place, but, as discussed in the 

Literature Survey, previous researchers have found 

chlorinated organics to be highly mobile in the subsurface 

environment. 

NPOX samples were not filtered (0.45 um) prior to 

analysis. The 100 ml of sample remaining in the 120 ml 

serum vials after the POX analyses was sparged with nitrogen 

for five minutes to remove any residual POX. Samples were 

sorbed on the carbon columns for organic halide analyses 

following sparging. The quantity of nonpurgeable organic 

halide measured in the samples that were filtered prior to 

analysis is referred to as adsorbable organic halide (AOX) 

and is discussed in the next section. 

NPOX values of the tertiary effluent revealed some 

interesting properties of the effluent. Most of the 

nonpurgeable fraction of the TOX forms instantaneously. The 

October 21 direct sample of the effluent, in which the 

residual chlorine demand was reduced by sodium thiosulfate 

at the time of collection, contained 70.77% of the NPOX 

found in the effluent which was incubated for 96 hours 

before adding thiosulfate. A similar comparison of NPOX 
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values in the November 9 sample shows that the direct sample 

contains a remarkably close 70.79% of the NPOX found after 

incubation. 

Adsorbable Organic Halogen 

AOX values for all of the groundwater samples were 

less than the NPOX values. The values increase with 

distance from the recharge basins. These two facts, 

combined with the decrease in NPOX with increased flow 

distance, lead to the conclusion that a portion of the 

organic halogens detected in the NPOX analyses was 

particulate matter. AOX samples were filtered before 

analysis. Particulate matter (size greater than 0.45 urn) 

was removed by filtration. NPOX samples were not filtered 

prior to analysis. Some of the chlorinated organics, 

although small in size, were not dissolved. 

AOX and NPOC values were used to calculate the 

specific halogen content (SHC) as defined by Reinhard (32). 

SHC is the ratio of organic halogen to organic carbon on a 

molar basis. Calculation of the molar quantity of 

organically bound halogen was based on the assumption that 

chlorine was the only halogen present. This assumption is 

not precisely true, but weighted molar quantities would 

probably result in SHC values very close to those obtained. 
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Results of the calculations are shown graphically in Figure 

4. 

The SHC increases with distance from the recharge 

basins. This is in agreement with the observations of 

Suzuki and Nakamishi in surface waters (5). Nonchlorinated 

organic molecules are adsorbed in the recharge system. 

Chlorinated organics are readily transported through the 

system. 

XAD-8 Fractionation 

Fractionation of the samples into humic substance 

and humic-free portions was not entirely succesful. 

Nonpurgeable organic carbon recoveries of less than or equal 

to 100% were achieved in four out of the eight groundwater 

samples. Nonpurgeable organic carbon recoveries of the 

tertiary effluent samples were 53.3% and 62.6% for the 

October 21 and November 9 samples, respectively. NPOC data 

following the XAD-8 fractionation is presented in Table 4 

and Table 5. The term "Effluent" in these two tables refers 

to the acidified sample applied to the resin column. 

"Eluent" refers to the 0.1 N NaOH applied to the resin 

column after each acidified sample had passed through the 

column. 

Halogenated organics may have affected the behavior 

of the samples as they passed through the resin. The 
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Figure 4. SHC vs. Distance, Direct Samples 
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Table 4. NPOC After XAD-8 Fractionation (ppm) 

Sample Date 10/21/87 

Sample Point Effluent 

WR-60 1.384 
n = 5 

CV • 2.01% 

Eluent 

3.394 
n = 3 

CV = 0.89% 

Volumetric 
Concentration 

2 .2222  

Percent 
Carbon 

Recovery 

1 0 6 . 8  

WR-67 0.633 2.454 2.2222 65.6 
n = 7 n = 3 

CV = 9.33% CV = 1.62% 

WR-68 0.849 3.291 2.2222 86.8 
n = 5 n = 5 

CV = 2.46% CV = 1.76% 

WR-69 1.319 2.439 2.2222 201.4 
n = 5 n = 5 

CV = 2.25% CV = 3.17% 

Tertiary 
Effluent 8 . 6 8 2  

n = 3 
CV = 0.97% 

4.860 2.2222 53.3 
n = 3 

CV = 1.39% 
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Table 5. NPOC After XAD-8 Fractionation (ppm) 

Sample Date 11/09/87 

Sample Point Effluent Eluent Volumetric Percent 
Concentration Carbon 

Recovery 

WR-60 1.038 1.406 2.2222 79.5 
n = 5 n = 5 

CV = 2.12% CV = 2.96% 

WR-67 1.563 2.978 2.2222 171.4 
n = 5 n = 3 

CV = 3.61% CV a 2.26% 

WR-68 0.553 2.694 2.2222 100.8 
n = 5 n = 5 

CV = 4.77% CV = 3.31% 

WR-69 0.828 3.663 2.2222 128.4 
n = 3 n = 3 

CV = 1.82% CV = 2.06% 

Tertiary 
Effluent 6.554 4.364 2.2222 62.6 

n = 3 n = 3 
CV = 1.07% CV = 0.31% 
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chlorine may have initiated oxidation reactions within the 

resin, causing release of organic components of the resin. 

Further research is required to justify or disprove this 

hypothesis. 

AOX After XAD-8 Fractionation 

Table 6 displays AOX values following the XAD-8 

fractionation. AOX recovery percentages varied from 16% to 

91% for the October 21 samples. The range for the second 

sample set was 67% to 487%. The dramatic increase of AOX 

recoveries to values greater than 100%, was typical for the 

second sample set (the 67% recovery for the sample from 

WR-68 was the only recovery less than 100%). This increase, 

combined with the increase in NPOC, suggests the 

chlorine-resin reactions hypothesized above. 

Based on data from the October 21 sample set, the 

humic fraction contains from 8 to 41% of the AOX found in 

the groundwater samples and 17% of the tertiary effluent 

AOX. This suggests that the humic substances contain an 

increased share of halogens as distance from the basins 

increases. Complete removal of chlorinated organic 

molecules does not occur. 

SHC values for the humic fraction of the 

groundwater samples was not calculated due to the small 

number of usable data points. 



Table 6. Organic Halogens After XAD-8 Fractionation (ug/L) 

Sample Date 10/21/87 

Sample Point Effluent Eluent 

WR-60 12.7 23.2 

WR-67 43.4 39.4 

WR-68 7.3 17.2 

WR-69 9.6 17.9 

Tertiary 
Effluent 141.0 124.0 

Sample Date 11/09/87 

WR-60 20.4 43.5 

WR-67 22.7 14.3 

WR-68 18.6 21.1 

WR-69 47.5 29.8 

Tertiary 
Effluent 136.2 144.4 
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The problem of greater than 100% carbon recovery, 

mentioned in Experimental Methods, persisted throughout the 

course of this research. The ultrafiltration membranes are 

believed to be responsible for the excess organic carbon. 

The UF cells and receiving glassware were thoroughly 

cleansed between samples. Membrane use, storage and 

cleansing were as per the manufacturer's directions. The 

amount of distilled water passed through the membranes prior 

to the samples was increased to a minimum of 120 ml. None 

of these steps resulted in lower carbon concentrations. 

The ultrafiltration membranes were apparently the 

sites of sorption/desorption reactions. This behavior of 

ultrafiltration membranes was noted by Reinhard (32) and 

Aiken (33) . Reinhard observed that not all of the organic 

molecules with a size, measured by x-ray diffraction, equal 

to or less than the cutoff size stated for a given 

ultrafiltration membrane passed through that membrane. 

Reinhard also noted that adsorption of halogenated compounds 

accounted for up to 50% of the TOX in his samples (32). 

Aiken evaluated the efficiency of ultrafiltration 

for determining the apparent molecular weight of fulvic 

acids. His results indicated that fulvic acids sorbed to 

the ultrafiltration membranes. Aiken stated that published 

values of fulvic acid apparent molecular weight 

distributions were questionable due to this sorption (33). 
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The results of this research concur with the 

findings noted above. NPOC concentrations after 

ultrafiltration were typically greater than those in the 

feed samples. This is indicative of desorption of 

previously sorbed material. NPOC concentration of the 

distilled water was consistently between 0.5 and 0.7 ppm. 

Sorption of the organic carbon during rinse cycles was 

followed by desorption during ultrafiltration of the 

samples. This process occurred throughout the research, as 

indicated by the failure of the NPOC readings to stabilize. 

Ultrafiltration of Direct and Concentrated Samples 

NPOC concentrations of the direct and concentrated 

samples are presented in Table 7 and Table 8. These samples 

produced the greatest number of NPOC readings displaying 

carbon concentrations that were not more than 100% of the 

total carbon in the feed. Nevertheless, seven out of the 

sixteen groundwater samples ultrafiltrated had carbon 

concentrations greater than that of the feed water. 

Groundwater in the first sample set had from 77% to 

100% of the NPOC in the < 1,000 apparent molecular weight 

(AMW) range. The results for the AMW < 10,000 range were 

either less than the NPOC of the < 1,000 AMW range or 

greater than the NPOC of the feed water. The only 

conclusion that can be drawn from this data set is that the 
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Sample Date 10/21/87 11/09/87 

Sample Point 

WR-60 3.793 
n = 3 

CV = 1.41% 
(1), (3) 

1.977 
n = 5 

CV a 7.12% 
( 2 )  

WR-67 1.765 
n = 5 

CV = 2.03% 
( 2 )  

4.985 
n = 3 

CV = 2.63% 
(2),(3) 

WR-68 2.343 
n = 3 

CV = 1.63% 
(1) 

4.947 
n = 5 

CV - 3.25% 
(2), (3) 

WR-69 1.583 
n = 3 

CV = 1.22% 
(1) 

1.337 
n = 3 

CV = 1.92% 
( 2 )  

Tertiary 
Effluent 12.17 16.51 

n = 3 n = 3 
CV = 0.97% CV = 0.43% 

(1) (1) 

NOTES: 
(1) Sample was direct. 
(2) Sample was concentrated 
(3) NPOC > NPOC of Feed 
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Table 8. NPOC of AMW < 10,000 Fraction (ppm) 

Sample Date 

Sample Point 

10/21/87 11/09/87 

WR-60 2.107 
n = 4 

CV = 3.06% 
(1) 

3.178 
n = 5 

CV = 3.39% 
( 2 )  

WR-67 9.107 
n = 5 

CV = 0.47% 
(2) ,(3) 

2.839 
n * 3 

CV = 1.47% 
( 2 )  

WR-68 2.453 
n = 5 

CV = 4.12% 
(1) 

2.939 
n = 3 

CV = 0.61% 
(2) ,(3) 

WR-69 3.330 
n = 3 

CV = 2.76% 
(1) , (3) 

4.447 
n = 3 

CV = 0.66% 
(2) , (3) 

Tertiary 
Effluent 

NOTES: 

11.66 
n = 3 

CV = 0.93% 
(1) 

11.39 
n - 3 

CV = 3.12% 
(1) 

(1) Sample was direct. 
(2) Sample was concentrated 
(3) NPOC > NPOC of Feed 
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majority of the NPOC appears to be in the lower AMW range. 

Tertiary effluent collected with the first sample 

set has 57% of its NPOC in the AMW < 1,000 range and 60% in 

the < 10,000 fraction. The effluent's NPOC is, therefore, 

in two broad AMW fractions - AMW < 1,000 and AMW > 10,000. 

This is in agreement with the ranges reported by previous 

researchers (31). 

Examination of the AMW distributions in the 

November 9 groundwater samples reveals that the NPOC values 

of the AMW < 1,000 fraction in those samples with NPOC 

values less than the feed values are greater than the 

corresponding AMW < 10,000 fraction. This result is not 

possible. The compounds that pass through the AMW < 1,000 

membrane will also pass through the larger AMW < 10,000 

membrane. Conclusions about AMW distributions based on this 

data are merely speculation. The validity of the AMW 

distributions based on the first sample set is questionable. 

No definite conclusions can be drawn about AMW distributions 

in the recharge system based on data gathered in this 

research effort. 

Figures 5 and 6 illustrate the C/Co breakthrough 

parameter for the AMW ranges of the groundwater samples. 

Both figures were prepared assuming that the high NPOC 

values were distributed equally throughout the samples. The 

figures do show an apparent trend toward a constant 

NPOC/NPOCo ratio. The magnitude of the ratio is probably 
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Figure 6. NPOC/NPOCo vs. Distance, AMW < 10,000 
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high, due to the higher than actual NPOC values of some of 

the samples, but the general trend should remain valid. 

XAD-8 Fractionation Followed by Ultrafiltration 

Ultrafiltration of XAD-8 eluent produced useful 

data for only one sample. The October 21 sample from WR-68 

had 83% of the NPOC in the < 1,000 AMW fraction. The AMW > 

10,000 fraction contained 14% of the NPOC observed in this 

sample. The NPOC concentrations were 2.744 ppm for the AMW 

< 1,000 fraction and 2.823 ppm for the AMW > 10,000 

fraction. NPOC concentrations of the other samples after 

XAD-8 fractionation followed by ultrafiltration were not 

accepted. The increased organic carbon content brought 

about by both of these processes, as discussed above, was 

emphasized when they were combined. 

AOX After XAD-8 Fractionation and Ultrafiltration 

Organic halogen concentrations following XAD-8 

fractionation and ultrafiltration were also greater than 

concentrations in the feed water. There was no consistent 

factor by which the concentrations were greater. Increases 

in AOX did not display the same order of magnitude as the 

increases in NPOC. AOX concentrations were all greater 

after ultrafiltration than AOX concentrations of the samples 
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introduced to the ultrafiltration cells. This data supports 

the questions about the reliability of ultrafiltration 

mentioned earlier. 

No conclusions about the AMW distribution and the 

AOX associated with the individual fractions can be drawn 

from this experimental data. 

Ultraviolet Absorbance 

Absorbance at a wavelength of 254 nm is presented 

in Table 9. 

Figure 7 is the absorbance calibration curve 

developed with Aldrich Technical Grade Humic Acid at 

concentrations of 6.500, 3.250, and 1.625 mg/L. Humic acid 

was used because it was readily available. The molecular 

components were not assumed to be identical to those of the 

the organic matter in the tertiary effluent samples or the 

groundwater samples. The concentrations used in the 

calibration were within the range of NPOC typical to 

groundwater (4). Distilled water was used to zero the 

spectrophotometer and to prepare the standard solutions. 

The origin was therefore included as one of the calibration 

points. 
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Table 9. Absorbance at 254 nm 

Direct Samples 

Sample Date 10/21/87 11/09/87 

Sample Point Absorbance Units 

WR-60 0.064 0.065 

WR-67 0.076 0.070 

WR-68 0.067 0.063 

WR-69 0.069 0.068 

Tertiary 
Effluent 0.270 0.208 

After UF 

AMW 
< 1,000 

AMW 
< 10,000 

AMW 
< 1,000 

AMW 
< 10,000 

WR-60 0.084 0.092 0.02 0.088 

WR-67 0.067 0.088 0.06 0.071 

WR-68 0.061 0.089 0.093 0.066 

WR-69 0.078 0.082 0.026 0.064 

Tertiary 
Effluent 0.157 0.246 0.296 0.197 



Table 9—Continued 

XAD-8 Effluent 

Sample Date 10/21/87 11/09/87 

Sample Point Absorbance Units 

WR-60 1.494 0.036 
(Looked bad) 

WR-67 0.039 0.028 

WR-68 0.135 0.030 
(Visibly yellow) 

WR-69 0.073 0.019 

Tertiary 
Effluent 0.121 0.082 

XAD-8 Eluent 

WR-60 0.059 0.038 

WR-67 0.023 0.054 

WR-68 0.031 0.038 

WR-69 0.056 0.071 

Tertiary 
Effluent 0.074 0.090 
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The calibration curve is defined by 

y = 25.702 * x, r2 = 0.998 

where, y = concentration of NPOC, 

x = absorbance, 

and r = correlation coefficient. 

Measured absorbance values were substituted into 

the calibration equation in an effort to determine the 

effectiveness of using absorbance to determine NPOC. Tables 

10, 11, 12, and 13 present the results of this analysis for 

the direct samples, AMW < 1,000 fraction of the direct 

samples, AMW < 10,000 fraction, and XAD-8 effluent, 

respectively. 

Measured NPOC values were greater than calculated 

values. The major exception to this generalization was in 

the XAD-8 effluent of all of the groundwater samples 

collected on October 21. All of these calculated values 

were greater than the measured values. The sample from 

WR-60 in this group was visibly discolored (cloudy green 

appearance). The XAD-8 effluent from WR-68 out of the same 

sample group was bright yellow. High absorbance was also 

expected for this sample. 

Absorbance values for the direct samples were 

surprisingly consistent. The largest difference in the 

groundwater samples for the two sample sets was 0.004 

absorbance units. This implies that the recharge system 

produces water having consistently similar characteristics. 



Table 10. NPOC Comparison 

Direct Samples 

Sample Date 10/21/87 

Sample Point Measured Calculated 

WR-60 2.726 1.645 

WR-67 2.647 1.953 

WR-68 2.683 1.722 

WR-69 1.200 1.773 

Tertiary 
Effluent 20.38 6.940 

Sample Date 11/09/87 

Sample Point Measured Calculated 

WR-60 2.101 1.671 

WR-67 1.694 1.799 

WR-68 1.751 1.619 

WR-69 1.928 1.748 

Tertiary 
Effluent 13.61 5.346 



Table 11. NPOC Comparison 

AMW < 1,000 

Sample Date 10/21/87 

Sample Point Measured Calculated 

WR-60 3.793 2.159 

WR-67 1.765 1.722 

WR-68 2.343 1.568 

WR-69 1.583 2.005 

Tertiary 
Effluent 12.17 4.035 

Sample Date 11/09/87 

Sample Point Measured Calculated 

WR-60 1.977 0.514 

WR-67 4.985 1.542 

WR-68 4.947 2.390 

WR-69 1.337 0.668 

Tertiary 
Effluent 16.51 7.608 



Table 12. NPOC Comparison 

AMW < 10,000 

Sample Date 10/21/87 

Sample Point Measured Calculated 

WR-60 2.107 2.365 

WR-67 9.107 2.262 

WR-68 2.453 2.287 

WR-69 3.330 2.108 

Tertiary 
Effluent 11.66 6.323 

Sample Date 11/09/87 

Sample Point Measured Calculated 

WR-60 3.178 2.262 

WR-67 2.839 1.825 

WR-68 2.939 1.696 

WR-69 4.447 1.645 

Tertiary 
Effluent 11.39 5.063 



Table 13. NPOC Comparison 

XAD-8 Effluent 

Sample Date 10/21/87 

Sample Point Measured Calculated 

WR-60 1.384 38.399 

WR-67 0.633 1.002 

WR-68 0.849 3.470 

WR-69 1.319 1.876 

Tertiary 
Effluent 8.682 3.110 

Sample Date 11/09/87 

Sample Point Measured Calculated 

WR-60 1.038 0.925 

WR-67 1.563 0.720 

WR-68 0.553 0.771 

WR-69 0.828 0.488 

Tertiary 
Effluent 6.554 2.108 
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The AMW < 10,000 fractions had absorbance values 

that were repeatedly greater than the AMW < 1,000 fractions. 

The two exceptions were groundwater from WR-68 and the 

tertiary effluent, both from the November 9 sample. 

The absorbance data suggests that determination of 

NPOC based on absorbance is feasible. Development of a 

calibration curve based on the actual organic composition of 

the samples would eliminate the need for multiplicative 

and/or additive corrections suggested by the data above. 

Use of absorbance to determine NPOC in situations where 

similar samples are repeatedly analyzed would expedite the 

analyses. 
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CONCLUSIONS 

Nonpurgeable organic carbon that is included in the 

tertiary effluent recharged at the Tucson Demonstration 

Recharge Project reaches a relatively constant concentration 

by the time it reaches the saturated zone. The stability of 

the nonpurgeable organic carbon is proven by the constant 

ratio of groundwater NPOC to feed water NPOC. The notable 

decrease in the concentration of the nonpurgeable organic 

carbon between the soil surface and the monitor wells 

indicates that sorption does occur in this recharge system. 

Continued monitoring over an extended time period will aid 

in the determination of whether or not a cycle of sorption 

followed by desorption is present. 

Molecular weight distributions of nonpurgeable 

organic carbon species and nonpurgeable organic halogens 

cannot be determined from any of the data gathered during 

this research. There appears to be a large percentage of 

the NPOC in the molecular weight range associated with 

smaller humic substance molecules. However, the only sample 

that was successfully analyzed for this parameter represents 

one point in time and in space. Extension of these results 

to the entire recharge system, or even to the same monitor 

well on a different day is unwise. 
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The concentration of adsorbable organic halogens 

introduced to the subsurface by recharge showed an increase 

as the compounds were transported away from the recharge 

basins. This increase may be caused by continuing 

chlorination reactions after recharge, cleavage of bonds 

between chlorinated organic molecules and organic 

macromolecules with subsequent adsorption or partitioning of 

the macromolecules and continued transport of the 

chlorinated moieties, or by desorption of halogenated 

organics, pre-existing in the system due to earlier 

recharge, induced by the increased groundwater flow caused 

by recharge. The exact nature of the process(es) leading to 

the observed increase in halogenated organics was not 

determined during the course of this research. 

Whatever the reason, the increase in organic 

halogens may prove to be of concern to Tucson Water. The 

proven mutagenicity of these compounds may ultimately be an 

important factor in the continued operation of this recharge 

facility. Water quality requirements are continually 

becoming more stringent. The observed increase in AOX by 

factors of four to five may be more than a short term 

phenomenon. The high horizontal hydraulic conductivity of 

the saturated zone, combined with the halogenated organic 

increase, may mean that the organics are transported out of 

the containment zone provided by the extraction well. 
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This potential problem may result in pollution of the area's 

potable water source by the agency charged with supplying 

and protecting that water. 

A more detailed understanding of the behavior and 

fate of recharged nonpurgeable chlorinated organics, 

combined with a clear definition of the area's subsurface 

hydraulics, is required before the scale of this project is 

increased. 
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FURTHER RESEARCH 

This research provided an initial glimpse at the 

results of a complex system of biological, chemical, and 

physical processes operating at a recharge site. The key 

unanswered question brought up by this research pertains to 

the increase in halogenated organics. How is this increase 

brought about? The mechanisms involved in this increase are 

unknown. 

Other questions were raised or left unanswered. 

What is the molecular weight distribution of organic 

compounds, halogenated and nonhalogenated, introduced by 

recharge? What is the vertical distribution of these 

compounds beneath the recharge basins? How deep does the 

effluent infiltrate before changes in carbon content become 

minor? Does the organic carbon fraction of the soil 

increase to a maximum value, then increase at a greater 

depth? 

Research directly related to the shortcomings 

uncovered during this research includes the determination 

the interactions of organic halides and XAD-8 resin and the 

determination of a suitable method, membrane or otherwise, 

to determine the molecular weight distribution of recharged 

organic halides. Analysis of the organic carbon content 
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of the soil with respect to time and depth would aid in 

developing a complete operation plan for the site. Frequent 

sampling over a longer time period would provide more 

detailed insight into the fate of recharged nonpurgeable 

chlorinated organics. 
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