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ABSTRACT 

Polycyclic aromatic hydrocarbons (PAH) are present in 

groundwater in the Pinal Creek basin near Globe, Arizona. The 

maximum concentration of quantified PAH in samples from 

monitoring wells was 35 micrograms per liter. PAH 

contamination was found in a plume about 11 kilometers long. 

The source is probably in an area of active mining operations 

several kilometers upstream from the sample wells. 

Concentrations of quantified PAH in the aquifer decrease 

significantly as the pH rises above 4. Concentrations of 

dissolved organic carbon (DOC) decrease in the same area. The 

fractions of the DOC that decrease are predominantly dissolved 

humic substances (DHS). Analyses of the data indicate that 

partitioning of PAH onto DHS could be taking place and the 

removal of PAH could be controlled by the adsorption of DHS 

onto metal hydroxides. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

Mining activities have been occurring in the Pinal Creek 

basin near Globe, Arizona, for more than 100 years. More than 

$1 billion worth of metals were taken from the Globe/Miami 

district by 1953. Copper mining began in 1872 and copper has 

been the most important commodity mined in the area (CAAG, 

1983). Currently, there are two active mining operations in 

the area: operations of the Pinto Valley Copper Division of 

Magma Copper Corporation and the Cyprus Miami Mining 

Corporation. Both Companies operate large pit mines as well 

as leaching, milling, and concentrating operations. CAAG 

(1983) summarizes the history of the mining district. 

Groundwater quality in the Pinal Creek basin has been 

shown to be degrading for at least 50 years (Envirologic 

Systems, 1983). Process solutions from acidic mining and 

milling activities have seeped into groundwater along Miami 

Wash and Pinal Creek, and there is now a plume extending 

downgradient the full extent of the aquifer for a distance of 

17 km. (Eychaner and Stollenwerk, 1985). Total dissolved 

solids at the Pringle Well Field near the outflow of the 

aquifer were reported as 800 mg/1 in 1942, 1,800 mg/1 by 1963, 

and 2,900 mg/1 by 1983 (Envirologic Systems, 1983). In 

significant stretches of the aquifer, groundwater contains 
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elevated concentrations of dissolved metals and sulfate and 

low pH. Levels of contamination in the aquifer have been 

monitored by the U.S. Geological Survey since 1984. A sample 

from well 051, the most contaminated well in the study area 

(See Figure 2.1) near Miami Wash was reported to have a pH of 

3.6, 3,000 mg/1 iron, 150 mg/1 copper, 73 mg/1 manganese, 

10,800 mg/1 sulfate, and 16,400 mg/1 total dissolved solids in 

1985 (Eychaner and Stollenwerk, 1985). 

Elevated levels of dissolved organic carbon (DOC) above 

that which would normally be observed in natural aquifers 

have been detected, and associated with the inorganic 

contamination. The maximum DOC is 4.2 mg/1 or as high as 8 

times background of 0.5 mg/1 (Reese, 1989). Because of the 

small amount of vegetation in the streambed and the low 

fraction of organic carbon (f„) in the aquifer, contributions 

from mining activity in the area are suspected to account for 

most of the organic material. A major historical source for 

contamination entering the groundwater has been identified as 

an unlined lake retained behind waste and tailings piles. 

This lake, known as Webster Lake, was used to contain waste 

solutions from mining processes (Eychaner, 1989). The pH of 

the lake was measured at 2.7 in 1986. The U.S. Environmental 

Protection Agency ordered the lake drained in 1987 and, by 

1988, most of the contents of the lake had been spread on 

inactive tailings piles to evaporate (Eychaner, 1989). 
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An analysis of a component of the DOC from the most 

contaminated well was made by Reese (1989) using gas 

chromatography mass spectrometry (GC/MS). Polycyclic aromatic 

hydrocarbons (PAH) were detected in the 1-10 ppb range in a 

well in the upgradient portion of the study area (Reese, 

1989). Sixteen PAH are on the EPA Priority Pollutant List 

(U.S. E.P.A., 1979). Some PAH are considered to be 

carcinogenic, and an upper limit of 28 mg/1 for total PAH has 

been recommended (Minnesota Department of Health, 1978). The 

detection of PAH in the aquifer was unexpected and is cause 

for concern. Pinal Creek discharges into the Salt River just 

above Roosevelt Lake. Roosevelt Lake is a major water source 

for the Phoenix metropolitan area. 

1.2 Purpose and Scope 

This study involves the characterization of PAH present in 

the Miami Wash-Pinal Creek aquifer system. Ground water 

samples for the purpose of this study were collected in four 

sampling trips between March 1989 and May 1990. A total of 

twenty-five wells have been sampled. PAH were detected in 14 

wells and the distribution of concentrations defines a plume 

of PAH extending the entire length of the study area. 

The objectives of this research are as follows: 

(1) To identify and quantify polycyclic aromatic 

hydrocarbons (PAH) and any other micropo11utants 
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extractable with the same procedures, present in the 

aqui fer; 

(2) To determine the distribution, partitioning, and 

relevant transport mechanisms of PAH in the aquifer; 

and 

(3) To determine, if possible, the probable chemical 

source of PAH contamination and its pathway into the 

aqui fer. 

Samples were collected in the field from monitoring wells 

constructed by the U.S. Geological Survey. The PAH were 

extracted from the samples by a solid phase extraction process 

using cartridges containing C-18 bonded porous silica then 

eluted with solvent. The resulting eluate was then analyzed 

by GC/MS to identify and quantify PAH contained in the 

samples. Distribution and fate was analyzed by a study of the 

characteristics of the aquifer matrix and other dissolved 

constituents in relation to the chemical properties of PAH. 

Possible sources were investigated by examining processes used 

in the mining operations in the Globe/Miami area as well as 

other local industries and waste sources. The determination 

of a definite source of contamination was not possible because 

of a lack of specific information about practices in the area 

and the lack of data from a wider area of study. 
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CHAPTER 2 

DESCRIPTION OF FIELD SITE 

2.1 Hvdrogeologic Setting 

The Globe area consists of block-faulted mountains and 

valleys ranging from 670 to 2,400 m in elevation, A 

north-south trending fault system is downthrown to the east 

about 450 m (Peterson, 1962). Figure 2.1 shows the location 

of geologic cross sections and the major fault, the Miami 

Fault, through the area. Figure 2.2 shows geologic cross 

sections through the Pinal Creek basin. 

West of the fault zone are granite porphyry ore bodies 

formed by hydrothermal leaching of metals into the granite. 

The disseminated ore minerals are primarily sulfides and are 

enriched in quartz-filled veins. Oxidized layers overlying 

the ore bodies are enriched in oxide minerals. Associated 

metamorphic rocks and other intrusives are also present. 

Mining operations are situated at about 1100 m. The area 

along Pinal Creek has been mined since 1903 (Peterson, 1962). 

The Miami Wash - Pinal Creek drainage flows northward just 

east of the fault system. The aquifer is bounded to the east 

by a mineralized complex and to the north by welded tuff and 

granite. The aquifer consists of two units, a lower 

conglomerate or basin fill, the Gila Conglomerate, and an 

upper unit of unconsolidated alluvium present along the valley 

floors and arroyos. 
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The Gila Conglomerate includes deposits of Pliocene and 

early Pleistocene age and is described by Peterson (1962) as 

a bouldery conglomerate of local origin interbedded with 

layers of slightly coherent sand, tuff, and sheets of basalt. 

The Gila Conglomerate overlies older formations on an 

erosional surface of great relief characterized by pronounced 

angular unconformities. The Gila Conglomerate features 

deposits typical of coalescing alluvial fans ranging from 100 

to 1,200 m thick and 2 to 9 km wide (Eychaner, 1988). The 

deposits range from unsorted and unconsolidated rubble 

containing angular blocks up to 15 m in diameter to well 

stratified deposits of firmly cemented sand, silt, and gravel 

containing well-rounded pebbles and cobbles. Calcite content 

of the conglomerate is about 1.5 percent (Eychaner, 1988). 

The alluvium unit is composed mainly of reworked detritus 

of the Gila Conglomerate and material derived from older 

rocks. Materials range from clay to boulders with a large 

amount of fragments, cobbles, and pebbles of granite, schist, 

and granite porphyry. The deposits range up to 50 m in 

thickness and 300 to 800 m in width. Fine sand to coarse 

gravel is the predominant size range with much brown clay and 

coarser materials present in lenses (Peterson, 1962). 

Although the conglomerate and alluvium are considered to 

be a single aquifer, their hydraulic conductivities vary 

greatly. In the alluvium, the hydraulic conductivity is on 
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the order of 200 m/d; in the conglomerate, it is on the order 

of 0.03 m/d, but may be much larger in discontinuous zones of 

coarser or less indurated material (Eychaner, 1988). Peterson 

(1962) reports well yields ranging from a few hundred liters 

per day to 600 liters per minute. Two major faults and many 

minor faults perpendicular to the direction of flow offset the 

conglomerate in the high conductivity zones and impede flow 

(Eychaner, 1988). 

Average precipitation over the basin ranges from 340 mm/yr 

to 780 mm/yr and is about 450 mm/yr near the mines. 

Precipitation occurs as heavy but brief thunderstorms in the 

summer or storms lasting up to several days in the winter. 

Snow commonly accumulates above 2,000 m. in winter. Most of 

the recharge to the aquifer takes place during the winter and 

spring. Temperatures in the area range from -15 to 45°C. 

Groundwater temperatures in the wells sampled range from 17 to 

19*C (Eychaner, 1988). 

The water table in the area where the alluvium is present 

ranges from 1 to 20 m below the surface but varies with 

seasonal cycles. Head in observation wells also varies with 

depth of well, with the lowest head being near the contact 

between the conglomerate and the alluvium (Eychaner, 1988). 

Stream flow in Miami Wash and Pinal Creek is ephemeral until 

a point approximately 10 km downstream from the intersection 

of these two drainages, at which point flow becomes perennial. 
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Impermeable rocks truncate the aquifer just before the stream 

gaging station, approximately 16 km downstream from the 

intersection of Miami Wash and Pinal Creek. The discharge at 

the gaging station ranged from 0.2 to 0.4 m'/sec during 

1980-86 (Eychaner, 1988). The specific discharge of 

groundwater in the alluvium is estimated to be 1.6 m/d (600 

m/yr) based on measurements of total aquifer discharge, the 

groundwater gradient, and the average hydraulic conductivity 

(Eychaner, 1988). The specific discharge in the conglomerate 

is estimated to be 2.4 x 10'4 m/d (-09 m/yr) but may be larger 

in zones of discontinuous material. Most of the flow moves 

from the conglomerate to the alluvium except during times of 

prolonged recharge (Eychaner and Stollenwerk, 1985). Figure 

2.1 shows the area of study along with locations of monitoring 

wells discussed in section 4.1. Figure 2.3 shows a 

longitudinal section of the aquifer, also with well locations. 

Well location numbers ending in zero refer to sites of nested 

wells rather than a specific well. Well location numbers 

ending in one through 6 refer to specific wells. 

2.2 Mining Activity in the Globe-Miami Area 

The Globe-Miami mining district has been active since 1872 

with over 200 mines in the area. Copper has been mined from 

granite porphyry deposits adjacent to the aquifer since 1903. 

Since 1931, most of the major mining activity has been within 
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four miles of the town of Miami which is located along Bloody 

Tanks Wash, at the headwaters of Miami Wash. Figure 2.4 

illustrates mining activities in the Miami area in 1982. 

Large mining complexes include the Inspiration, Miami, Copper 

Cities, and Bluebird, the largest of which is Inspiration. 

Facilities include the Inspiration, Miami, and Bluebird 

leaching plants, and the International Smelter (Figure 2.4). 

Many large tailings and waste piles are present in the area 

and at least four large tailings ponds lie near the 

concentrator plants (CAAG, 1983). 

Copper ore in the Globe-Miami area is present as both 

copper oxide and copper sulfide minerals. Leaching has been 

a common technique for removing copper from low-grade oxide or 

oxide/su1fide ore. High-grade copper ores can be smelted 

directly, but ores with 2% or less copper are usually leached. 

The ore is soaked in sulfuric acid, creating a copper sulfate 

solution. Four methods of leaching used in the Globe-Miami 

area are dump leaching, vat leaching, in-situ leaching, and 

heap leaching (CAAG, 1983). 

Solvent extraction is a concentrating process that uses a 

solution of chemical reagents and solvents with a copper 

sulfate solution obtained from leaching. Copper ions complex 

with chelating agents and settle out. Oxine (8-hydroxy-

quinoline) is a commonly used chelating agent. This compound 

contains two aromatic rings with a nitrogen atom substituted 
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into one ring and a hydroxyl group attached to the other ring. 

The copper is bound between two oxine atoms (CAAG, 1983). This 

process enriches the copper in solution from 3 to 50 

grams/liter. The copper solution is then placed in an 

electrowinning tank where a current is passed through lead 

anodes. The copper is then plated onto a copper starter 

sheet. The finished copper cathode is more than 99.995 pure 

(CAAG, 1983). Leaching produces waste solutions high in 

organics, sulfates, and dissolved metals and low in pH 

(Eychaner, 1988). 

The predominant method of concentrating copper sulfide ore 

is through the froth flotation process which became widely 

used in the Globe-Miami area after 1915. Froth flotation is 

the method by which copper minerals selectively attach to air 

bubbles rising through an aqueous solution called a slurry 

(CAAG, 1983). The process begins by mixing the ore with a 

small quantity of a light oil as a lubricant while it is being 

ground. The mixture is then put into a water bath mixed with 

a small amount of sulfuric acid and sodium cyanide to keep 

other minerals from rising. Between 0.2 and 0.4 kg of cyanide 

is added for each ton of ore. Air is bubbled through the 

slurry, and copper, along with other desirable minerals, 

collects in a froth at the surface (Albert, 1984). 

Froth flotation is done in a series of large tanks which 

hold the copper ore slurry. The froth is separated from the 
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slurry and sent on for further processing. The slurry 

remaining after the copper minerals have been removed is then 

searched for other minerals in another floatation process. 

Eventually, the slurry is thickened and pumped into tailings 

ponds (Albert, 1984). Tailings solutions that result from the 

processing of sulfide ores may produce seepage water high in 

sulfate, metals, particularly iron, and low in pH both from 

the sulfuric acid solutions and because of the oxidation of 

remaining sulfide minerals, especially pyrite in situ in the 

tailings pile (Eychaner, 1988). 

Webster Lake, located approximately 8 km upgradient from 

the intersection of Miami Wash and Pinal Creek, was a 

collection area for waste water from mining processes from 

1946 to 1986. The lake was dammed up behind piles of waste 

and tailings. The lake was unlined and was recorded to have 

a pH as low as 0.7 in 1983 (Envirologic Systems, 1983). In 

1986, the lake had a volume of 5.5 x 10* m' and a surface pH of 

2.7 (Eychaner, 1988). In late 1986, the process of draining 

the lake was begun even though significant quantities of water 

were already leaking into the aquifer. Water was pumped from 

the lake and sprayed on the tailings piles where it evaporated 

(Reese, 1989). The Webster Lake area is now considered to 

have been a major source of contamination in the Miami Wash -

Pinal Creek Basin (Envirologic Systems, 1983; Eychaner and 

Stollenwerk, 1987). 



2 4  

2.3 Inorganic Groundwater Contamination 

The groundwater in the Pinal Creek basin has been of low 

quality for at least the past 50 years as a result of seepage 

of waste solutions from mining processes. A plume of 

groundwater with total dissolved solids as high as 16,400 mg/1 

and pH as low as 3.5 were defined in the Miami Wash - Pinal 

Creek drainage basin (Eychaner and Stollenwerk, 1985). A 

study done by Envirologic Systems, Inc. for the Central 

Arizona Association of Governments (CAAG) defined the portion 

of the plume upgradient from monitoring wells installed by the 

USGS (Envirologic Systems, 1983). Contour mapping of the 

concentrations of sulfate, iron, and other metals shows that 

the plume extends up Miami Wash and then up into Bloody Tanks 

Wash about 1.5 to 2.5 km. From this point, upgradient, 

sulfate and iron rapidly decrease in concentrations. This 

means that the most likely source of contamination is the area 

of intensive mining and ore processing near the town of Miami. 

Contaminated groundwater probably flowed into Bloody Tanks 

Wash from Webster Gulch which is now filled with tailings and 

waste ponds (Envirologic Systems, 1983). Webster Gulch is the 

site of the former Webster Lake. 

The entire downgradient extent of the aquifer along Pinal 

Creek is affected; however, the lateral extent of the 

contamination is limited as well as the extent of the 

contamination from the alluvium into the conglomerate. 
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Contamination in the conglomerate appears to be limited to the 

top 25 meters. Groundwater discharging from the aquifer into 

Pinal Creek still reflects contamination, containing high 

concentrations of sulfate and manganese (Eychaner and 

Stollenwerk, 1985). 

Acid water in mining areas can be produced by direct 

introduction of waste sulfuric acids used in ore processing 

into ponds and soils. This introduction can be either a 

result of the flushing of residual reagents into ponds or from 

accidental leaks and spills. Another common source of acid 

water inmost mining areas is from the oxidation of pyrite and 

other metal sulfides. 

The rate of oxidation of pyrite is insignificant without 

catalysis by bacteria, Thiobacillus and Ferrobaci11 us being 

the most widely distributed. The oxidation reaction can 

proceed by numerous processes such as: 

1. 2FeSt (s) + 70t + 2Ht0 = 2Fetf + 4 SO,' + 4H* (1) 

2. FeSj (s) + 8Ht0 = Fe*' + 2 S04!' + 16H' + 14e 

3. FeSt(s) + 11 Ht0 = Fe(OH)j + 2 S04'" + 19H' + 15e 

all of which generate acidic solutions (Hiskey and Schlitt, 

1982). 

The solubility of many of the metals in the contaminated 

waters is controlled by pH. The mobilization of metals is 

potentially of greater environmental concern than the acid. 

High concentrations of metals can be a hazard to humans, fish 
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and livestock (EPA, 1976). The solubilities of several metals 

increase considerably below pH 5. Each metal becomes soluble 

in a different narrow pH range. 

The presence of oxygen may cause metal oxides to 

precipitate from solution. Iron hydroxide minerals are formed 

by reactions such as: (Hiskey and Schlitt, 1982; Nordstrom and 

Munoz, 1986) 

1. 2FeSj + 15/20j + 80H" = FejOj + 4S04:" + 4Ht0 (hematite) 

2. 4Felf + 0t + I O HjO  = 4Fe( 0 H)j (s) + 8H' (f  err i hydr i t e) 

3. K'+ 3Feu + 2S0(1' + 60H" = KFej (S04)i (0H)( (jarosite) 

The above reactions are highly dependant on the pH of the 

water. The solubility of aluminum is also controlled by the 

precipitation of aluminum hydroxides. 

Acid waters may be neutralized by numerous reactions with 

mineral species present in the aquifer. For example, 

carbonate minerals such as calcite (CaCOj) when present in 

sufficient quantities, will effectively neutralize the acid 

solutions. Contaminated waters already containing high 

sulfate concentration may precipitate secondary minerals such 

as gypsum (CaS04 • 2H(0), but solubility is such that total 

dissolved solids will still remain high (Eychaner, 1988). 

Other carbonates such as dolomite or rhodochrosite (MnCO}) and 

silicate minerals such as feldspar, etc., also provide 

additional acid neutralizing capacity. 
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An acid front has been identified in the aquifer and is 

defined as the point at which pH is less than 5 and iron 

concentration is greater than 1 mg/1. This front advances in 

the aquifer as reactive acid neutralizing minerals are 

consumed. The location of this front moves more slowly than 

the velocity of the bulk groundwater and may be slower by as 

much as a factor of 10. In the Pinal Creek basin, the acid 

front has been moving at a rate of 0.2 to 0.3 km/yr for the 

past several decades (Eychaner, 1988). 

All available calcite in the aquifer has been consumed 

along a flow path below Webster Lake for at least 15 km. 

Water in the aquifer 6 km from the former location at Webster 

Lake has pH 3.6 and dissolved solids over 10,000 mg/1. The pH 

increases slowly to 4.5 at a point 15 km from the lake. The 

pH then increases rapidly over the next 2 km to 6.1 at well 

site 500 (Fig. 2.1) Dissolved solids concentration at the 

gaging station was 800 mg/1 in 1942, 2,700 mg/1 in 1980, and 

3,200 mg/1 in 1987. Sulfate was about 60 percent of the 

dissolved load in 1987 (Eychaner, 1988). 

Virtually all of the dissolved oxygen in the contaminated 

groundwater has been depleted and is typically only 0.5 mg/1. 

However, at downgradient locations, in contaminated water that 

has been neutralized by the presence of calcite, the amount of 

dissolved oxygen is much less. At well sites 501 and 503, the 
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recorded level was below the detection limit of 0.1 mg/1 in 

June 1988 (Reese, 1989). 

Geochemical modeling of the system in the Pinal Creek 

Basin was done by Stollenwerk and Eychaner ( 1989) with the 

PHREEQE computer model using analyses from about 200 

groundwater samples. Their modeling indicated that at pH 

values less the 4.9, solubility of aluminum may be contro11ed 

by aluminum sulfate (A10HS04) and kaolinite (A12S i 10S (0H)4) . At 

pH values above 4.7, microcrystaline gibbsite (Al(OH)3) should 

control solubility. Physical evidence from the alluvium and 

chemical data from the ground water tends to indicate that the 

solubility of iron is controlled by the precipitation of 

amorphous ferric hydroxide (Fe(OH)3) at all pH values 

(Stollenwerk and Eychaner, 1989) Additional statistical work 

with the model as well as additional physical evidence is 

needed to better characterize the solid phases forming in the 

aqu i fer. 

2.4 Organic Ground Water Contamination 

A study by Reese (1989) analyzed the composition of DOC 

found in samples of ground and surface water of the Pinal 

Creek basin. His extraction procedure separated the DOC into 

different fractions based on their hydrophobic and hydrophilic 

character as well as their acid, base, or neutral character. 

The distribution of DOC demonstrates a correlation with the 
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distribution of inorganic contamination (Reese, 1989). Values 

assumed to be representative of background DOC range from 0.3 

to 0.5 mg/1 from wells deep in the conglomerate; however, DOC 

values in the upgradient part of the plume reach as high as 

4.2 mg/1. Loss of organic matter from the system correlated 

with changes in pH. Loss of DOC may be the result of 

pH-contro11ed sorption (Reese, 1989). Average DOC values 

agreed well with TOC values determined by the USGS. These 

results indicate that the amount of particulate organic matter 

in the groundwater samples is negligible (Reese and Bassett, 

1990). 

Reese (1989) found that although the hydrophobic acid 

fraction generally follows the distribution of the DOC values, 

the concentration of hydrophobic acid as a percent of DOC 

decreases with depth from 25% to 20%. This indicates that 

recharge water coming into the aquifer has a higher 

hydrophobic acid content than the most contaminated part of 

the plume (Reese, 1989). 

Some hydrophilic acids may also be present in the DOC. 

Hydrophilic acids in ground waters can be present up to 50 

percent of DOC (Thurman, 1985). Reese (1989) found the entire 

hydrophilic fraction of the DOC in the Pinal Creek basin to be 

approximately 4835. As much as 25% of the hydrophobic acid 

fraction was lost from solution after accounting for dilution, 

and as much as 47% of the hydrophilic fraction was lost from 
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solution after accounting for dilution. Portions of the 

hydrophobic acid and hydrophilic fractions totaling 289» of DOC 

are thus being lost from solution as the pH rises above 4 

(Reese, 1989) [See section 3.9 for a further discussion of 

humic substances in groundwater], 
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CHAPTER 3 

PROPERTIES OF POLYCYCLIC AROMATIC HYDROCARBONS 

3.1 General Properties 

PAH are compounds composed of two or more aromatic 

(benzene) rings. Of primary environmental concern are 

compounds ranging in molecular weight from naphthalene 

(C„H,,MW 128.16) to coronene (Cl(Hlt, MW 300.36), encompassing 

an extremely large number of compounds varying in position and 

number of aromatic rings and in number, chemistry, and 

position of substituent groups on the basic ring system (Neff, 

1979). Naphthalene consists of two fused aromatic rings. Two 

rings are said to be fused if a pair of carbon atoms are 

shared. Many configurations are possible. The concern 

regarding the presence of PAH in the environment is that 

several of the PAH produced by humans and released into the 

environment have been shown to be carcinogenic to mammals. 

Table 3.1 gives the name, structure, and other properties of 

the 16 PAH on the Environmental Protection Agency Priority 

Pollutant List (U.S.E.P.A., 1979). 

PAH are typically produced by the pyrolysis of organic 

materials at high temperature (>700*C). Complex mixtures of 

PAH, however, have been found in fossil fuels such as coal 

and crude petroleum, leading to the conclusion that, given 

enough time, PAH can be produced by pyrolysis of organic 

materials at low temperature, 100-150*C (Blumer, 1976). In 
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Solubility 
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logKow log Koc 
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Naphthalene GO <¥*8 128 31.7 80 218 3.29 2.97 

Acenaphthylene S W 152 3.93 92 265-275 3.72 3.40 

Acenaphthene Wa 154 3.42 96 279 3.98 3.66 

Fluorene eoo Wo 166 1.69 116-117 293-295 4.18 3.86 

Anthracene cod WQ 178 .045 216 227 4.45 4.15 

(53 iron) 

Phenanthrene <sd? 178 1.00 101 210-215 4.45 4.15 

(12 mm) 

Fluoranthene CCSJ °16Hlfl 202 .26 111 217 4.90 4.58 

(30 mm) 

Pyrene <£? <16% 202 .13 150 393 4.90 4.60 

Benio(a)anthracene °18H12 228 .0057 155-157 HD 5.61 5.30 

20.'C 

Chrysene °18HI2 228 .0018 256 448 5.61 5.30 

Table 3.1 Properties of 16 PAH from EPA Priority Pollutant List 
(Source: EPA, 1982) 
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addition, trace amounts of PAH synthesized by bacteria, fungi, 

and plants are ubiquitous in the environment. Industrial 

activities resulting in the increased environmental load of 

these compounds include preparation of acetylene from natural 

gas, pyrolysis of kerosene to form benzene, toluene, and other 

organic solvents, pyrolysis of wood to form charcoal, wood 

tars, and carbon blacks, manufacture of electrolytic aluminum 

using graphite electrodes, coke production, gas production 

from petroleum, coal gasification, production of synthetic 

alcohol, and oil refinery operations (Andelman and Snodgrass, 

1972). Coal tar distillation plants as well as creosote 

production and wood-preserving plants are also sources of PAH 

contamination (Hult, 1984; Mattraw and Franks, 1986). 

Incineration of wastes, forest and grass fires, power 

generation from fossil fuels, and combustion of fuels in 

internal combustion engines also produce PAH. These PAH may 

reach the aquatic environment in sewage effluents, surface 

runoff, deposition of airborne particulates, and spillage of 

petroleum products (Neff, 1979). 

3.2 Solubility 

Aqueous solubility is a fundamental parameter in 

determining the extent and rate of PAH dissolution and their 

persistence in the environment. The solubilities of PAH are 

quite low, reflecting their hydrophobic character. Published 
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solubilities of PAH in water vary considerably owing to 

differences in experimental procedures. Despite the 

variability, some definite trends emerge. Solubility tends to 

decrease as the number of aromatic rings increases. 

Naphthalene has a solubility of around 30 ppm, while PAH with 

five rings have solubilities in the 0.5-5.0 ppb range. PAH 

with alkyl substituent groups have lower solubilities than 

unalkylated parent compounds, and solubilities decrease with 

increased degree of alkylation. Linear PAH tend to be much 

less soluble than angular isomers. For example, anthracene is 

less soluble than phenanthrene and naphthalene is less soluble 

than chrysene or benzo(a)anthracene (Neff, 1979). 

PAH are slightly less soluble in seawater than in 

freshwater due to the "salting-out effect", where a solute 

dissolves less well in water that is bonded to ions (Snoeyink 

and Jenkins, 1980). Temperature strongly effects the 

solubility of PAH. In some cases, but not all, the presence 

of one or two PAH in solution affects the solubility of an 

additional PAH in the solution. This is known as the 

cosolvency effect. Eganhouse and Calder (1976) demonstrated 

that the solubility of naphthalene was unaffected by the 

presence of other PAH, while both naphthalene and phenanthrene 

enhanced the solubility of acenaphthene. The presence of 

surfactants in the solution can also increase the solubility 

of PAH. Humic acids, fulvic acids, and other degradation 
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products of biological materials in natural waters may also 

act as PAH solubilizers (Boehm and Quinn, 1973)(see section 

3.9 for a further discussion of solubility enhancement of PAH 

by humic substances). PAH can also be solubilized by 

incorporation into micelles (Neff, 1979). 

3.3 Adsorption 

PAH readily sorb onto organic surfaces in water. Smith et 

al. (1978) indicated that most PAH accumulate in the sediment 

and biota portion of the aquatic environment and that 

adsorption is the dominanant transport process for PAH. Smith 

et al. (1978) also reported partition coefficients of 150,000 

for benzo(a)pyrene and 21,000 for benzo(a)anthracene between 

water and sediment containing 5 percent organic carbon, 

indicating that sorption onto sediments is strongly correlated 

to sediment organic carbon content. Southworth (1977) found 

a partition coefficient of approximately 25,000 for the 

sorption of anthracene on suspended organic particulates using 

autoclaved yeast cells. In contrast, sorption onto inorganic 

particulates was less with an approximate partition 

coefficient of 1600. These data indicate that sorption onto 

suspended organic particulates can be a significant transport 

process.[see section 3.9 for a discussion of adsorption onto 

dissolved humic substances.] 
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3.4 Biodegradation 

Bacteria and fungi demonstrate a great diversity in their 

ability to use PAH as a sole carbon source. PAH and related 

compounds have been trace elements in the biosphere for 

billions of years (Neff, 1979) and many microbes have evolved 

the capacity to metabolize them. Some organisms such as 

Pseudomonas can use simple PAH such as naphthalene and oxidize 

them completely. The carbon is used as a source of carbon for 

increase in biomass. Most organisms require an alternative 

growth substrate as a carbon source and then only partially 

metabolize the PAH. This process is called co-oxidation or 

co-metabolism (Gibson, 1977). PAH are then transformed into 

various oxygenated metabolites. Higher molecular weight PAH 

generally require co-oxidation. 

Naphthalene, containing only two rings, is probably the 

most easily biodegraded PAH. Lee and Ryan (1976) measured 

microbial degradation rates for naphthalene in river water as 

high as 4 M9/1iter/day. Vennberg ( 1977) observed that 50 

percent of naphthalene in a test flask had been converted to 

COt by microbes after one day. Herbes and Schwal1 (1978) 

determined microbial degradation half-times for naphthalene, 

anthracene, benzo(a)anthracene, and benzo(a)pyrene in pristine 

and petroleum-contaminated sediments. Half-times ranged from 

5 hours for naphthalene to 21,000 hours for benzo(a)pyrene in 

petroleum-contaminated sediment. Degradation rates were 



3 8  

10-400 times slower in pristine sediments, demonstrating the 

importance of microbial accumulation and adaptation as wel 1 as 

availability of a cosubstrate, 

Napthalene can be metabolized by Cunni nghame11 a and 

Pseudomonas bacteria (Gibson, 1978; Davies and Evans, 1964). 

Anthracene and phenanthrene can be metabolized by Pseudomonas 

(Evans et al., 1965). Lorbacher et al. (1971) reported that 

soil microbes degrade 3,4-benzopyrene, anthracene, and 

phenanthrene, and the rate of degradation is greatest when the 

microbes have been acclimated to the compounds. Soil systems 

are known to provide much better conditions for biodegradation 

than surface water systems (EPA, 1979). 

Figures 3.1 and 3.2 show the proposed metabolic pathways 

and products for the degradation of naphthalene by Pseudomonas 

and Cunninghame11 a bacteria respective1y. Figures 3.3 and 

3.4 show the proposed metabolic pathways and products for the 

degradation of anthracene and phenanthrene by Pseudomonas. 

Adsorption of PAH onto organic aquifer material decreases 

their availability to microbial degradation (Novak, 1990). 

3.5 Photolysis 

Most PAH adsorb solar radiation strongly at wavelengths 

above 300 nm and undergo direct photolysis or photooxidation 

(Radding et al ., 1976). This process can be an important fate 

process in the surface water environment, especially for PAH 
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with relatively high solubilities such as naphthalene. 

Stevens and Algar (1968) concluded that singlet oxygen radical 

C^t) is the primary oxidant. Smith et al . ( 1978) reported 

half-lives of 1.2 hours for benzo(a)pyrene and 1 to 2 hours 

for benzo(a)anthracene for midday photolysis in water. 

Southworth (1977) reported that anthracene in distilled water 

exhibited a half-life of 35 minutes in summer solar conditions 

and 4.8 hours under average conditions at 35°N latitude. 

3.6 Oxidation 

Chlorine and ozone are both used as disinfecting agents in 

drinking water. They are strong oxidants and react chemically 

with PAH to form quinones. Perry and Harrison (1977) studied 

the removal of eight PAH from water by chlorination. 

Concentrations of PAH ranged from 30-860 mg/1, free chlorine 

was 2.2 mg/1, pH 6.8, and temperature 20°C. Twenty-five 

percent of fluorene was degraded after 25 minutes and 50% of 

pyrene was degraded after 20 minutes. The rate of degradation 

was increased by both decreased pH and increased temperature. 

Radding et al. (1976) reported half-lives of several PAH 

(pyrene, benzo(a)pyrene, benzo(a)anthracene) with ozone in 

water to be approximately one minute. Oxidation by chlorine 

and ozone may be a significant fate process when those 

oxidants are available in sufficient quantity. 
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3.7 Volatilization 

Southworth (1979) reported volatilization rates of PAH 

containing 2 to 5 rings. He reported that, in general, 

volatilization rate decreases as vapor pressure decreases, and 

that both properties are inversely proportional to the number 

of aromatic rings. Southworth (1979) also reported that 

volatilization rate is highly dependent upon the mixing rates 

within the water and air column. Lee (1975) reported a 50% 

loss of naphthalene from a marine environment contaminated as 

a result of an oil spill. The rate of loss is dependant on 

wave action, wind speed, and water and air temperature. 

Smith et al. (1978) reported that when benzo(a)pyrene and 

benzo(a)anthracene are sorbed onto sediments, evaporation from 

the solid phase is presumed not to be an important transport 

process for PAH (EPA, 1979). 

3.8 Hydrolysis 

Radding et al . ( 1976) stated that PAH do not contain 

functional groups amenable to hydrolysis. Therefore, 

hydrolysis cannot be considered to be a significant fate 

process. 
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3.9 Solubility Enhancement of Micropollutants 

by Humic Substances 

Dissolved humic substances (DHS) are hydrophobic acids 

that include humic and fulvic acids. Generally, the fulvic 

acids are low in molecular weight, from 500 to 2000, and 

contain numerous carboxyl and hydroxyl functional groups. 

Humic acids are higher than 2000 in molecular weight and often 

colloidal in size, with fewer carboxylic acid functional 

groups. Humic acids will precipitate out of solution below 

pH1, while fulvic acids will remain in solution. In 

uncontamininated ground waters, fulvic acids are typically 

about 20% of DOC, and humic acids are about 109S of DOC 

(Thurman, 1985). Figure 2.4 shows hypothetical structures of 

humic and fulvic acids according to Stevenson (1982) and 

Buff 1e ( 1977). 

Another important constituent of DOC is the hydrophilic 

acid fraction. Leenheer (1981) has characterized this 

fraction as containing simple organic acids, such as volatile 

fatty acids and hydroxy acids, as well as complex 

polyelectrolytic acids that contain many hydroxyl and carboxyl 

functional groups. In natural ground waters, this fraction 

may be present up to 50& (Thurman, 1985). 

There is evidence that DHS can enhance the solubility of 

organic micropo11utants in ground water. DHS can act as 

chelating agents for organic compounds, greatly increasing 
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their solubility and effecting their mobilization and 

transport (Carlberg and Martinsen, 1982). Hydrogen bonding 

appears to play a major role in the complexation of organic 

material to DHS. Reaction rates between DHS and polycyclic 

aromatic hydrocarbons were found to be quite large and 

equilibria reached quickly (Carlberg and Martinsen, 1982). 

Partitioning of organic micropo11utants into the structure of 

the humic molecule is probably a more important process than 

hydrogen bonding, since the hydrophilic functional groups of 

humic molecules would be more effectively associated with 

water. Humic substances are high molecular weight molecules 

containing nonpolar organic portions where partition 

interaction is likely to take place (Chiou et al., 1986). 

At low DHS concentrations, partition coefficients for 

binding of f1uoranthene, phenanthrene, and triphenylene onto 

DHS was determined to be approximately equal to the 

octano1-water partition coefficients (Kow) (Landrum et al., 

1984). Another study also found partitioning of organic 

micropo1lutants to soil derived humic acids to be 

proportionate with Kow, however, degree of solubility 

enhancement was found to be dependant on DHS molecular size 

and polarity (Chiou et al., 1987). The binding of pyrene to 

DHS was found to be modified by the degree of aromaticity in 

the DHS (Gauthier et al . , 1987). Because of the different 

binding properties of different DHS and because DHS represent 
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a mixture whose composition is not consistant from one 

location to another, precise quantification of solubility 

enhancement is difficult. Hydrophilic acids as well as humic 

and fulvic acids can act as chelating agents for 

micropo11utants and enhance their solubility. 

In the pH range of 4 to 6, the surfaces of iron and 

aluminum hydroxides have a positive charge (Thurman, 1985). 

DHS have numerous carboxyl groups that contribute to their 

hydrophilic character and dissociate between pH2 and 6. DHS 

containing carboxyl groups become increasingly more negatively 

charged below pH6 and would be sorbed onto metal hydroxides. 

Metal hydroxides of Fe and Al would be positively charged in 

this pH range (Thurman, 1985). Oxide surfaces become 

hydroxylated when exposed to aqueous solutions, and the 

surface hydroxyl groups can be exchanged for acid functional 

groups (Tipping, 1990). For large organic acid molecules with 

more than one functional group, more than one reaction can 

take place per molecule. These reactions are highly dependant 

on pH (Tipping, 1990). Organic micropollutants adsorbed onto 

DHS would be sorbed out of solution onto the oxide surface as 

well. The absorption of organic micropol1utants onto DHS can 

also highly reduce their availability to microorganisms for 

degradation (Novak, 1990). 
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CHAPTER 4 

FIELD AND LABORATORY TECHNIQUES 

4.1 Installation of Monitoring Wells 

Monitoring wells were installed at the site by the U.S. 

Geologic Survey. The first 24 welIs were dri1 led from 1984-87 

(Eychaner et al . , 1989). Subsequently, other wells were 

drilled to provide a greater sampling range. There were 31 

wells at 9 different locations as of May, 1990 (Figure 2.1). 

Two wells at site 700, the furthest downstream, were 

installed in May 1990. Depths of wells range from 10 to 68 

meters and are screened at the bottom 0.9 meters. Water 

levels range from between 1 and 20 meters below land surface, 

with the lowest head near the contact between the alluvium and 

the conglomerate (Eychaner, 1989). 

Drilling was done with a conventional rotary drill rig and 

bentonite mud. Wells were installed with 102 mm (4 inch) pvc 

casing. Sections of casing were solvent-welded with screen 

and well cap at the bottom. The 0.9-meter screens contain 0.6 

mm slots and 340 cm* total open area. The area surrounding 

the screen was packed with washed pea gravel from an 

uncontaminated area. A one meter cap of bentonite pellets was 

placed above the gravel in the area between the casing and the 

wall of the drill hole to seal off flow from above. Drilling 

mud was removed from the screen area by high pressure air 

jetting. Initial samples were not collected until a month 
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after drilling to allow effected water to move away from the 

well area (Eychaner and Stollenwerk, 1985). 

4.2 Collection of Samples in the Field 

Water samples were collected from monitoring wells using 

stainless steel submersible pumps. Three different sizes were 

employed depending on the depth of the well. Water was pumped 

to the surface through PVC riser pipe and silicone tubing. 

Thus, samples came in contact with only stainless steel PVC 

and silicon tubing. Contamination from the substances did not 

appear to be a factor in the analysis. Pumping rates were 

generally about 4 to 10 gal/min. 

The samples were collected in 1 liter (later 500 ml) amber 

glass bottles with Teflon caps that had been previously 

cleaned, rinsed with methylene chloride and baked to remove 

all possible residue from the factory or storage. After 

collection, the sample bottles were sealed with electrical 

tape and stored in ice chests until they could be removed to 

a refrigerator in the laboratory and stored at 4'C. U.S. 

Geologic Survey personnel collected data on temperature, pH, 

specific conductance, dissolved oxygen, alkalinity, and total 

and ferrous iron in the field. Samples were not filtered or 

acidif ied. 
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4.3 Laboratory Techniques 

4.3.1 Column Extraction Procedures 

PAH were isolated from the samples collected in the field 

by using a sorbent extraction process with a bonded silica 

solid-phase. Pre-packed cartridges were purchased from 

Analytichem International. Each polyethylene cartridge was 

filled with 150 mg of octadecyl (C-18) resin bonded to 40 urn 

s i1i ca part i c1es. 

Bonded silica is formed by the reaction of an organosilane 

molecule with a substrate of activated silica. The functional 

group of the organosilane attaches to the substrate through a 

silyl ether linkage. A surface is then created, of which the 

principal properties are due to the functional group with 

minimal interactions from the silica substrate (Van Horne, 

1985). 

The sorbent product is stable within a pH range of 

approximately 2 to 7.5. Above pH 7.5, the substrate is 

susceptible to dissolution. Below pH 2.0, the functional 

groups on the surface begin to cleave, changing the sorptive 

properties in a non-reproducible manner (Van Horne, 1985). 

Bonded silica sorbents are rigid and do not shrink or swell in 

different solvents. Therefore, bonded silicas equilibrate 

rapidly to new solvent conditions allowing extraction 

procedures involving many different solvent changes, as 
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required in the procedures used in this study (Van Home, 

1985) . 

Particle sizes range from 15-100 microns with a mean 

particle size of 40 microns. Particle shape is irregular 

rather than spherical. The porosity of the sorbent described 

here is 60 Angstroms, suitable for compounds with molecular 

weight up to approximately 15,000. Larger molecules are 

exposed to too little surface area and pass through without 

being retained. Wide pore sorbents as high as 4,000 Angstroms 

are used for extraction of higher molecular weight molecules 

(Van Home, 1985). 

A sorbent will not retain isolates until they have been 

solvated. An effective solvent must interact with both the 

silanols on the silica surface and the carbon atoms of the 

bonded functional groups. The solvating solvent should be 

miscible with the solvent used to prepare the sorbent to 

receive the sample. Once solvated, the sorbent should not be 

allowed to desolvate by excessive drying. (Van Home, 1985). 

The extraction procedure used in this study is based on a 

method developed by Greg Junk and John Richard at the Ames 

Laboratory (U.S. Department of Energy), Iowa State University, 

Ames, fowa. A wide range of sample size, flow rate, cartridge 

size, and volume of eluting solvent was used to determine best 

conditions for optimum recovery. Optimum procedures were 

determined to be 100 ml of sample, 100 mg cartridges, and 
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eluting solvent volume of 0.1 ml. The ratio of 100 ml of 

sample to 0.1 ml of eluting volume effectively concentrates 

the isolate in solution by 1,000 to 1. Results determined 

that flow rate did not have to be closely controlled. 

Recoveries for spiked samples ranged from 809s for indene to 

91% for phenanthrene (Junk and Richard, 1988a). 

In this study, 150-mg cartridges were used because of 

their ready availability in the laboratory used for these 

experiments. The difference of 50 mg of sorbent in the 

cartridges from the amount used in the study cited above was 

considered not to be significant (Junk, 1990). Solvation of 

the sorbent was achieved by washing the sorbent with 3 ml of 

the eluting solvent (benzene) in order to elute any 

interfering hydrophobic neutral compounds that may be on the 

sorbent from the manufacturing process. This step was 

followed by one column volume of methanol (4 ml), and then 10 

ml of de-ionized (D.I.) water was added to prepare the sorbent 

to receive the sample (Junk and Richard, 1988b). 

The laboratory setup for extraction of a sample is shown 

in Figure 4.1. A glass funnel was fit into the top of the 

cartridge as a sample reservoir, and 1/8" I.D. tygon tubing 

was used to connect the bottom of the cartridge to a vacuum 

flask. A vacuum pump was used to draw the sample through the 

cartridge with the pump at its highest setting. Three 

different pumps were used, depending on their availability on 
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Figure 4.1 - Diagram of experimental setup for column 1 for umn 1 setup of co Diagram 
extraction (after Reese, 1989) 
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the day of the experiments. Flow rates ranged from 5 to 20 

ml/min. All glassware was cleaned with detergent and rinsed 

thoroughly in tap water, rinsed thoroughly in D. I . water, 

rinsed with methanol, and then baked in a laboratory over at 

300"C to remove any organic residue. D.I. water was obtained 

from a mi 11i-Q system using ion-exchange, reverse osmosis, and 

a final carbon filter for purification. (See Appendix A for 

detailed description of extraction procedures. Appendix B 

contains dates for collection, extraction, and GC/MS analysis 

of samp 1es.) 

4.3.2 GC/MS Analysis 

Gas chromatography is an instrumental method of analysis 

involving the vaporization of a liquid sample and separation 

of the gaseous components so that they can be identified and 

measured. Each component has a retention time in the 

chromatographic column based on its structure and molecular 

weight. A typical chromatogram is shown in Figure 4.2. The 

concentration of the compound in the sample is proportional to 

the area under the peak (Sawyer and McCarty, 1978). 

A mass spectrometer is a commonly used detector which can 

give positive identification and quantification for many 

organic compounds. Each organic molecule has its own pattern 

of fragmentation called a spectrum. The spectrum of an 

unknown can be compared to a library of known compounds for 
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identification (Sawyer and McCarty, 1978). An unknown 

spectrum is compared to three known spectra in Figure 4.3. 

GC/MS analysis for this study was performed at the Mass 

Spectrometry Facility, Department of Chemistry, at the 

University of Arizona. The system consists of a 

Hewlett-Packard model 5890 gas chromatograph, a model 5970 

mass spectrometer, and an RTE-6/VM computerized data system 

and library. The GC uses a Hewlett-Packard Ultra 2 

chromatographic column. A fused silica capillary column uses 

a cross linked 5% phenyl methyl silicone stationary phase, 

0.33 um film thickness, 0.20 mm internal diameter, and 25 m 

length. The capillary column has the greatest separation 

efficiency for the compounds under investigation in this 

study. The GC oven was held at 50"C for two minutes and 

increased at a rate of 15°C per minute up to 300°C. Starting 

at a low temperature allows the recondensing of the PAH into 

a narrow band at the front of the column. The different PAH 

are eluted separately as narrow peaks for greater resolution 

and sensitivity. The analyzer temperature was also held at 

300 *C. 

4.3.3 Interferences 

Analysis of a blank and of standards consistently revealed 

the presence of interfering compounds derived from the 

solid-phase extraction cartridges. These extraneous compounds 
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were of two classes: phthalates and si lanes. The most 

prominent was bis (2-ethy1hexy1) phthalate, a plasticizer, 

sometimes comprising as much as 83% of the total mass of 

compounds coming through the GC. The intensity of this large 

peak was much greater than even the largest of the 

chromatograms of the PAH, although its retention time exceeded 

those of the PAH and masking was not a problem. Other 

phthalates, siloxanes, and silanols of various molecular 

weights and retention times, were also detected as 

i nterferences. 

An analysis of interferences in solid-phase extraction 

using C-18 bonded porous silica cartridges was done at the 

Ames Laboratory, Iowa State University (Junk et al . , 1988). 

The researchers identified four different si1oxane/si1ano1 

compounds that were apparently leached off of the bonded 

porous silica. Three different phthalates were identified, 

including bis (2-ethyIhexyl) phthalate, which was apparently 

leached from the polyethylene housing of the cartridge, the 

polyethylene frit holding the sorbent, as well as the C-18 

porous bonded silica itself. Junket al. (1988) reported that 

a 1ky1phthalates were found in concentrations well above 

background levels. A technical consultant for the 

manufacturer of the cartridge, Analytichem International 

(Carpenter, 1990), suggested proceeding the benzene 

conditioning step in the extraction process with two 
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additional conditioning steps, 10 ml of methylene chloride, 

followed by 10 ml of acetone. Trials with this suggested 

procedure in the lab showed no significant decrease in the 

amount of interference. Junk et al. ( 1988) also reported 

naphthalene, acenaphthene, and biphenyl to be present in 

extracts of cartridge components soaked with ethyl acetate. 

Many of the interferences could be eliminated with the use of 

glass cartridges, although interferences from the sorbent 

itself would still be present. 

4.3.4 Experimental Error 

The percent recoveries from standards mixed at 10 ug/1 

from a laboratory standard provided by CHEM SERVICE (see 

Section 4 for a discussion of laboratory procedures) are 

listed in Table 4.1, All standards were run with exactly the 

same procedure in the lab. Variations in recoveries can be 

explained by several factors. 

Although 100 ul of benzene was added to the extraction 

cartridge for elution of PAH, the full 100 ul was never 

recovered. Varying amounts of additional benzene needed to be 

added in order to acquire a minimum amount of organic phase in 

the chromatograpahic cartridge for analysis by GC/MS. This 

may indicate that, despite following a careful conditioning 

procedure for the cartridge, the surface of the sorbent was 
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1 2 3 4 5 6 mean SD 

naphtha 1ene 94, . 3 106. ,9 122, . 2 129, .4 95. 5 83, .0 105, , 2 17 , . 9 

acenaphthy1ene 93, .5 115, ,9 119, .0 147, .2 93. 6 78, . 9 108. .0 24 , . 5 

acenaphthene 98, .4 132, , 1 121 , .0 149, .3 106. 5 91 , .4 116. . 5 21 . .6 

f1uorene 93, .5 126. ,7 120. , 5 124, .9 94. 4 75, .8 106. >0 20. .8 

phenanthrene 88, .4 116. , 1 110. .5 102, , 1 84. 1 63. . 6 94 , . 1 19. , 6 

anthracene 63. , 3 88 . 8 103. , 2 27 . .3 61 . 2 57. ,8 66. , 9 26. , 5 

f1uoranthene 89. , 8 139 . , 1 110. , 8 51 , ,5 84. 7 80. ,4 92. , 7 29. , 7 

pyrene 91 . , 8 156. 1 102. 5 50. ,4 93. 7 88. , 1 97. 1 34. 1 

Table 4.1 Percent recoveries from six standards for 
individual PAH. 



6 2  

not thoroughly wetted, resulting in incomplete adsorption. 

This might explain some low recoveries. 

Because 100 ul of organic phase was not present in the 

chromatographic vial after elution, the amount present needed 

to be precisely measured. This measurement was complicated by 

the fact that the inner volume of the vial was conical ly 

shaped and that the organic phase was floating on top of a 

water phase. Curved surfaces between phases also complicated 

measurements. A separate vial was carefully filled with 20 ul 

at a time and marked off as a measuring device for comparison. 

Estimates using this method of measurement may be off by as 

much as 20 u1. 

If the caps of chromatographic vials are accidentally left 

loose, evaporation of the solvent may occur, artifically 

concentrating the dissolved PAH. This process could explain 

unusually high recoveries over 100%. 

Generally, recoveries from the standards fell within a 

narrow range. Standard 4 had some unusually high recoveries 

and some that were unusually low. Others showed a pattern of 

being either uniformly high or low, which is what would be 

expected. The mean recovery for each compound, along with the 

standard deviation, is listed in Table 4.1. Average 

recoveries for the eight PAH quantified in Table 4.1 range 

from 66.935 to 116.5%. Standard deviations range from 17.6% to 

34.1%. Detection limits in the QS/MS for the PAH detected are 
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in the 0.1-0.5 mg/1 range or approximately in the 0.1-0.5 ug/1 

range when concentrated 1,000 to 1 by the solid-phase 

extraction process. 

\ 
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CHAPTER 5 

DISTRIBUTION AND FATE OF PAH IN THE AQUIFER 

5.1 Discussion of the Data 

Results of the analysis of groundwater samples collected 

from the Globe site are presented in Table 5.1. Of 25 wells 

sampled, 14 contained detectable PAH. Well site 050 was the 

most contaminated site, and well 051 had the highest measured 

concentration. Wells 053, 101, and 302 were the next most 

contaminated. This trend in the concentrations of PAH defines 

a plume, the axis of which is situated in the upper part of 

the conglomerate in the upgradient portion of the sample area 

and in the lower part of the alluvium in the downgradient 

portion of the sample area. This trend is coincident with the 

trends in high concentrations of DOC and low pH. 

Naphthalene is the PAH present in the highest measureable 

concentrations, followed by acenaphthene, and fluorene. 

Quantifiable amounts of phenanthrene, acenaphthy1ene, and 

anthracene are also present in the most contaminated wells. 

These six PAH were quantified by the GC/MS by comparison to a 

known standard containing the 16 PAH on the Environmental 

Protection Agency Priority Pollutant List. Six other PAH were 

detected but not quantifiable. Probabilities of identifi

cation were calculated based on the percent matching of peaks 

from a spectrum of the unknown compound to a spectrum of a 

known compound. 



[Concantrationa, In ffllcrogrami par Utar. X, lndtcataa datactad but not quantlflad; 
Dastia* indlcata analyxad [or but not dalactadl 

Hall ntmbar and data aorplad 

Compound 
Holacular 051 052 053 101 102 103 104 105 301 302 304 402 S01 506 

weight 3/90 5/90 5/B9 5/80 5/69 3/89 6/88 3/89 5/90 2/90 5/90 5/69 3/89 3/B9 

Haphthalana (128) 

Acenaphthena (134) 

Fluorana (166) 

ftienanthrana (178) 

Acanaphthylana (152) 

Anthracana (17B) 

Mathylnaphthalana (142) 

Dimathylnaphthalana (156) 

Dlroethyliiopropyl-
naphthalana^ 

Hathylbiphanyl® 

Dibanzofuran 

Xsobenzofurandlona 

(1b8) 

(168) 

<166) 

(148) 

16.21 1.33 8.32 7.27 1.70 0.43 

12.09 .80 5.42 4.17 1.26 .35 

3.62 1.B1 .90 — 

1.07 — .60 

.62 — .31 .26 — 

1 .06  

X X X X X *x 

X 

X 

3.11 — 

2.03 1.63 

— 1.53 

X ' 

X 

X 

X 

^Probability of idantlfIcatlon lass than 50 parcant. 
^Identified as dlmethyliaopropylnaphthalcna or athylphenoxybanzana. 
3ldentlllad a* raeLhylblphenyl, propenylnapthalana, or methylaneblsbenzana. 

Table 5.1 Concentrations of polycyclic aromatic hydrocarbons, 
Pinal Creek basin, Globe, Arizona, 1989-1990 
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An unknown compound of molecular weight 198 was identified 

as being either dimethylisopropylnaphthalene or 

ethy1phenoxybenzene. Both compounds were identified at 

similar probabilities. The unknown could have a higher 

probability of being either compound at any specific location. 

Another unknown compound of molecular weight 168 and formula 

C|]H)t was identified as either methy1bipheny1, propenyl-

naphthalene, or methy1enebisbenzene. All three compounds were 

identified at similar probabilities. 

Besides napahthalene and acenaphthene, the next most 

commonly detected compounds were methy1naphthalene and 

dimethyInaphthalene. Methy1 naphtha 1ene has eight isomers; of 

these, 1-methyInaphtha1ene and 2-methy1naphthalene were the 

only isomers identified, with 1-methy1 naphthalene being more 

common. Dimethylnaphthalene has 28 isomers; of these, only 

the 1,3-, 1,4-, 1,5-, 1,6-, 1,7-, 1,8-, 2,6-, 2,7-, and 2,8-

isomers were detected at varying probabilities. 

1,4-dimethylnaphthalene was the most commonly identified at 

the highest probability. Dimethy1isopropy1 naphtha 1ene is 

detected the furthest downgradient, at well sites 400 and 500. 

However, it was also detected upgradient in well 101, one of 

the most contaminated wel 1 s . Why dimethy1isopropy1naphthalene 

is the only contaminant detected downgradient is not clear. 

Others may be present, but below detection limits. 

Methy1bipheny1, dibenzofuran, and isobenzofurandione are only 
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detected at well sites 050 and 100 in the most upgradient part 

of the sample area. 

All U.S. Geological Survey well sites were sampled except 

the newest site, 700, which is situated at a downgradient 

location not considered to be contaminated by PAH. At well 

sites 050 and 200, wells 054 and 202 are now dry and were not 

sampled. At well site 100, well 106 was abandoned when the 

casing was crushed during grouting. It was not sampled. Well 

504 is the deepest well in the sample area, and it is situated 

deep in the conglomerate. It is considered to be unconta-

minated and was not sampled. 

The dates when each sample was taken in the field, 

extracted in the laboratory, and analyzed on the GC/MS are 

given in Appendix B. In some cases, holding times exceed 

those recommended by the Environmental Protection Agency. 

Samples collected in the field were stored in a refrigerator 

in the laboratory at 4°C. Positive analysis of samples 

exceeding holding times indicated little or no loss of PAH 

from aqueous solution while stored in sample bottles. PAH 

have very low volatility and, therefore, would be expected to 

remain in solution. Some loss of PAH from the solvent phase 

after extraction was suspected. In some cases, samples were 

recollected and/or re-extracted for analysis on the GC/liS. 

A sample collected 2 years earlier from Webster Lake by 

the U.S. Geological Survey before the lake was drained was 
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also extracted and analyzed. It had been stored for almost 

two years in a plastic bottle; results were negative. Any 

PAH present might have sorbed out of solution onto the plastic 

and may not have been detected. Well 010 was also sampled and 

analyzed. This well is located in Russell Gulch, upstream 

from its intersection with Miami Wash in an area considered to 

be uncontaminated. This well was used to measure background 

levels. No PAH were detected. A sample of road asphalt, from 

a pile in a highway department maintenance yard located near 

well site 050, was stored in distilled water in a sample 

bottle in the lab for a month and analyzed for PAH in order to 

determine if leaching from asphalt piles was a possible source 

of contamination to the aquifer. No PAH were detected. 

5.2 Distribution of PAH 

A cross-section showing the distribution of PAH in the 

aquifer is shown in Figure 5.1. The highest values occur in 

the upper part of the conglomerate upgradient and in the lower 

part of the alluvium downgradient. Data are given for total 

measurable PAH. Appendex C contains concentration data for 

DOC, pH, and total measurable PAH in the Pinal Creek Basin for 

the wells sampled in this study. The outer contour line 

represents the 1imit of al1 PAH detected in the system. The 

detection limit for PAH in this study is considered to be 

< 0.1 ug/1. Upgradient sampling is limited by access and thus 
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Figure 5.1 - Generalized hydrogeologic section showing 
distribution of PAH in the aquifer, Pinal Creek 

basin, Globe, Arizona, 1989-90 
(after Wall in et al., 1991) 
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the upgradient extent of the plume is not known. Wells 

labeled ND were sampled and analyzed but no PAH were detected. 

The trend of PAH in the aquifer is consistent with the 

distribution of DOC as determined by Reese (1989) and the 

distribution of inorganic constituents as determined by 

Eychaner (1988). The coincidence of PAH concentrations with 

those of the DOC and inorganic const itutents suggests the same 

source for all contaminants. 

5.3 Transport Processes 

5.3.1 So 1ub i1i ty 

PAH are neutral substances with no ionizable functional 

groups unless oxidized through biodegradation (see Section 

5.3.3); therefore their solubility is not affected by pH. In 

addition, none of the measurable PAH in the aquifer approach 

their maximum aqueous solubility. 

The fraction of DOC in the aquifer that is hydrophobic 

acids (humic substances) is about 20% (Reese, 1989). Humic 

substances contain ionizable functional groups, particularly 

carboxylic acid groups, which can dissociate and increase 

their solubility. Most carboxylic acid groups have a pKt 

between 3 and 6 (Drever, 1988). As carboxyl groups dissociate 

above pH 3 to 6, humic acids become increasingly negatively 

charged. The fraction of DOC that is hydrophobic neutral in 

character is about 3Q9S (Reese, 1989). The solubility of these 
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compounds is less affected by pH because of the absence of 

significant numbers of dissociated functional groups. The 

fraction of DOC that is hydrophilic in character is almost 

50SS. These substances are very highly soluble in water. Most 

of the DOC in the aquifer is highly soluble, therefore there 

is no evidence that any of these compounds are in any way 

limited by solubility. 

5.3.2 Adsorpt ion 

The fraction by weight of organic carbon in the aquifer 

matrix is extremely low (Reese, 1989). The alluvium is 

primarily sands and gravels with little natural organic 

material; therefore, adsorption by partitioning of PAH onto 

naturally occurring particulate or adsorbed organic material 

is probably not an important process. There is some evidence 

demonstrating that PAH will adsorb onto dissolved humic 

substances. In a study in Norway (Gjessing and Berglind, 

1981), PAH added to natural waters containing humic substances 

were only 46-7695 extractable by XAD-2 ion exchange recovery 

and only 2-1% extractable with cyclohexane. Dissolved organic 

carbon concentrations were from 5 to 14 mg/1. These results 

suggest that the mobility of PAH can be increased by the 

presence of humic substances. (See Section 3.9 for a 

discussion of solubility enhancement of PAH by humic 

substances). 
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Although PAH have in general no ionizable functional 

groups and, therefore, cannot be ionicly or electrostatic1y 

adsorbed onto charged mineral surfaces,' humic substances 

contain many such ionizable groups. Sands and gravels are 

primarily silicate minerals. The isoelectric point for silica 

is pH 2, becoming negatively charged above pH 2 (Thurman, 

1985). Because carboxylic acid groups on humic substances 

have a pK, of 2 to 6 and become negatively charged above pH 2 

to 6, adsorption of humic substances onto silica does not take 

place. Iron and aluminum minerals, however, are also 

important in the aquifer at the Globe site. The isoelectric 

point of aluminum hydroxide is pH 5.0, and the isoelectric 

point of iron hydroxide is pH 7.8. Below these pHs, their 

surfaces are positively charged. In the upgradient portion of 

the aquifer, where the pH is low, iron and aluminum are still 

in solution. As the pH increases above pH 4 aluminum 

hydroxide Al(OH)j and iron hydroxide Fe(0H)3 begin to 

precipitate out of solution. 

Reese (1989) noticed a significant drop in the levels of 

DOC in the aquifer where the pH exceeded 4. This observation 

suggests that the humic substances fraction of DOC may be 

adsorbing out of solution onto aluminum and iron hydroxide 

precipitates. Figure 5.2 shows a plot of total measurable PAH 

versus DOC, demonstrating a strong correlation between total 

PAH and DOC in the aquifer. Results of DOC analysis for well 



7 3  

5-i 

4-

3-

* 

2 -

20 25 30 35 

T o t a l  P A H  C  u g / l  )  

Figure 5.2 - Plot of total measurable PAH versus DOC 
for wells from Pinal Creek basin. Line 

represents best fit to data. 
Correlation coefficient, r = .9808. 
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302 were anomalously low and were not included in the plot. 

Data for the plot appear in Appendix C. The correlation 

coefficient for the best fit linear approximation is .9808. 

No measureable PAH were detected in the aquifer where the pH 

exceeded 4. This drop in the amount of PAH coincides 

precisely with the drop in levels of DOC. An explanation for 

this observation could be that PAH are adsorbing onto humic 

substances in the aquifer and are being transported by them. 

As humic substances are adsorbed out of solution onto aluminum 

and iron hydroxides where the pH rises above 4, PAH are also 

taken out of solution. Thus, concentrations of both DOC and 

PAH are limited by pH; this phenomenon could explain why DOC, 

pH, and PAH concentrations are all moving simultaneously 

through the aquifer. 

5,3.3 Biodegradation 

The primary pathway of biodegradation of PAH is oxidation 

(Neff, 1979). Because microbial oxidation requires dissolved 

oxygen, it will be limited at the very low levels of oxygen 

present in the Globe area aquifer. Biodegradation by 

su1fate-reducing bacteria would produce HtS gas however none 

has been detected. Furthermore, no oxidized PAH as possible 

degradation products were detected. 

Lower weight PAH can be completely metabolized by some 

strains of bacteria; however, in most cases, metabolism 
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requires a cosubstrate (Neff, 1979). The generally low level 

of DOC in the aquifer may mean that the system is limited in 

its ability to provide a cosubstrate. Humic substances are 

highly refractory to biodegradation and would not provide 

necessary nutrients. In addition, low pH is toxic to many 

organisms. Biodegradation of PAH is probably not an important 

process in this system. 

5.3.4 Advection/Dispersion 

In sand and gravel aquifers, the dominant factor in the 

transport of a dissolved contaminant is advection (Mackay et 

al . , 1985), Advection is the process by which solutes are 

transported by the bulk motion of flowing groundwater. The 

hydraulic gradient describes the magnitude of the driving 

force. Eychaner (1988) estimated the hydraulic conductivity 

of the alluvium at 200 m/d and the hydraulic gradient at 

0.008. The specific discharge or Darcy velocity can then be 

estimated at 1.6 m/d or 600 m/yr. Typical velocities in sand 

and gravel aquifers range from 1 to 1,000 m/yr, although, 

under most natural gradient conditions, the range is between 

10 to 100 m/yr (Mackay et al., 1985). Velocities in the 

conglomerate have been estimated to be much lower, only 0.09 

m/yr (Eychaner, 1988). 

Dissolved substances spread as they move with the 

groundwater. This process is called dispersion. Dispersion 
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results in the dilution of solute pulses and the attenuation 

of concentration peaks. Dispersion may result in the arrival 

of detectable solute concentrations at a given location 

significantly before the arrival based solely on advective 

velocities (Mackay et al . , 1985). 

Infiltration along the flow path of the aquifer will 

affect the degree of dilution predicted solely on advection 

and dispersion. Reese (1989) noted that some but not all of 

the fractions of DOC in the aquifer deviated from a dilution 

line based on chloride concentrations, indicating more than 

one possible source of infiltration of water along the flow 

path (Section 2.4). Therefore, advection and dispersion are 

not the only mechanisms effecting dilution in this system. 

However, after accounting for dilution, 28 percent of the DOC 

is still being lost from solution during transport through the 

study area (Reese, 1989). This loss is probably due to 

adsorption of portions of the DOC onto metal hydroxides 

(Section 5.3.2). 
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CHAPTER 6 

CHEMICAL SOURCES OF PAH CONTAMINATION 

6.1 PAH in Coal and Coal Tar 

Coal consists mainly of macromolecular organic matter of 

a complex nature. Coal is known to be predominantly an 

aromatic material, and 70 to 7535 of the carbon in bituminous 

coal is in aromatic form. Six-ring PAH predominate; however, 

five-ring PAH are also present. A large variety of complex 

PAH and heteroaromatic compounds form when coal is pyrolyzed 

(Neff, 1979). 

When coal is heated to 1,000°C in the absence of air, coal 

molecules break down, and a mixture of volatile products, 

called coal tar, distills off. The principle commercial 

products made from coal tar in the United States are 

wood-preserving oils (creosote), road tars, industrial 

pitches, and pitch coke. Wood-preserving oils are distilled 

from the tar, whereas road tar, pitches, and pitch coke are 

residuals from the distillation process. Percentages of 

primary products are road tar (28&), pitch (26Sfe), and creosote 

(22*) (Lowry, 1963). 

On a worldwide basis, the wood-preserving industry uses 

more pesticides than any other industry. The major chemicals 

used are creosote, pentachloropheno1, and CCA (copper, chrome, 

and arsenate). Wood-preserving operations in the United 

States reportedly use 454,000 metric tons of creosote annually 
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(Mattraw and Franks, 1986). Creosote is a complex mixture of 

chemical constitutents, composed of approximately 85& PAH, 10% 

phenolic compounds, and 5% N-, S-, and O- heterocyclics. Of 

the 150 to 200 chemicals in creosote, only a small portion are 

present in amounts of 1% or greater. Table 6.1 lists the 

principle components of coal tar creosote. Creosote-related 

compounds enter the environment at treatment sites from 

leaking tanks, drippings from treated lumber, spills, leachate 

from unlined holding ponds, and improper disposal (Mueller et 

al., 1989). 

Coal tar derivatives from a coal tar distillation and 

wood-treatment plant at St. Louis Park, Minnesota, 

contaminated ground water in the area of the plant down to a 

depth of 900 feet and minimum distance of 4,000 feet to the 

southeast. Coal tar related fluids contaminated the surficial 

glacial drift aquifer upon which the plant site is located. 

A differential attenuation of phenolic compounds seems to be 

due primarily to bacterial degradation of phenols to carbon 

dioxide, methane, and probably volatile fatty acids. The pH 

ranged from 6.9 to 7.5 and dissolved oxygen content was less 

than 0.1 mg/1. Little or no adsorption of contaminants was 

observed (Hult, 1984). Concentrations of PAH in the most 

contaminated well at the St. Louis Park site are listed in 

tab 1e 6.2. 
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Percent at 
Compound Percent Pinal Creek 

Naphthalene 33.4 49.3 

Acenaphthene 4.3 35.6 

Fluorene 4.9 10.1 

Phenanthrene 12.2 2.1 

Acenaphthy1ene 3.1 1.5 

Anthracene 3.4 1.4 

Methylnaphthalene 7.6 X 

Dimethylnaphthalene 3.4 X 

Carbazol and related non-
basic nitrogen - containing 
compounds 7.0 

Phenol 2.1 

Phenol homologs (largely 
cresols and xylenols) 4.6 

Tar bases (mostly pyridine, 
picolines, lutidines, quinolines, 
and aeridine) 7.0 -

1 0 0 . 0  1 0 0 . 0  

X indicates detected but not quantified 
- indicates not detected 

TABLE 6.1 Constituents of Coal-Tar Creosote 
(Source: Lowry, 1963) 
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Concentration Percent at 
Compound mg/kg (00171) % Pinal Creek 

Naphthalene 310 32.0 49.3 

Methy1 naphtha 1ene 88 9. 1 X 

Dimethyl naphthalene 8 0.8 X 

Acenaphthy1ene 72 7.4 1.5 

Dibenzofuran 40 4.1 X 

F1uorene 48 4.9 10. 1 

Anthracene 68 7.0 1.4 

Phenanthrene 156 16. 1 2. 1 

Fluoranthene 84 8.7 -

Pyrene 60 6.2 -

Carbazo1 24 2.5 -

970 100.0 64.4 

X indicates detected but not quantified 
- indicates not detected 

TABLE 6.2 Concentrations of PAH from most 
contaminated well, St. Louis Park, Minn. 

(Source: Ehrlich et al, 1982) 
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Another site contaminated by creosote, and very similar to 

the St. Louis Park site, is located at Pensacola, Florida. 

The former site of a wood treatment plant is contaminated with 

creosote and pentachlorophenol. Sorption did not seem to be 

a major transport mechanism. Phenols seemed to be undergoing 

anaerobic biodegradation as evidenced by high levels of 

methane. The pH in the area ranged between 5.2 and 6.4. 

Disolved oxygen content at both sites was less than 0.1 mg/1 

(Goerlitz et al, 1985). 

Residual coal tar deposits at a former coal gasification 

plant at Wallingford, Connecticut, were found to have 

contaminated ground water in the underlying aquifer. The 

aquifer under the site is a series of silt, sand, and gravel 

layers of glaciofluvial origin. Coal tar constitutents were 

detected in both shallow and deep wells. Ten PAH were 

detected. Phenols were only detected in small quantities 

downgradient, suggesting that the more soluble phenols had 

been leached out. (Quinn et al., 1985). 

There are several similarities between the sites mentioned 

above and the Globe site. The particular suite of PAH found 

at the Globe site is very similar in the specific PAH present 

and the relative concentrations of PAH found at the other 

sites. The absence of phenolic compounds at the Globe site 

may be accounted for by anaerobic biodegradation. Dissolved 

oxygen content is low in the upgradient portion of the sample 
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area and may also be low in the unsampled area below Webster 

Lake. Although the area below Webster Lake may have a low pH, 

it may not be low enough to inhibit anaerobic biological 

activity. Sand and gravel aquifers at all locations provided 

very limited adsorption. Creosote may have been used at the 

mine site for the treatment of mine timbers, railroad ties, 

and telephone and electrical poles. Accidental leaks and 

spills into Webster Lake could have provided a pathway for the 

introduction of PAH from coal-tar creosote into the aquifer. 

Coal tar is also used as a coating for water storage tanks 

and distribution pipes. In one study, water samples were 

exposed to test panel surfaces coated with commercial coal 

tar, and samples of water were also collected from a 

12,000-ga1 Ion storage tank. The study concluded that the 

leachate from tanks and pipes was not a significant source of 

PAH in the environment (Alben, 1980). 

6.2 PAH in Petroleum and Petroleum Products 

Crude petroleum and most refined petroleum products are 

complex mixtures of many organic compounds. Hydrocarbons 

represent about 15% of the weight of oil, with the rest being 

sulfur, oxygen, and nitrogen containing organic compounds 

(Speers and Whitehead, 1969). Gilchrist et al. (1972) 

analyzed 11 different samples of crude oil for PAH content. 

Total PAH varied from 1.9 to 19.535 with an average of 10.79$. 
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Different boiling fractions of petroleum contain different 

percentages of PAH, with the higher boiling fraction 

containing more PAH. The gasoline fraction commonly contains 

no PAH; kerosene may contain up to 3$. Fuel oils can contain 

up to 10SS PAH, and lubrication oils can contain up to 15fc. 

Higher boiling fractions of petroleum, such as bitumen and 

asphalt, contain PAH and other very large organic molecules 

(Speight, 1980). Concentrations of PAH in two crude oils and 

two distillate fuel oils, established by the American 

Petroleum Institute as reference oils, are given in Table 6.3. 

Fuel oils and lubricating oils are used in the mining 

industry for operating power plants and machinery. Fuel oil 

is also used in ore processing as a collector reagent in the 

froth floatation method of ore concentration (see Section 

6.3). PAH from fuel oils and lubricating oils could enter the 

environment in the area of mining operations from leaks and 

spills and from froth floatation residues discharged into 

tailings ponds. Fuel oils are higher in the proportion of the 

alkylhomologs of two-ring, three-ring, and four-ring PAH than 

the parent PAH (Neff, 1979). This trend was not observed in 

the PAH detected at the Qlobe site. 
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Concentration in mg/kg (ppm) 
.South 

Louisiana Kuwait No. 2 Bunker L 
Compound Crude Crude Fuel Oi 1 Residual Oil 

Naphthalene 400 400 4,000 1 ,000 

Methyl naphthalenes 1 ,700 1 ,200 27,100 7 ,500 

Dimethylnaphtha1enes 3 ,600 2 ,000 31,100 12 ,300 

Trimenthylnaphthalenes 2 ,400 1 ,900 18,400 8 ,800 

Fluorene 200 100 3,600 2 ,400 

Phenanthrene 70 26 429 482 

Methy1phenanthrene 255 89 7,850 871 

Fluoranthrene 5 3 37 240 

Pyrene 4 5 41 23 

Benzo(a) anthrancene 2 2 1 90 

Chrysene 18 7 2 196 

Triphenylene 10 3 1 31 

Benzo(a)pyrene 1 3 1 44 

Benzo(c)pyrene 3 1 21 10 

Perylene 35 <1 - 22 

TABLE 6.3 Concentrations of PAH in two crude oils 
and two distillate fuel oils, used as API reference oils 

(Source: Neff, 1979) 
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6.3 PAH in Reagents Used in Copper Mineral Processing 

Most of the organic reagents used in the processing of 

copper ore are those used in the froth floatation method of 

concentration. Collectors and frothers are all organic 

compounds. Two common aromatic frothers are pine oil 

(terpineol) and cresylicacid (xylenol) (Albert, 1984). These 

are monoaromatic compounds and would not account for the 

presence of PAH in the system, although cresylic acid was 

identified as a contaminant at the Globe site (Reese, 1989). 

Fuel oil is used as a collector, particularly for the 

separation of molybdenum from copper sulfides. Fuel oil is 

refined from crude petroleum and can contain up to 10& PAH 

(see Section 6.2). No data were available as to whether fuel 

oil was used as a collector at the mining operations in the 

Globe area. 

6.4 PAH in Runoff and Sewage Effluent 

Domestic and urban wastewaters include raw sewage and 

storm sewer runoff which may contain PAH. PAH in road runoff 

arises from wear and leaching of asphalt road surfaces, wear 

of tires containing carbon black, motor oil spills, and 

condensation from vehicular exhaust (Neff, 1979). Household 

sewage contains PAH from cooking and washing activities and 

from human waste (Andelman and Suess, 1970). 
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Much of the PAH entering the environment from runoff is 

from non-point sources. Extensive asphalt paving is not 

present in the mining area and, therefore, is not a major 

source of PAH. Municipal effluent from Globe is discharged 

into Pinal Creek upstream from its intersection with Miami 

Wash. No PAH were detected at well site 200 and DOC 

measurements at well site 200 were low (see Appendix C). 

These data indicate the sources of PAH and elevated DOC are 

probably not up Pinal Creek from its intersection with Miami 

Wash in the direction of Globe. Effluent from the town of 

Miami is sprayed on tailings piles for evaporation. 

Population in Globe and Miami is low; thus, large amounts of 

contamination from effluent would not be expected (Reese, 

1989). 

Industries which contribute a large amount of PAH to urban 

wastewater and runoff, such as oil refineries, chemical 

plants, plastics and dyestuffs manufacturers, and industries 

using high-temperature electrodes (Neff, 1979) are absent in 

the Globe-Miami area. Septic systems at housing projects and 

trailer parks in the area would probably not contribute 

significant PAH. 
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CHAPTER 7 

CONCLUSIONS 

7.1 Characterization of Contamination 

Results presented in this thesis demonstrate the presence 

of PAH contamination in the Miami Wash-Pinal Creek aquifer. 

The concentrations detected at different well locations 

describe a plume, the axis of which is situated in the upper 

part of the conglomerate in the upgradient portion of the 

study area and in the lower part of the alluvium in the 

downgradient portion of the study area. High levels of PAH 

contamination are associated not only with high levels of 

dissolved organic carbon but with low pH as well. 

Of 25 wells sampled, 14 contained detectable PAH (see 

Table 5.1). Well site 050 was the most contaminated site in 

the most upgradient portion of the study area. Well 051, at 

a depth of 33.5 m, is the most contaminated well. This well 

also contains the highest levels of DOC (Appendix C) and 

inorganic contamination (Eychaner, 1989). Well site 050 is 6 

km downgradient from one probable source of contamination, an 

unlined lake that contained waste process solutions. The lake 

was drained in 1988. A lack of data from the unsampled region 

upgradient of the study area makes a precise determination of 

the upgradient extent of the plume impossible at the present 

time. 
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Total measurable PAH in the most contaminated well, 051, 

is approximately 35 ug/1. This level exceeds the standards 

recommended by the Minnesota Department of Health (1978) by 

three orders of magnitude. Concentrations of PAH upgradient 

of well site 050 may exceed this. 

7.2 Transport and Fate 

The aquifer in the Miami Wash-Pinal Creek basin is 

composed of sands and gravels. Very little vegetation exists 

along the stream channel, and the fraction of organic carbon 

in the aquifer material is negligible, therefore hydrophobic 

partitioning of PAH onto organic carbon material in the 

aquifer is not considered to be taking place. PAH do not 

contain ionizable functional groups; therefore, electrostatic 

adsorption of PAH onto charged inorganic surfaces does not 

appear to be a significant process either. 

PAH are very refractory to biodegradation. When 

biodegradation does occur, oxidation is the primary process. 

Amounts of dissolved oxygen are low in the study area, and 

oxidized degradation products of PAH have not been detected. 

Microorganisms that degrade PAH with four or more rings 

require another source of carbon as a cosubstrate for 

metabolism. Even the higher than background levels of DOC in 

the aquifer represent a carbon-1imited system. Low pH may 

also be a factor limiting biodegradation. Biodegradation is 
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not considered to be an important process for PAH in this 

system. 

Comparisons of the distribution of PAH with the 

distributions of DOC and pH tend to indicate a relationship 

between PAH, DOC, and pH. Research has indicated that PAH may 

be sorbed onto or partitioned into humic substances in 

groundwater systems and transported by them. Humic substances 

do contain ionizable functional groups, (such as carboxyl, 

hydroxyl, and amine groups) which may provide a mechanism for 

sorption onto inorganic material, particularly metal 

hydroxides. A zone of water in which the low pH has been 

neutralized by carbonate sediments extends out in front of the 

zone of inorganic contamination in the aquifer. This zone 

contains iron and aluminum hydroxides that have precipitated 

out of solution. DOC concentrations are dramatically lower in 

this area (Reese, 1989), and the probable cause is absorption 

of DOC molecules onto metal hydroxides. (f significant 

amounts of PAH are sorbed onto DOC molecules, then pH could 

indirectly be a limiting factor in the transport of PAH in 

this system. 

7.3 Possible Sources of Contamination 

Coal and products derived from coal contain a high 

percentage of PAH. Wood-preserving oils distilled from coal 

and coal tar are known as creosote. Creosote represents one 
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of the most widely used insecticides. Creosote is composed of 

approximately 85& PAH, 1035 phenolic compounds, and 5% N-, S-, 

and O- heterocyclic compounds. 

Contamination by creosote has been investigated at two 

former sites of creosote-producing and wood-preservation 

plants by the U.S. Geological Survey. The specific PAH 

present and their relative abundances at these two sites 

closely match the trend of PAH contamination observed at the 

Qlobe site. A large mining operation uses mine timbers, 

railroad ties, and telephone and electrical poles. It is 

possible that these may have been treated at the site, 

although data needed to determine this are not available. 

Other possible sources of creosote or coal tar in the Globe-

Miami area, such as former sites of coal tar distillation 

plants, wood-preserving plants, or coal gasification 

operations, are not known to exist. The absence of phenolic 

compounds in the study area may be explained by possible 

anaerobic biodegradation of phenolic compounds upgradient from 

the study area. 

Crude petroleum contains approximately 1035 PAH. Higher 

boiling fractions of petroleum contain increasingly more PAH. 

Gasoline commonly contains no PAH, kerosene may contain up to 

3&, fuel oils up to 10%, lubricating oils up to 15Ss, and 

asphalt can contain even higher percentages (Speight, 1980). 

Fuel oils and lubricating oils have probably been used all 
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over the Globe-Miami area as well as at mining operations for 

operating power plants and machinery. Fuel oil is also used 

as a collector reagent in the froth floatation process of ore 

concentration. Unused reagents can be discharged into waste 

containment ponds. Petroleum products contain a higher 

proportion of alkyIhomologs of PAH than the parent PAH. This 

trend was not observed in the PAH detected at the Globe site. 

Runoff from road surfaces contains PAH leached from 

asphalt, oil spills, and condensation from vehicular exhaust. 

The amount of paving in the Globe-Miami area is not extensive 

because of the small size of the community. Mining areas are 

generally unpaved. Domestic and urban sewage effluent contain 

PAH (Andelman and Suess,1970), but are not considered to be a 

significant source of contamination in the area. Because no 

PAH were detected at well site 200, the source of 

contamination appears to be coming down Miami Wash. Of all 

the sources of chemical contamination listed above, 

contamination from coal tar and creosote-derived compounds 

best fits the trends observed at the Globe site. 

7.4 Additional Work 

To more fully determine the upgradient extent of the 

contamination plume and its probable physical source, data 

need to be obtained from the region upgradient to the study 

area. The Inspiration Consolidated Copper Company has 
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expressed an interest in this being done, and these data may 

be available in the future. More information is needed on 

mining operations and ore processing in the Globe area in 

order to determine possible chemical sources. This may be 

difficult if formal records do not exist. 

Total PAH in the aquifer only account for a very small 

portion of the total dissolved organic carbon. A complete 

analysis of other organic compounds in the system, 

particularly the lighter weight hydrocarbons, could help more 

closely fingerprint a chemical source for the contamination. 

A further investigation into the possible adsorption of 

PAH onto humic substances in the aquifer could help to confirm 

this mechanism as an important transport process for PAH. A 

further investigation, including physical evidence, of the 

minerals that control the solubility of iron and aluminum at 

the Qlobe site, would help determine adsorption processes 

involving humic substances and inorganic mineral surfaces. 
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APPENDIX A 

PROCEDURE FOR EXTRACTION, ELUTION, AND 

CONCENTRATION OF A SAMPLE 
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APPENDIX A 

PROCEDURE FOR EXTRACTION, ELUTION, AND 

CONCENTRATION OF A SAMPLE 

The following procedure was used in this study for 

extraction, elution, and concentration of a sample: 

(1) Cartridge conditioning: The following solvents were 

passed through the cartridge in order to solvate the 

sorbent. During this procedure, solvents were kept 

in 50-ml glass bottles with Teflon septa in order to 

limit their contact with the air and with each other. 

Aloquots of solvent were introduced into the 

cartridge, before placement of the funnel reservoir, 

by use of graduated glass syringes with metal tips 

and needles. Use of syringes with 2-inch needles 

allowed the solvent to be applied directly onto the 

sorbent with minimum contact with the walls of the 

cartridge. The vacuum pump was used during this step 

of the procedure to draw the solvents through the 

cartridge. All procedures were performed under a 

hood. 

(a) 3 ml benzene 

(b) 4 ml methanol 

(c) 10 ml D.I. water 
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Each additional solvent should immediately follow the 

previous solvent to prevent drying. A total of 42 

extractions were performed in the lab. 

(2) Sample pass: 100 ml of sample was pre-measured into 

a 100-ml volumetric flask. After the cartridge was 

conditioned by the above procedure, the funnel 

reservoir was placed in the cartridge, and the sample 

was introduced immediately after the conditioning 

step so that no room air was drawn through the 

cartridge. After all the sample had been drawn 

through the cartridge, room air was drawn through the 

cartridge for 30 seconds to remove water. Longer 

drying times may cause loss of sorbate due to 

evaporation (Junk and Richard, 1988b). 

(3) Elution: After drying, the vacuum pump was detached 

from the cartridge, and a 0.1-ml microvial was placed 

underneath. Next, 250 ul of benzene was introduced 

into the cartridge using a 100-ul syringe with a 

metal needle. 150 ul of benzene will adsorb onto the 

partially dried 150 mg of sorbent, and 100 ul of 

benzene will then act to desorb the target compounds, 

pass through the column, and collect in the microvial 

(Junk, 1990). Flow through the cartridge was induced 

by forcing air through the top with a 60 ml plastic 

syringe. Despite introducing 250 ul of benzene into 
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the cartridge, 100 ul did not always collect in the 

microvial. An additional 50 to 100 ul was added and 

forced through the cartridge using the 60-ml syringe 

in an effort to collect a minimum of 50 ul of benzene 

in the microvial. Because the cartridges had only 

been partially dried, water was also eluted with the 

benzene, so that two phases were present in the 

microvial. Centrifugation was necessary to create 2 

distinct phases with an interface that was either 

flat or regularly curved. This was necessary to 

measure the amount of benzene phase present in the 

microvial. Because benzene has a very low solubility 

in water, the assumption was made that all of the 

target compounds were dissolved in the benzene phase. 

Later, QC/MS analysis of the water phase from 2 

samples indicated no target compounds present. 



APPENDIX B 

DATES FOR COLLECTION, EXTRACTION, AND 

QC/MS ANALYSIS OF SAMPLES 
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Samp 1e 
location Co 1 lection 

Date 
Extraction 

Date 

QC/MS 
Analysis 
Date 

Positive 
Results 

010 3/9/89 12/6/89 7/5/90 No 

051 5/21/90 9/12/90 9/25/90 Yes 

052 5/21/90 9/12/90 9/25/90 Yes 

053 5/22/89 12/6/89 1/11/90 Yes 

054 Not collected 

101 5/22/90 9/12/90 9/25/90 Yes 

102 5/23/89 12/6/89 1/11/90 Yes 

103 3/7/89 12/7/89 1/11/90 Yes 

'104 6/14/88 12/7/89 1/11/90 Yes 

105 3/7/89 12/7/89 1/11/90 Yes 

201 3/8/89 12/6/89 1/11/90 No 

202 Not collected 

301 5/22/90 9/13/90 9/24/90 Yes 

302 2/14/90 2/15/90 3/29/90 Yes 

<303 6/16/88 12/7/89 1/11/90 No 

304 5/22/90 9/13/90 9/25/90 Yes 

401 5/24/90 9/13/90 9/24/90 No 

402 5/25/89 12/6/89 12/18/89 Yes 

403 5/25/89 12/7/89 5/2/90 No 

404 5/24/90 9/13/90 9/24/90 No 

451 5/24/90 9/13/90 9/25/90 No 

452 5/24/90 9/12/90 9/25/90 No 

APPENDIX B Dates for collection, extraction, and 
QC/MS analysis of samples 
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Sample 
Location 

Col lection 
Date 

Extraction 
Date 

GC/MS 
Analysis 
Date 

Pos i t i ve 
Resu1ts 

501 3/8/89 12/6/89 5/3/90 Yes 

502 5/23/90 9/12/90 9/25/90 No 

503 3/8/89 12/6/89 5/2/90 No 

504 Not coll ected 

505 3/8/89 12/6/89 5/3/90 No 

506 3/8/89 12/6/89 5/3/90 Yes 

Webster 
Lake 2/1/88 12/7/89 1/11/89 No 

1 - Collected by Ron Reese 
1 - Collected by Jim Eychaner 

APPENDIX B (continued) 
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appendix c 

Concentrations of DOC, pH, and total measurable PAH, 

Pinal Creek Basin, Globe, Arizona, 1989-90 
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APPENDIX C.  Concentrat ions of  DOC, pH, and total  measurable 
PAH, Pinal  Creek Basin,  Globe,  Arizona,  1989-90 

tota 1 
measured 

Well locations 'DOC (mg/1) *pH PAH (M9/1) 
8/87-6/88 5/89 

010  
051 
052 
053 
054 
101 
102 
103 
104 
105 
201 
202 
301 
302 
303 
304 
401 
402 
403 
404 
451 
452 
501 
502 
503 
504 
505 
506 

1 . 1 
4.2 
2.3 
3.3 
1.9 
3.3 
2.5 
2 . 2  
1 .4 
1 . 6  
0.7 
0.7 
0.7 
1 . 1 
1 .  3 

0.5 
1 . 8  
1  . 2  
0.3 

1 . 1 
0 .  1  
1 . 1 
0.5 

1 . 8  

6.91 
3.65 
3.82'  
3.64 
3.83 
3.  69 
3.68 
3.  73 
4.01 
6.51 
7.06 

6.  7 l '  
3.  90 l  

4.  19 
4.003  

4.60 
4.07 
4.63 
7.41 
4.26 
5.40 
5.92 
7.34 
5.82 
7.59 
6 .  1 1  
5.96 

< 0 .  1  
35 

2 . 2  
17 

13 
3.0 
.78 

< 0 .  1  
< 0 . 1  
< 0 .  1  

< 0 .  1  
5. 1 
< 0 . 1  
3.2 
< 0 .  1  
<0. 1 
< 0 . 1  
<0.  1 
< 0 . 1  
< 0 .  1  
< 0 .  1  
<0. 1 
<0.  1 

< 0 .  1  
< 0 . 1  

'Data from Reese (1989) 'Brown (1990) 
'Data from Eychaner et  al  (1989) 



102  

LIST OF REFERENCES 

Alben, K. ,  1980,  "Coal tar  coatings of  storage tanks.  A 
source of  contamination of  the potable water supply," Environ
mental  Science and Technology,  Vol .  14,  No. 4 ,  p.468-470.  

Albert ,  J . ,  1984,  "Chemicals used in the mining process - -
their  potential  threat to groundwater,"  Southwest 
Environmental  Service,  Tucson, Arizona,  12 p.  

Andelman, J .B. ,  and M.J.  Suess,  1979,  "Polynuclear aromatic 
hydrocarbons in the water environment," Bul let in of  the World 
Health Organization ,  Vol .  43,  pp.  479-508.  

Andelman, J .B. ,  and J.E.  Snodgrass,  1972,  " Incidence and 
signif icance of polynuclear aromatic hydrocarbons in the water 
environment," CRC Crit ical  Review Environmental  Center,  
4(1):69-83.  

Blumer,  M. ,  1976,  "Polycycl ic aromatic compounds in nature," 
Scienti f ic American, 234(3):34-45.  

Boehm, P.D. ,  and J.G. Quinn, 1973,  "Solubil izat ion of  hydro
carbons by the dissolved organic matter in sea water,"  
Qeochim. Cosmochim. Acta.  37:2459-2477.  

Buff le,  J . ,  1977,  "Les substances humiques et  levers interac
t ions avec les ions mineraux." In:  Conference Proceedings de 
la Commission d' i tydrologie Appliquee de l 'A.G.H.T.M. 
L'Universite d'Orsay,  pp.3-10.  

Carlberg,  G.E.  and Kari  Mart insen, 1982,  "Adsorption/complexa-
t ion of organic micropol lutants to aquatic humus, "The Science 
of  the Total  Environment,  25,  p.245-254.  

Carpenter,  A. ,  1990,  Oral  communicatins with Analyt ichem 
International ,  Inc. ,  Harbor City,  Cal i fornia.  

Central  Arizona Associat ion of  Governments (CAAG),  Florence,  
Arizona,  1983,  "Past and current major mining operations in 
the Globe-Miami area," Report  METF-2,  106 p.  

Chiou, C.T. ,  R.L.  Malcolm, T. I .  Brinton,  and D.E.  Ki le,  1986 
"Water solubi l i ty enhancement of  some organic pol lutants and 
pesticides by dissolved humic and fulvic acids,  "Environmental  
Science and Technology,  20,  p.502-508.  



103 

Chiou, C.T.  ,  D.E.  Ki le,  T. I .  Brinton,  R.L.  Malcolm, and 
J.A.  Leenheer,  1987 "A comparison of  water solubi l i ty 
enhancements of  organic solutes by aquatic humic materials and 
commercial  humic acids," Environmental  Science and Technology,  
21,  p.1231-1234.  

Davies,  J.  I  .  ,  and W.C. Evans, 1964,  "Oxidative metabolism of 
phenanthrene and anthracene by soi l  pseudomonads," 
Biochemistry Journal ,  95,  p.819-831.  

Drever,  J . I . ,  1988,  The Geochemistry of  Natural  Waters (2'4  

Edit ion),  Prentice-Hall ,  Inc. ,  Englewood Cl i f fs,  New Jersey,  
437 p.  

Eganhouse, R.P. ,  and J.A.  Calder,  1976,  "The solubi l i ty of  
medium molecular weight aromatic hydrocarbons and the effects 
o f  hydrocarbon  co -so lu tes  and  sa l in i ty , "  Qeoch im.  Cosmoch im.  
Acta.  40:555-561 .  

Ehr1ich,  Q.G.,  D.F.  Goer 1 i tz ,  E.M. Godsy, and M.F,  Hult ,  1982,  
"Degradation of  phenolic contaminants in ground water by 
anaerobic bacteria,  St .  Louis Park,  Minnesota," Ground Water,  
Vol .  20,  No. 6,  pp.  703-710.  

Envirologic Systems, Inc. ,  1983,  "Mining act ivi t ies and water-
qual i ty report ,"  Central  Arizona Associat ion of  Governments 
(CAAQ),  Florence,  Arizona,  Report  METF-7.  

Evans, W.C.,  A.N.  Fernley,  and E.  Grif f i ths,  1965,  "Oxidative 
metabolism of phenanthrene and anthracene by soi l  
pseudomonads," Biocham Journal ,  95:819-831.  

Eychaner,  J .H. ,  1988,  "Evolution of  acidic ground-water 
contamination in a copper mining area in Arizona," In:  Ouazar,  
D.  ,  C.A. Brebbia,  and G.E.  Stout (Editors) ,  Water Quali ty 
Planning and Management.  Vol .  6 ,  Springer-Verlag,  New York,  
pp.  291-302.  

Eychaner,  J .H. ,  1989,  "Movement of  inorganic contaminants in 
acidic water near Globe,  Arizona," In:  G.E.  Mallard and S.E.  
Ragone (Editors) ,  U.S.  Geological  Survey Toxic Substances 
Hydrology Program, Proceedings of  the Technical  Meeting,  
Phoenix,  Arizona,  September 26-30,  1988,  Water-Resources 
Investigations Report  88-4220,  pp.  567-575.  

Eychaner,  J .H. ,  M.R. Rehmann, and J.G. Brown, 1989,  "Chemical ,  
geological ,  and hydrologic data from the study of  acidic 
contamination in the Miami Wash-Pinal  Creek area,  Arizona,  
water years 1984-87," U.S.  Geological  Survey Open Fi le Report  
89-410,  105p. 



104  

Eychaner,  J .H. ,  and K.Q. Stol lenwerk,  1985,  "Neutral izat ion of 
acidic groundwater near Globe,  Arizona," In:  K.D. Schmidt 
(Editor) ,  Groundwater Contamination and Reclamation,  Symposium 
Proceedings,  Tucson, Arizona,  American Water Resources 
Associat ion,  pp.  141-148.  

Eychaner,  J .H. ,  and K.G. Stol lenwerk,  1987,  "Acidic ground
water contamination from copper mining near Globe,  Arizona,  
part  I—Overview and part  I I—neutral izat ion capacity of  
al luvium," U.S.  Geological  Survey Program on Toxic Waste--
Ground-water Contamination: Proceedings of  the Third Technical  
Meeting,  Pensacola,  Florida,  March 23-27,  1987,  Open-Fi le 
Report  87-109,  pp.  D-13-D24.  

Gauthier,  T.D. ,  W.R. Seitz,  and C.L.  Grant,  1987,  "Effects of  
structural  and composit ional  variat ions of dissolved humic 
materials on pyrene Koc values," Environmental  Science and 
Technology,  21,  p.  243-248.  

Gibson, O.T. ,  1977,  "Biodegradation of  aromatic petroleum 
hydrocarbons," in:  D.A. Wolfe (Editor) ,  Fate and Effects of  
Petroleum Hydrocarbons in Marine Ecosystems and Organisms. 
Pergamon Press,  New York,  pp.  36-46.  

Gibson, D.T. ,  1978,  "Microbial  transformations of  aromatic 
pol lutants," in;  Hutzinger,  O. ,  van Lelyveld,  I .H. ,  and 
Zoetman, B.C.J. ,  eds. .  Aquatic pol lutants— transormation and 
biological  effects:  Oxford,  England, Pergamon Press,  p.187-
204.  

Gi lchrist ,  C.A. ,  A.  Lynes,  G.  Steel ,  and B.T.  Whitman, 1972,  
"The determination of  polycycl ic aromatic hydrocarbons in 
mineral  oi ls by thin- layer chromatography and mass 
spectrometry," Analyst ,  Vol .  97,  pp.  880-888.  

Gjessing,  E.T. ,  and L.  Bergl ind,  1981,  "Adsorption of  PAH to 
aquatic humus," Archiv for Hydrobiologie (Oslo),  Vol .  92,  No. 
1,  pp.  24-30.  

Goerl i tz ,  D.F. ,  D.E.  Troutman, E.M. Godsy, and B.J.  Franks,  
1985,  "Migrat ion of  wood-preserving chemicals in contaminated 
groundwater  in  a  sand  aqu i fe r  a t  Pensaco la ,  F lo r ida , "  Env i ron
mental  Science and Technology,  Vol.  19,  No. 10,  pp.  955-961.  

Hiskey,  J.B.  and W.J.  Schl i t t ,  1982,  " Interfacing technologies 
in solution mining -  proceedings of  the second SWE-SPE 
International  Solution Mining Symposium, Denver,  Colorado, Nov 
18-20,  1981," American Insti tute of Mining,  Metal lurgical ,  
and Petroleum Engineers,  New York,  p55-74.  



105  

Hult ,  M.F. ,  1984,  "Assessment of  ground-water contamination by 
coal-tar derivatives,  St .  Louis Park Area,  Minnesota," U.S.  
Geological  Survey Open Fi le Report  84-867,  U.S.  Government 
Print ing Off ice,  Washington, D.C. ,  57p.  

Junk, G.A.,  1990,  Oral  communications with Ames Laboratory 
(U.S.  DOE),  Iowa State University,  Ames, Iowa. 

Junk, G.A.,  and J.J.  Richard,  1988a,  "Solid-phase extraction 
on  a  smal l  sca le , "  Journa l  o f  Research  o f  the  Nat iona l  Bureau  
of  Standards ,  Vol .  93,  No. 6,  pp.  274-276.  

Junk, G.A.,  and J.J.  Richard,  1988b, "Organics in water:  
sol id-phase extraction on a small  scale," Analyt ical  
Chemistry,  60,  pp.  451-454.  

Junk, G.A.,  M.J.  Avery,  and J.J.  Richard,  1988,  " Interferences 
in sol id-phase extraction using C-18 bonded porous si l ica 
cartr idges," Analyt ical  Chemistry,  Vol.  60,  pp.  1347-1350.  

Landrum, P.F. ,  S.R.  Nihart ,  B.J.  Eadle,  and W.S. Gardner,  
1984,  "Reverse-phase separation method for determining 
pol lutant binding to Aldrich Humic acid and dissolved organic 
carbon of  natural  waters," Environmental  Science and 
Technology,  18,  p.187-192.  

Lee,  R.F. ,  and C.  Ryan, 1976,  "Biodegradation of  petroleum 
hydrocarbons by marine microbes," In:  Proceedings of  the Third 
International  Conference on Biodegradation,  Applied Science 
Publishers,  London, England. 

Lee,  R.F. ,  1975,  "Fate of  petroleum in marine zoop1ankton," 
Conference on Prevention and Control  of  Oi l  Pol lut ion,  
American Petroleum Insti tute,  Washington, D.C. ,  pp.  549-553.  

Leenher,  J .A. ,  1981,  "Comprehensive approach to preparative 
isolat ion and fractionation of dissolved organic carbon from 
natural  waters and waste waters," Environment Science and 
Technology,  15,  p.578-587.  

Lohrbacher,  H. ,  H.D. Paels,  and H.W. Schlipkoeter,  1971,  
"Storage and metabolism of benzo[a]pyrene in microorganisms," 
Zentralkb.  Bakterial .  Parasitenk.  Infektionsk.  Hyg. ,  Abt.  1:  
Orig. ,  Reihe B,  155(2):  168-174.  

Lowry,  H.H.  (Editor) ,  1963,  Chemistry of  Coal Ut i l izat ion.  
Supplementary Volume, John Wiley and Sons, New York,  1868 p.  



106  

Mackay, D.M.,  P.V.  Roberts,  and J.A.  Cherry,  1985,  "Transport  
o f  o rgan ic  contaminants  in  groundwater , "  Env i ronments?  Science  
and Technology,  Vol.  19,  No. 5 ,  pp.  384-392.  
Mattraw, H.C. ,  Jr . ,  and B.J.  Franks,  1986,  "Movement and fate 
of  creosote waste in groundwater,  Pensacola,  Florida," U.S.  
Geological  Survey Toxic Waste/Groundwater Contamination 
Program, U.S.  Geological  Survey Water-Supply Paper 2285,  U.S.  
Government Print ing Off ice,  Washington, D.C.  ,  63 p.  

Minnesota Dept.  of  Health,  1978,  "Health implicat ions of 
polynuclear aromatic hydrocarbons in St.  Louis Park drinking 
water,"  Minneapolis,  Minnesota,  
26 p.  

Mueller,  J.G.,  P.J.  Chapman, and P.H.  Pri tchard,  1989,  
"Creosote  contamina ted  s i tes , "  Env i ronmenta l  Sc ience  and  
Technology,  Vol.  23,  No. 10,  pp.  1197-1201.  

Neff ,  J.M.,  1979,  Polvaromatic Hydrocarbons in the Aquatic 
Environment.  Applied Science Publishers,  Ltd. ,  London, 
England, 262 p.  

Nordstrom, D.K. ,  and J.L.  Munoz,  1986,  Qeochemical  Thermody
namics ;  Blackwell  Scienti f ic Publicat ions,  Palo Alto,  Cal i for
nia,  477p. 

Novak,  J .T. ,  1990,  Virgina Polytechnic Insti tute and State 
University,  writ ten communication.  

Perry,  R. ,  and R.  Harrison, 1977,  "A fundamental  study of  
polynuclear aromatic hydrocarbons from water during chlorina-
t ion," Progress in Water Technology,  9:103-112.  

Peterson, N.P. ,  1962,  "Geology 
Miami distr ict ,  Arizona," U.S.  
Paper 342.  

and ore deposits of  the Globe-
Geological  Survey Professional  

Quinn, E.J. ,  T.N.  Wasielewski,  and H.L.  Conway, 1985,  "Assess
ment of  coal-tar consti tuents migration: impacts on soi ls,  
ground water,  and surface water,"  Proceedings of  the NWWA/API 
Conference on Petroleum Hydrocarbons and Organic Chemicals in 
Groundwater—Prevention,  Detection,  and Restorat ion,  Houston, 
Texas,  November 13-15,  pp.  111-127.  

Radding, S.B. ,  T.  Mi l l ,  C.W. Gould,  D.H.  Liu,  H.L.  Johnson, 
D.C.  Bomberger,  and C.V.  Fojo,  1976,  "The environmental  fate 
of  selected polynuclear aromatic hydrocarbons," U.S.  Environ
mental  Protection Agency, EPA 560/5-75-009,  Washington, D.C. ,  
122 p.  



107  

Reese, R.S. ,  1989,  "Characterizat ion of  organic contamination 
of  ground water in a mining area,  Globe,  Arizona," M.S.  
Thesis,  Dept.  of  Hydrology and Water Resources,  The University 
of  Arizona,  Tucson, 138 p.  

Reese,  R.S. ,  and R.L.  Bassett ,  1990,  "Characterizat ion of  
organic contamination of  ground water in a mining area,  Qlobe,  
Arizona," In:  NWWA/AQWSE Qround-Water Geochemistry Conference: 
Proceedings,  Kansas City,  Missouri ,  February 20-22.  

Sawyer,  C.N. ,  and P.L.  McCarty,  1978,  Chemistry for Environ
mental  Engineering (3p 4  Edit ion),  McGraw-Hil l  Publishing,  Inc. ,  
New York,  432 p.  

Smith,  J.H. ,  W.R. Mabey, N.  Bohonos, B.R.  Holt ,  S.S.  Lee,  
T.W. Chou, D.C.  Bomberger,  and T.  Mi l l ,  1978,  "Environmental  
pathways of  selected chemicals in freshwater systems, 2:  
laboratory studies," U.S.  Environmental  Protection Agency, 
Athens, Georgia,  EPA-600/7-78-074,  432 p.  

Snoeyink,  V.L. ,  and D.  Jenkins,  1980,  Water Chemistry.  John 
Wiley and Sons, New York,  463 p.  

Southworth,  G.R.,  1977,  "Transport  and transformation of  
anthracene in natural  waters:  process rate studies," U.S.  
Dept.  of  Energy,  Oak Ridge National  Laboratory,  Oak Ridge,  
Tennessee,  26 p.  3:31867 (CONF-7710120-1)  

Southworth,  Q.R.,  1979,  "The 
removing polycycl ic aromatic 
environments," Bullet in of  
Toxicology,  21: pp.  507-514.  

role of volat i l izat ion in 
hydrocarbons from aquatic 
EnvironmentaI  Contaminant 

Speers,  G.C.,  andE.V.  Whitehead, 1969,  "Crude Petroleum," In:  
Q. Egl inton,  and M.R.J.  Murphy (Editors) ,  Organic 
Geochemistry:  Methods and Results.  Springer-Verlag,  Berl in,  
pp.  638-675.  

Speight,  J.G.,  1980,  The Chemistry and Technology of  
Petroleum. Marcel  1 Dekker,  fnc. ,  New York,  498 p.  

Stevens, B. ,  and B.E.  Algan, 1968,  "Photoperoxidation of  
unsatura ted  organ ic  molecu les , "  Journa l  o f  Phys ica l  Chemis t ry ,  
72(10):  pp.  3468-3474.  

Stevenson, F.J. ,  1982,  Humus Chemistry:  Genesis.  Composit ion.  
Reactions.  Wiley-Interscience,  New York,  443p. 



108  

Stol lenwerk,  K.G. and J.H.  Eychaner,  1989,  "Solubil i ty of  
aluminum and iron in ground water near Globe,  Arizona," in 
G.E.  Wei land, and S.E.  Ragone, eds. ,  U.S.  Geological  Survey 
Toxic Substances Hydrology Program - -  Proceedings of  the 
technical  meeting,  Phoenix,  Arizona,  September 26-30,  1988: 
U.S.  Geological  Survey Water Resources Investigations Report  
88-4220,p.581-591 .  

Thurman, E.M.,  1985,  "Organic geochemistry of  natural  waters," 
Developments in Biogeochemistrv.  M. Ni jhoff /Dr.  W. Junk 
Publishers,  Dordrecht,  497 p.  

Tipping,  E. ,  1990," Interactions of  organic acids with 
inorganic and organic surfaces," i_n: Perdue, E.M. and 
Gjessing,  E.T.  (eds.) ,  Organic Acids in Aquatic Ecosystems, 
Report  of  the Dehlem Workshop, Berl in May 7-12,  1989,  Wiley-
Interscience,  New York,  p209-221.  

U.S.  Environmental  Protection Agency (EPA),  1976,  Qua 1i  tv 
Criteria for Water.  EPA Off ice of  Water Planning and Stan
dards,  Washington, D.C. ,  July.  

U.S.  Environmental  Protection Agency (EPA),  1979,  Water-
Related Environmental  Fate of  129 Priori ty Pollutants.  EPA-
440/4-79-029,  December,  EPA Off ice of Water Planning and 
Standards,  Washington, D.C.  

U.S.  Environmental  Protection Agency (EPA),  1982,  Aquatic Fate 
Process Data for Organic Priori ty Pollutants.  EPA -  440/4-91-
014,  December,  EPA Off ice of Water Regulat ions and Standards,  
Washington, D.C.  

Van Home, K.C. (Editor) ,  1985,  Sorbent extraction technology.  
Analyt ichem International ,  Inc. ,  124.  p.  

Vennberg,  F.J. ,  1977,  Physiological  Response of  Marine Biota 
to Pollutants.  Academic Press,  New York,  pp.  323-340.  

W a l l  i n ,  R . W . ,  R . L .  B a s s e t t ,  a n d  J . H .  E y c h a n e r ,  1 9 9 1 ,  " G r o u n d 
water transport  of  polycycl ic aromatic hydrocarbons in 
associat ion with lumic substances in the Pinal  Creek Basin,  
Globe,  Arizona," In:  Mallard,  G.E.  ed. ,  U.S.  Geological  Survey 
Toxic Substances Hydrology Program—Proceedings of  the 
T e c h n i c a l  M e e t i n g ,  M o n t e r e y ,  C a l i f o r n i a ,  M a r c h  1 1 - 1 5 ,  1 9 9 1 ;  
U.S.  Geological  Survey Water Resources-Resources Investiga
t ions Report  91-  ,  p.  


