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ABSTRACT 

Various empirical equations have been offered to facilitate the prediction of 

the concentration of pollutants in different phases in the environment.  Using 

one such equation, Brown and Flagg (1981), the predicted separation between 

the saturated soil and the groundwater of benzene, toluene, ethylbenzene and 

xylenes were compared to the actual laboratory samples from 18 petroleum 

contaminated sites across Florida.  In this study, 50 underground soil and 

groundwater samples were used to see if the actual soil data could reliably 

predict the associated groundwater concentration; if the equation is appropriate 

to use to predict the groundwater concentration of the sum of the four volatile 

organic aromatics (benzene, toluene, ethylbenzene and xylenes or BTEX); 

how five variable involved in the sample collection affected the results:  

sample type; lithology; horizontal distance between the soil and groundwater 

sample; vertical distance between the soil and groundwater sample; and 

magnitude of the soil concentration; and how the calculated foc compared to 

the default foc used in the development of FDEP’s CTLs. 

The soil concentration had a positive correlation with the groundwater 

concentration and a positive correlation with the Equation.  While at first it 

appeared that the samples collected via direct push technology had a better 

correlation than those collected via monitoring wells, after further analysis, the 

groundwater samples collected via monitoring wells and with a vertical 

distance between the soil sample and the top of the water table of between 1-2 

feet, had the best overall correlation.   

The poorly graded sands, with little to no fines, (SP) had good correlations for 

ethyl benzene and xylenes concentrations, but not for benzene and toluene 

concentrations.  Meanwhile, the silty sands (SM) and the clayey sand/sandy 
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clays (SC) were the reverse with good correlations with benzene and toluene, 

but not for the ethyl benzene and xylenes concentrations.   

As could be reasonably expected, the horizontal distance of less than or equal 

to five feet between the soil and groundwater sample had a good correlation 

(with the same location being the best), and greater than 5 feet away was a 

poor correlation.  The vertical distance of one to two feet had the best 

correlation with the same location not as good, and greater than two feet 

worse.   

The soil concentration magnitude range results were not great for any 

individual constituents but the correlation for BTEX was pretty good from 0.1 

to 100 mg/kg.  What was interesting was how the individual constituent’s 

concentrations varied over the soil concentration magnitude ranges.  Of the 50 

data points, the majority of the benzene and toluene concentrations were in the 

lower ranges (<0.1, 01.-1.0 and 1.1- 10 mg/kg) while the majority of the ethyl 

benzene and xylenes concentrations were in the higher ranges (1.1-10, 10-100, 

and 100-1000+ mg/kg).  This appears to concur with Morrison’s (2000) 

assertion that ethyl benzene and xylenes are more resistant to weathering, and 

that toluene, ethyl benzene, and xylenes are preferentially retained by soil 

relative to benzene. 

The average fractional organic carbon, foc, as calculated from the soil and 

groundwater concentrations, was the highest in the clayey sands/sandy clays, 

then silty sands, and finally poorly graded sands.  More than 80% of the soil 

samples had a calculated average foc of greater than 0.006 (0.002 and 0.006 

are the default foc used to develop FDEP’s Cleanup Target Levels).  For soils 

other than poorly graded sands, the fractional organic carbon should be 
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measured during the site assessments to calculate site-specific CTLs to reduce 

unnecessary remedial efforts. 

Trying to use the Brown and Flagg (1981) empirical equation to predict the 

groundwater concentration from the soil concentration at petroleum 

contaminated sites in Florida, may lead to erroneous data without analyzing 

the soil for fractional organic carbon.  Better data correlation may be obtained 

if the corresponding organic content of the soil is analyzed along with the soil 

contaminant concentration. 

Further research into this subject could be refined by the following methods:  

1) ensure the soil and groundwater data are collected from the same location 

but at various depths (within 0 to 3 ft); 2) analyze the soil for carbon content 

instead of assuming a carbon content; 3) obtain a better distribution of 

lithological and soil concentration magnitude samples; 4) collect groundwater 

samples at the same location via dpt and MWs; and 5) test aging, lithology and 

surface covering through a controlled field experiment with multiple cells. 
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CHAPTER 1:  INTRODUCTION 

Section 1.1  Background 

The highly productive Floridan aquifer system underlies all of Florida and also 

extends over a large part of the coastal plain of Georgia and smaller areas of 

coastal Alabama and South Carolina.  Many cities in Florida, including 

Jacksonville, Gainesville, Tallahassee, Orlando, Clearwater, Tampa and St. 

Petersburg, depend on the Floridan for drinking water supplies.  The Floridan 

ranges from less than 200 feet thick in places along the Alabama/Florida 

border to more than 3,400 feet thick locally in central and southern peninsula.  

The top of the Floridan varies from land surface in the Suwannee County area 

to over several hundred feet deep locally in the central and panhandle region.  

Therefore, the drinking water of many Floridians is vulnerable to 

contamination from surface and subsurface petroleum spills.     

 

In 1986, the Florida Legislature created the Inland Protection Trust Fund 

(IPTF) (Chapter 376, Florida Statutes), as a dedicated trust fund for the 

cleanup of petroleum contamination in order to protect the drinking water of 

Florida, the Floridan aquifer.  The money for the IPTF is from a tax on every 

barrel of fuel that is imported into the State of Florida and it is to be used to 

remediate petroleum contaminated sites such as retail gasoline stations and 

bulk facilities.  The Florida Department of Environmental Protection (FDEP) 

is charged with administrating the cleanup of the sites and regulates via 

Chapter 62-770, Florida Administrative Code (FAC).  Chapter 62-770, F.A.C., 

contains the rules and regulations that detail how assessments and remediation 

should be completed, what is allowed, and includes deadlines and Cleanup 

Target Levels (CTLs) for both groundwater and soil. 
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Currently, there are over 10,000 petroleum contaminated sites (former gas 

stations and bulk facilities) that have been identified in the State of Florida.  

Many of these sites are eligible for funding from the IPTF from eligibility 

programs such as Early Detection Incentive and Abandoned Tank Restoration 

Program, etcetera.  The funding is dispensed by the FDEP Bureau of 

Petroleum Storage Systems (BPSS) via the Preapproval Program through a 

priority scoring system.  The sites are scored according to the potential for 

human contact and health concerns and the higher scored sites are given higher 

priority to access the funds.  The priority score funding level can vary 

depending on the annual budget and how many sites are being funded.  Since 

the funding is limited, the quickest and most cost effective cleanup of the sites 

will result in more savings, more clean sites, and less risk to the Floridan 

aquifer.        

 

Section 1.2  Statement of Problem 

Normally at a petroleum contaminated site, the soil plume emanates from the 

source area and is usually in a limited area whereas the groundwater plume 

emanates from the soil plume and is easily the more dispersed of the two 

plumes.  Because of these characteristics, the assessment investigation begins 

at the known source areas (USTs, dispensers, etc) and steps out in increasing 

distance until the edges of the plume are delineated.   

 

During the soil assessment, it is common practice to use a Flame Ionization 

Detector (FID) (or more rarely a Photoionization Detector) to screen soils in 

the field while advancing soil borings or installing monitoring wells.  Soils are 

collected and put into a jar with foil wrap on top and after a given amount of 

time, the FID is pushed through the foil and the resultant headspace is 

measured.  The FID uses a flame to measure the intensity of the organic 
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vapors that emanate from the soil sample and gives a corresponding organic 

vapor analysis (OVA) measurement in parts per million.  This OVA is used as 

a inexpensive screening tool in the field.  When elevated OVA measurements 

are recorded, soil samples are collected for laboratory analysis to determine 

the contaminant and concentration levels.  While gasoline contains many 

different hydrocarbons and additives, many of the assessments use the 

aromatic hydrocarbons benzene, toluene, ethylbenzene and xylenes as the 

markers for determining the extent of contamination.  These chemicals are 

used because they are prevalent in gasoline and they can be relatively easily 

and inexpensively quantified via gas chromatographs and mass spectrometers.     

 

Once the soil plume is delineated, monitoring wells are installed in the source 

area, upgradient and downgradient of the soil plume to delineate the 

groundwater plume.  The installation of the monitoring well phase is usually a 

trial and error phase where multiple wells are installed and samples are 

collected and sent to the laboratory for analysis.  After receipt and review of 

the lab data,  subsequent step-out wells are installed to determine the gradation 

of the contaminated groundwater concentrations and delineate the edges of the 

plume.  The groundwater investigation phase can be played out over multiple 

site visits and months of time depending on the length of time since the 

petroleum release and the site specific hydrological features.  A general 

groundwater assessment usually consists of two to four field events where 

consecutive wells are stepped out horizontally and vertically until the 

laboratory data confirms the limits of contamination have been reached.  

Additional mobilizations can add money and time to the completion of the 

assessment.  Also, by extending the length of the assessment and due to 

groundwater flow, the orientation of the plume may need to be verified several 

times adding yet more analytical costs to the assessment.   
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There are definite cost savings to be reaped by using the soil samples to 

properly place the monitoring wells.  Currently, the cost to send a soil sample 

to the laboratory and have it analyzed for BTEX is approximately $70 (a 

groundwater sample is approximately $60) in the Preapproval Program.  The 

cost to install one monitoring well with split-spoons to 12 feet below land 

surface (which is the nominal, shortest-depth monitoring well for a surficial 

aquifer well) is approximately $1300.  Therefore, if approximately 19 soil 

samples were sent to the laboratory and analyzed for BTEX and the results 

saved the installation of one monitoring well, the money was well spent.  Also, 

there are additional costs involved with a monitoring well, namely:  the labor 

to collect groundwater samples; laboratory analytical fees; and ultimately, the 

proper abandonment of each monitoring well; so $1300 is just the up-front 

money.  Therefore, if saturated soil samples could be used to accurately 

predict groundwater concentrations and monitoring wells were located 

accordingly, avoiding the installation of non-essential monitoring wells, some 

of various step-out phases and extra monitoring wells could be eliminated, 

thereby saving time and resources and hastening the cleanup of the sites. 

 

Section 1.3  Purpose and Objectives of Research 

The purpose of this study is to determine how well the soil laboratory data, as 

collected in the field, can be relied on to estimate the associated groundwater 

concentration.  Additionally, to determine if using the Total BTEX 

concentration, rather than the individual constituent’s concentrations, yields a 

better estimate of the resultant groundwater concentration.  Also, to see how 

the variables involved in the data set (lithology, sample collection technique, 

distance between the location of the soil and groundwater samples) affect the 

reliability of the using the equation to predict the resultant concentrations.  
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Finally, to determine if the foc of 0.002 and 0.006 are representative of sites in 

Florida. 

 

The research objectives are to compare the soil and groundwater 

concentrations from actual field data to determine if the soil concentration can 

be used to reasonably estimate the associated groundwater concentration.  

Additionally, due to the variations in the chemical parameters of the four 

chemicals, compare the Total BTEX concentration results to see if the sum 

produces a more reliable estimate than the individual constituents, to 

investigate how the variables involved in the field data collection affect the 

results, and to compare the calculated foc for the soils to the default foc used to 

develop FDEP’s CTLs.    

 

Section 1.4  Description of Terms 

• BPSS – Bureau of Petroleum Storage Systems 

• FDEP – Florida Department of Environmental Protection 

• GCTLs – Groundwater Cleanup Target Levels 

• NAPL – Non-aqueous phase liquid 

• OVA – Organic Vapor Analyzer which measure the organic vapors 

emanating in the headspace of contaminated soils (usually expressed in 

ppm) 

• PCS6 – Petroleum Cleanup Section Six 

• Partition coefficients – the ratio of the concentration of a chemical in 

two different phases (such as water and air), under equilibrium 

conditions , where: 

C = groundwater concentration (mg/ml) 

X = soil concentration sorbed to organic carbon (mg/g) 
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Koc = organic carbon/water partition coefficient = (X)/(C) 

Kd = normalized soil/groundwater partition coefficient = (Foc)*(Koc) 

Foc = fraction of organic carbon  

Kow

• Saturated soil – those soils located within the water bearing zones and 

in contact with the groundwater 

 = octanol/water partition coefficient 

• SCTLS – Soil Cleanup Target Levels 

• UST – Underground Storage Tank 

• Vadose Soil -  those soils located above the water bearing zones and 

not in contact with the groundwater 
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CHAPTER 2: PARTITION OF CHEMICALS 

When a volatile chemical is introduced to the subsurface, there are three 

phases into which it can partition:  air, groundwater, and sorbed to soil.  The 

specific characteristics of the chemical will determine the amount in each 

phase at equilibrium.  Of course, depending on the conditions, some, or all, of 

the chemical might remain as free-phase product.   

 

Generally, a partition coefficient is the ratio of the concentrations of a 

chemical in two different phases under equilibrium conditions.  The three-

phase partitioning is dependent on several interacting characteristics including:  

solubility, Henry’ Law Constant, and soil-water partitioning coefficient.  Each 

of these characteristics is discussed in the following sections. 

 

Section 2.1  Solubility 

The solubility of a chemical is the measurement of the maximum 

concentration that will dissolve in pure water at a specific temperature.  The 

more soluble a chemical, the more of it will dissolve in water.  Benzene has a 

higher solubility than toluene, ethylbenzene or xylenes; however, they are all  

readily dissolved in groundwater.     

 

Solubility of a chemical is a fundamental, chemical-specific property.  While it 

is temperature dependent, it does not vary greatly for a given chemical over 

the typical range of temperatures found in the subsurface.  In general, 

solubility is an ability of a substance to dissolve.  Some substances, like water 

and alcohol, can be mixed together and create a homogonous phase of any 

proportion.  A solubility measure could not be applied to such two substances, 

which would be called miscible.  If, on the other hand, two substances cannot 
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be mixed together (like water and oil), they are described as immiscible.  The 

petroleum hydrocarbons are immiscible.   They do dissolve somewhat into 

water; however, given enough of a spill, free product will remain.  The 

solubilities of the BTEX constituents are as follows: 

 
 

Table 2.1:  BTEX Solubilities 

Constituent Solubility (mg/L) 

Benzene 1780 

Toluene 515 

Ethyl Benzene 152 

Xylenes 198 

From Potter and Simmons (1998) 
 

 
Benzene, with the highest solubility of the four constituents, will have the 

highest concentration in groundwater given the same amount of product.    

 

Section 2.2  Vapor Pressure 

Vapor pressure is another chemical-specific property.  Vapor pressure is the 

pressure of a vapor in equilibrium with its’ non-vapor phases (i.e. free phase, 

dissolved and sorbed).  All liquids have a tendency to evaporate to a gaseous 

form, and all gases have a tendency to condense back into their original form.  

The vapor pressure of most chemicals is quite dependent on temperature.   

 

Benzene has the highest vapor pressure of the constituents and therefore will 

vaporize the most of the four constituents.  Table 2.2 summarizes the BTEX 

vapor pressures.   
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Table 2.2:  BTEX Vapor Pressures 

Constituent Vapor Pressure (atm) 

Benzene 1.25E-01 

Toluene 3.75E-02 

Ethyl Benzene 1.25E-02 

m-Xylene 1.09E-02 

p-Xylene 1.15E-02 

o-Xylene 1.15E-02 

Xylenes (average) 1.13.E-02 

From Potter and Simmons (1998) 
 
 
Constituents of gasoline (e.g. BTEX) have relatively high vapor pressures and 

are therefore, relatively volatile.  For an ideal liquid mixture, the vapor-liquid 

equilibrium follow Raoult’s laws as: 

 PA = (P vap)(xA)   (1) 

Where: 

PA = partial pressure of compound A in the vapor phase  

Pvap = vapor pressure of compound A as a pure liquid, and  

xA = mole fraction of compound A in the liquid phase.     

 

Raoult’s law holds only for ideal solutions. In dilute aqueous solutions 

commonly found in environmental applications, Henry’s Law is more suitable.   
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Section 2.3  Henry’s Law 

Henry’s Law us used to describe the equilibrium relationship between the 

liquid concentration and vapor concentration.  At equilibrium, the partial 

pressure of a gas above a liquid is proportional to the concentration of the 

chemical in the liquid or   

 PA = HACA (2) 

PA = partial pressure of compound A in gas phase 

HA = Henry’s constant of compound A 

CA

Constituent 

 = concentration of compound A in the liquid phase.   

 

The Henry Law Constant’s of the BTEX constituents are as follows: 

 
 

Table 2.3:  BTEX Henry’s Constant 

Henry’s Constant (atm/g mol/L) 

Benzene 5.55 

Toluene 6.7 

Ethyl Benzene 6.44 

Xylenes 5.1 

From Kuo (1999) 
 
 
Transport of a substance in the vapor phase is favored by a high 

Henry’s Law Constant. 



 11 

Section 2.4  Sorption 

Sorption is the process of chemical partitioning between the water and solid 

phase.  Types of sorption include adsorption and absorption.  Adsorption is the 

process in which a chemical sticks to the two-dimensional surface of a solid 

and absorption is when the chemical diffuse into a three-dimensional solid. 

  

2.4.1 Normalized Adsorption Coefficient 

Many organic chemicals are hydrophobic.  These chemicals have some 

solubility in water but tend to dissolve easily into oils, fats, and organic carbon 

in the soil.  The partition coefficient for many hydrophobic chemicals in soil is 

not especially sensitive to the exact source or nature of the organic carbon.  

Therefore, the soil/water partition coefficient, Kd, can be used to estimate the 

extent of sorption.     

 Kd = (Soil Conc)/(GW Conc) (3) 

 

A chemical’s adsorption coefficient affects the fate and transport of 

chemicals released in the environment.  While there are several physical and 

chemical properties that determine how an organic chemical distributes itself 

between a solid and a solution at equilibrium, in many cases it is possible to 

estimate the partitioning through a normalized adsorption coefficient, Kd.  

The normalized adsorption coefficient is the organic carbon/water coefficient, 

Koc, multiplied by the fraction of soil that is organic carbon or: 

  

 Kd = foc * Koc

Many of the reported method for estimating K

 (4) 

 

oc involve relationships with 

another property of the chemical such as octanol-water partition coefficient, 

solubility, bioconcentration factor for aquatic life or parachor, etcetera. 
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2.4.2  Octonal-Water Partitioning Coefficient 

The chemical partition between groundwater and soil can be estimated using 

the octanol-water partitioning coefficient (Kow).  The octanol-water partition is 

the ratio of a chemical concentration in octanol CH3(CH2)7OH to its 

concentration in water at equilibrium.  Octanol is an organic solvent that is 

used as a surrogate for natural organic matter.  The octanol/water partitioning 

coefficients (Kow) were developed by the pharmaceutical companies as a 

useful index of a drug’s behavior in the body because the partitioning between 

water and octanol roughly mimics the partitioning between water and body fat.  

Larger molecules and less polar molecules are less soluble and have higher 

Kow values and are more likely to sorb to solids.  Kow is a very valuable index 

of the partition behavior of many organic compounds in the environment.  Kow 

has been measured and tabulated for many chemicals.   

 

Below are the octanol-water partition coefficients at 20º [log Kow

 

] of benzene, 

toluene, ethylbenzene, and xylenes as presented in the U.S. Environmental 

Protection Agency Technical Factsheets, last updated November 28, 2006: 

 
 

Table 2.4:  Octanol-water partition coefficients 

Benzene Toluene Ethylbenzene Xylenes  

Log K 2.13 ow 2.69 3.15 3.16 

From EPA Technical Factsheets, last updated November 28, 2006 
NOTE:  The total BTEX octanol-water partitioning coefficients used in this 
study is an average of the individual constituents or 2.78.   
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2.4.3  Estimation of Koc from Kow 

Karickhoff et al (1979) created isotherms to predict the Koc using 10 chemicals 

and sediments from two ponds and one river in Northern Georgia and were 

then able to relate Koc to Kow.  The resultant correlation was excellent 

(R2=1.00).  Brown and Flagg (1981) used 19 chemicals to develop an equation 

that also had very good correlation (R2=0.95).  Finally Chu and Chan (1999) 

used 148 chemicals to develop an equation that had fairly good correlation 

(R2=0.58).  All three R2 values are adequate for prediction work.  Table 2.5 

summarizes the equations. 

 
 

Table 2.5:  Relationships to Calculate Koc from Kow

Equation 

  

Chemical classes 

represented 

Numbers 

of 

chemicals 

used 

R Reference 
2
 

Log Koc = 1.00logKow Mostly aromatic or 

polynuclear 

aromatics; two 

chlorinated 

 – 0.21 10 1.00 Karickhoff et al 

(1979) 

logKoc = 0.937logKow Aromatics, PAHs, 

triazines, and 

dinitoraniline 

herbicides 

 – 0.006 19 0.95 Brown and Flagg 

(1981) 

Log Koc = 0.5742logKow Aromatics +0.8704 148 0.58 Chu and Chan 

(1999) 

 
 

There are other estimation equations, however these were chosen for because 

they represented the aromatics group.   
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2.4.4  Usefulness of the Partition Coefficients in Site Assessment and 

Remediation 

The partition equations could be especially helpful in the assessment and 

remediation of petroleum contaminated sites because they could be used to 

estimate the mass of contamination in the subsurface as well as which media it 

resides:  soil or groundwater.  The location of the majority of the 

contamination can be located (vertically and horizontally), and it can be 

determined if the vadose or saturated zone is the biggest culprit of holding the 

greatest mass of contamination.  In addition, knowing the split between the 

two media, different technologies can be employed for each.  The rate of 

recovery of the contamination can be estimated and therefore, the cleanup 

times can be better projected.   
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CHAPTER 3:  MASS OF CONTAMINANTS IN THE SUBSURFACE 

AND PAST RESEARCH 

Section 3.1  Empirical Equations 

When petroleum enters the subsurface through a piping/UST leak, overfilling 

of the USTs or tanker crash, etcetera, it moves downward and outward from 

the source of the spill via gravity and capillary movement.  As the petroleum 

hydrocarbons move through the pore space, it contacts the soil, the vapor 

present within the pore space, the soil moisture and eventually the underlying 

water table.  Some of the petroleum dissolves into the moisture/water table, 

some vaporizes into the pore space, some adsorbs to the soil particles and 

some remains as free product.  How much of the petroleum hydrocarbons ends 

up in each of those four phases is important and key to understanding where 

the mass of petroleum contamination resides and how best to remediate the 

site.  In addition, the hydrocarbons face weathering and biodegradation while 

in the subsurface.   

 

There are many equations that have been developed to characterize how a 

chemical separates between the groundwater and the saturated soil.  

Karickhoff et al (1979) ran experiments on N. Georgia pond and river 

sediments spiked with hydrophobic compounds including the petroleum 

hydrocarbons naphthalene, 2-methyl-napthalene and benzene.  They 

determined that the adsorption results fitted well to liner isotherms and by 

using the organic content were able to determine Koc.  By plotting the Koc 

versus Kow, they were able to determine a great linear correlation of:  

 log Koc = 1.00Log Kow-0.21 (5) 
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Brown and Flagg (1981) recognized the utility of Karickhoff et al’s (1979) 

approach since octanol/water partition coefficients are more easily attainable 

than sorption coefficients for particular sediments.  Leo et al (1971) had shown 

that Kow for many compounds are amenable to calculation from well-

developed lists of constituent compounds.  These facts along with the recent 

use of octanol/water partition coefficients in assessing environmental behavior 

of new compounds have combined to make Kow values increasingly more 

available for a wide range of compounds.   

 

Brown & Flagg (1981) ran experiments on the same small northern Georgia 

pond used in the Karickhoff et al (1979) study.  The sediments were spiked 

with chlorinated hydrocarbons (chloro-s-triazine and dinitroaniline 

compounds).  They determined that the adsorption results fitted well to liner 

isotherms and had an excellent correlation with the polynuclear aromatic 

compounds tested by Karickhoff et al (1979).  Linear regression of the 

combined data sets resulted in the following empirical equation:   

 log Koc = 0.937Log Kow-0.006 (6) 

 

Section 3.2  Modeling 

Chu and Chan (1999) used 148 model chemicals and classified them into five 

major categories:  aliphatic, aromatic, pesticide, herbicides and polynuclear 

aromatic hydrocarbons.  Using Kow, solubility, and Koc, linear models were 

developed to correlate the partition coefficient in each category.  The equation 

for aromatics is: 

 log Koc = 0.5742Log Kow

It is important to note that the two equations developed by Karickhoff et al 

(1979) and Brown and Flagg (1981), respectively, were developed using soil 

+0.8704 (7) 
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and groundwater solutions prepared in a laboratory while Chu and Chan’s 

equation (1999) was developed via modeling.  Therefore, the quality control of 

the data could be reasonably consistent.  The data used in this study was 

collected in the field from 18 sites by various consultant firms using different 

sampling techniques with the resultant laboratory data submitted to the FDEP 

in a subsequent report.  There are many variables in the samples including: 

collection technique, weather conditions, decontamination practices, 

consultants, laboratories, holding times, and etcetera.  It is reasonable to expect 

a certain amount of error was introduced due to these circumstances.    

 

Section 3.3  Weathering 

“Weathering” is the term commonly used to describe the influence of physical, 

chemical and biological forces on the composition of gasoline hydrocarbons 

released into the environment (Kaplan et al 1996, McCarthy et al 1998).  The 

three most recognized and well understood weathering processes that affect 

the chemical composition of gasoline in the environment are evaporation, 

water washing or solubilization, and microbial degradation.   

 

3.2.1 Evaporation 

When gasoline is exposed to air at the soil pore spaces, some of it will 

volatize.  Gasoline deeper within the soil column may experience a slower rate 

of evaporation than near-surface soils.  Evaporated gasoline often reveals the 

presence of heavier hydrocarbons in the sample that might otherwise go 

unnoticed in less evaporated gasoline-derived products.  Stout et al (2002) 

have demonstrated the progressive losses of hydrocarbon and alteration of 

chemical signature with increased evaporation in subsurface vadose zone soils.  

Figure 3.1 shows a series of GC/MS fingerprints for vadose zone soils from a 

single site that has been impacted by a petroleum spill.  It demonstrates the 
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variable degrees to which evaporation can impact the distribution of 

hydrocarbons.  Of course, there are other factors involved in the environment 

than just evaporation.  There is solubilization, degradation, advective transport, 

etcetera; however changes noted in the figure can be reasonably attributed to 

evaporation of the more volatile compounds leaving a residual of high 

molecular weight compounds.   

 

   

Figure 3.1:  The GC/MS total ion chromatograms showing the progressive 
evaporation of gasoline in vadose zone soils (Stout et al, 2002). 
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Evaporation could be a factor in this study especially if the depth of the 

samples were near surface.  An additional concern would be if the surface was 

not covered with an impermeable/semi-impermeable surface such as asphalt or 

concrete allowing for vapor gases to “escape” to the atmosphere.  However, 

since gasoline stations have impermeable/semi-impermeable surface covering 

around the dispensers and USTs, the majority of the samples used in this study 

would have come from locations with impermeable/semi-impermeable surface 

covering.   

 

3.2.2 Water Washing or Solubilization 

As petroleum weathers, the effective solubility of the constituents decreases.  

Decreases in effective solubility for constituents as the fuel weathers have 

been studied for gasoline (Huntley and Becket 2002, Rixie and Joshi 1999).  

Huntley and Beckett (2002) show that for a system dominated by dissolution, 

as the individual constituents partition from the gasoline to the water, their 

mole fraction within gasoline decreases, and therefore their effective solubility 

decreases over time.  Due to declining effective solubility, the measured 

concentrations of dissolved MTBE will decrease first, benzene second, toluene 

third, and so on.  This results in concentration ratios between dissolved 

constituents change dramatically as the partitioning continues and the gasoline 

weathers.  These changes are most pronounced in the more soluble 

constituents (MTBE, benzene and toluene).  Huntley and Beckett (2002) and 

Rixie and Joshi (1999) show that the concentration ratio between dissolved 

xylenes and ethylbenzene remains relatively constant over a long time period 

due primarily to their similar pure constituent solubilities.     

 

Figure 3.2 shows the histograms for an MTBE-laden gasoline that had been 

artificially water washed for six and 20 months (Morrison and Murphy 2006).  
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The experiment was designed such that the chamber was sealed thereby 

permitting minimal or no evaporation, photolysis was inhibited by covering 

the chamber and biodegradation was controlled through the addition of 

mercuric chloride to the water.  The results demonstrate the impact of water 

washing on the gasoline due to the partition of soluble aromatic hydrocarbon 

(e.g. BTEX) and MTBE to the underlying water.  Benzene and BTBE were 

fully removed from the NAPL within the first six months.  The less soluble 

hydrocarbons such as 2,2,4-trimethypentane (2,2,4-TMP) were minimally 

affected by the water washing and remained relatively constant.      

 

 

 

Figure 3.2:  The histogram showing the distribution of major constituent in an 
unleaded MTBE-laden Gasoline(T0) and artificially water-washed for 6 
months (T6) and 20 months (T20

Solubilization or water-washing probably occurs mainly at the outer edges of 

the soil plume since the plume source areas (usually USTs or dispensers) are 

usually surrounded by a good 25-50 feet of concrete and asphalt thereby no 

) (Morrison and Murphy 2006). 
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allowing rainfall infiltration.  While the exact count is not known, the majority 

of the data included in this study would have been from the area with 

impermeable surface covering and water-washing would be minimal.   

 
3.3.3  Microbial Degradation 

Biodegradation is a more complicated process than physical weathering.  For 

example, the rate and effects of biodegradation depend not only on the 

properties of the gasoline, but also upon parameters that affect the ability of 

the microbial communities to flourish such as oxygen, nutrients, moisture, and 

the toxicity of the hydrocarbons to the microbes (Prince 1998, Solano-Serena 

et al 1999).  The sequence of BTEX loss in groundwater begins with benzene 

because it diffuses most rapidly out of free phase gasoline and partitions into 

groundwater followed by toluene, ethylbenzene, and xylene.  The reverse 

sequence often occurs with BTEX in soils:  toluene, ethylbenzene, and xylenes 

are preferentially retained by soil relative to benzene, and ethylbenzene and 

xylenes are also more resistant to degradation than benzene or toluene 

(Morrison 2000).   

 

The presence of continuous NAPL phase in the soil precludes or minimizes 

the available oxygen or moisture in those pores and the high concentration of 

hydrocarbons within those pores also makes for a toxic environment.  BTEX 

degradation at each site is therefore unique due to different biological 

populations and original volume and composition of the fugitive gasoline.  

Wilson et al (1981) expressed the need for caution when extrapolating 

laboratory to the field because biodegradation studies only indicate the 

potential for degradation, which may or may not be realized in the field at a 

particular plan and time.  Due to the age of  discharges at the sites included in 

this study (approximately 10-25 years), it is reasonable to believe that 
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degradation has occurred at the sites; however since the contamination is still 

present, the rate of degradation is relatively slow and/or the volume of 

petroleum spilled was overwhelming to the native biota.    

 

Section 3.4  Nondissolved Bias in Groundwater Samples 

The samples used in this research were all collected within the saturated soil 

strata or smear zone.  Both dissolved and nondissolved petroleum is present 

within the soil pore spaces below the water table.  The nondissolved 

component in turbid groundwater samples and its bias on reported 

concentrations have been studied for many years (Puls and Paul, et al, etc).  

Zemo (2006) demonstrated that for groundwater samples collected within the 

smear zone, the groundwater concentrations can be biased high by constituents 

from entrained nondissolved petroleum.   

 

Regulatory cleanup target levels are generally intended to be applied to the 

dissolved constituents; however turbid water samples can be frequently 

collected from both monitoring wells and direct push technology grab 

samples.  As a result, the turbid samples can include nondissolved petroleum 

and skew high the groundwater concentrations.   

 

Standard monitoring well installation protocol in the Preapproval Program is 

for all monitoring wells to be developed for at least ½ hour or until the water 

runs clear so while the turbidities of the groundwater samples used in this 

study were not collected, it is probable that the monitoring well samples had 

low turbidity.  It is quite possible that the direct push technology samples were 

affected by the turbidity as there is not usually a screen pack or development 

but rather a grab samples collected from the drill rods. 
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Section 3.5  Remedial Cleanup 

Before a remedial strategy for a site can be prepared, the assessment must be 

complete.  If the soil samples can reliably be used to more accurately place the 

monitoring wells, thereby completing the assessment faster, the total cleanup 

of the site will be quicker and less costly.  In addition, by correctly 

determining where the majority of the mass resides, the proper remedial plan 

can be designed.  For example, if the mass of contamination was adsorbed to 

the soil, a pump and treat system that recovered and treated groundwater but 

did not address the soil, would be ineffectual and a waste of resources.  

Therefore, determining how reliable the soil concentration can be used to 

predict the groundwater concentration is a useful tool for remediating 

petroleum contaminated sites.  
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CHAPTER 4:  METHODOLOGY 

Section 4.1  Selection of Sites 

The Florida Department of Environmental Protection (FDEP) oversees the 

identification and remediation of petroleum contaminated sites throughout 

Florida with funding from the Inland Protection Trust Fund.  FDEP has 

delegated oversight authority of some of the cleanups to various municipal 

Local Programs (either City or County Groups).  Usually the Local Programs 

are associated with the larger municipalities that have the resources to manage 

the sites.  For those Counties that do not choose to actively oversee the cleanup 

of the County’s sites, FDEP in Tallahassee has six Petroleum Cleanup 

Sections (PCS1 through PCS6) that manage the site cleanup.  The data that 

was collected came from 18 individual sites that were being managed by PCS6 

during the 2005 and 2006 calendar year.  Table 4.1 and Figure 4.1 summarize 

and illustrate the distribution of the study are locations, respectively. 
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Table 4.1:  Distribution of Data Collection Sites throughout Florida 
County (District) Number of Sites Number of Samples 

Clay (NE) 1 1 

Columbia (NE) 2 3 

Franklin (NW) 1 1 

Holmes (NW) 3 6 

Jefferson (NW) 1 1 

Putnam (NE) 3 9 

St. John’s (NE) 3 21 

St. Lucie (SE) 1 1 

Taylor (NE) 2 3 

Union (NE) 1 4 

 18 sites 50 samples 

NE = Northeast District 
NW=Northwest District 
SE=Southeast District 
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Figure 4.1:  Study Area Locations 

 
 

These sites were chosen based on several criteria.  The data from these sites 

were reviewed and chosen if the following criteria applied: 

• The collection of a saturated soil sample and the presence of  

elevated levels of benzene, toluene, ethylbenzene, or xylenes; 
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• The collection of a groundwater sample in the same location of 

the saturated soil samples (either from a grab sample or a 

monitoring well).   

 

It should be noted that because the FDEP’s soil cleanup target levels apply 

only to vadose zone soils and not soils within the saturated water bearing 

zones, saturated soil samples are not collected at every site.  In addition, if 

saturated soil samples are collected, it does not always mean that a 

groundwater samples will be collected from that same location.  Therefore, 

some of the soil and groundwater sample locations are offset by a horizontal 

and vertical distance.  Tables 4.2 and 4.3 summarize the data. 

 
 
Table 4.2:  Distribution of Horizontal Distance from Soil to GW Sample 

Distance from Soil to GW sample (ft) Number of Data Points 

0 28 

1-5 8 

6-10 13 

14 1 

 
 

Table 4.3:  Distribution of Vertical Distance from Soil to Top of Water Table 

Distance from Soil Sample to Top of 

Water Table (ft) 

Number of Data Points 

0 21 

<=1 12 

> 1-2 7 

>=2 10 
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Section 4.2  Groundwater Sample Collection Method 

The soil samples were collected by various Preapproval Program consultants 

during the investigation of the contamination at the particular site.  There are 

several methods to obtain a soil sample.  If the depth of the soil sample is not 

too deep (less than approximately six to 10 feet in most instances), a hand 

augur can be used to collect a soil sample.  In other instances, a mechanized 

vehicle, such as a direct -push rig or drill rig must be used to advance the 

boring and collect the soil sample via a direct-push sleeve or a split spoon 

sampler, respectively.     

 

The two methods used to collect the groundwater samples were using the 

direct –push rigs in conjunction with a geoprobe screen and via permanent 

monitoring wells.  With the direct-push rigs, a typical system consists of an 

approximate two to three-foot long, 0.5-inch diameter, stainless steel slotted 

screen driven inside of a two-inch stainless steel casing.  Once the sampling 

system is lowered to the desired depth, the top pin is released and the outer 

casing is pulled back, which allows the screen to be exposed to the native soil 

and groundwater.   A peristaltic pump would then be used to pull a 

groundwater sample up through the screen, after purging approximately one to 

two gallons from the casing.  After the sample is collected, the geoprobe is 

removed from the boring and the boring is properly abandoned.  The screen 

interval is usually a very discrete interval of two to three feet. 

 

With the permanent monitoring wells, the screen intervals are usually 

approximately 10 feet in length.  The screen interval is supposed to intersect 

the water table; however due to seasonal fluctuations, a groundwater sample 

could potentially be collected from a range of approximately five to 10 feet.  

Table 4.4 summarizes the number of each type of sample.  
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Table 4.4:  Groundwater Sample Collection Method 

Number of Samples collected via DPT Number of samples collected from MWs 

19 31 

 
 

Section 4.3  Lithology 

The lithology of the soil also affects the soil and groundwater concentrations.  

The soil samples, as described by the scientist logging the boring, ranged from 

United Soil Classification System Letter Symbol SW (well graded sands with 

little to no fines) to CH (inorganic clays of high plasticity, fat clays).  Table 4.5 

summarizes the distribution of the soil samples. 

 
 
Table 4.5:  Soil Sample Lithology  

Soil Type USCS 

Symbol 

USCS Typical Description Number of 

samples 

1 SW well graded sand (little to no fines)  2 

2 SP poorly graded sand (little to no fines)  14 

3 SM silty sands  22 

4 SC clayey sands/sandy clays  8 

5 CL Clay 0 

6 OH organic clay of high plasticity, fat clays  2 

7 CH inorganic clays of high plasticity, fat 

clays  

2 
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Section 4.4:  Magnitude of Soil Concentration 

The magnitude of the soil concentration was also investigated to see if the 

correlation was better for a certain range.  Table 4.6 summarizes the ranges 

and numbers of samples. 

 

 

Table 4.6:  Soil Sample Concentration Magnitude Range 

Constituent Number of Samples in the Range 

< 0.1 

(mg/kg) 

0.1-1.0 

(mg/kg) 

1.1-10 

(mg/kg) 

10 – 100 

(mg/kg) 

101-

1000+ 

(mg/kg) 

Benzene 10 17 14 7 2 

Toluene 11 11 13 7 8 

Ethyl 

Benzene 

9 9 11 15 6 

Xylenes 9 8 10 10 13 

BTEX 4 5 12 10 19 

 

 
Section 4.5  Analysis of Data 

The data was collected and sorted in an Excel spreadsheet.  The soil and 

groundwater concentrations for each constituent and the pertinent sample 

parameters were cataloged such as:  Site Name, FDEP Facility ID, County, 

sample technique, lithology, and etcetera.  Additionally, the Brown and Flagg 

(1981) equation was used to predict the groundwater concentration from the 

corresponding soil concentration in order to compare the predicted 

concentration to the actual concentrations. 

 



 31 

The soil concentration and groundwater concentration were plotted on a 

scatterplots and analyzed via linear regression.  Linear regression attempts to 

model the relationship between the two variables by fitting a linear equation to 

observed data.  The Pearson Correlation Coefficient (r) measures the strength 

of the linear relationship between two variables and the square of  “r” (R-

squared) is called the “goodness of fit” and denotes the portion of the total 

variance explained by the regression model.   

 

The three equations were very similar in their results (see Figure 4.2).  Both 

Karickhoff et al (1979) study and Brown and Flagg (1981) study used 

empirical data collected in the field.  Given that this study uses field-collected 

empirical data, these two equations appeared to be more appropriate for use in 

this study than the modeling equation developed by Chu and Chan (1999).  In 

addition, since Brown and Flagg’s (1981) study was an expansion of the 

Karickhoff et al (1979) study and had an excellent correlation to the 

Karickhoff et al (1979) developed equation, it was decided to use the Brown 

and Flagg (1981) equation in this study. 
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Karickhoff et al (1979)

y = 6011.3x

R2 = 1

Chu and Chen (1999)

y = 4032x

R2 = 1

Brown and Flagg (1981)

y = 5118.7x

R2 = 1
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Figure 4.2:  Karickhoff et al (1979), Brown and Flagg (1981) and Chu and 
Chan (1999) equations 

 
 

Table 4.7:  Brown and Flagg equation used in analysis 
Equation Chemical classes represented 

logKoc = 0.937logKow – 0.006 Aromatics, PAHs, triazines, and dinitoraniline 

herbicides 

 

 

Koc = organic carbon partition coefficient (function of Kow) 

focKoc

The laboratory soil concentration was used along with the Koc from the 

equation in Table 4.7 and the expected groundwater concentrations were 

calculated.  NOTE:  The fraction of organic carbon was estimated as 0.002 

across all the sites.  These calculated concentrations were then compared to the 

actual laboratory groundwater concentration and the data was plotted.  NOTE:  

The summarized data is in Appendix A.  

 = soil concentration/gw concentration = X/C 
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Section 4.6  Assumptions and Limitations 

There are some limitations of the data used in this research.  The data used was 

mined from reports submitted to the FDEP Bureau of Petroleum Storage 

Systems (BPSS) in conjunction with the assessment of sites in the Preapproval 

Program.  The reports were submitted by multiple Preapproval Contractors 

over the course of several years.  In addition, the chosen sites were culled from 

a subset of sites managed by BPSS Petroleum Cleanup Section Six (PCS6).    

  

4.6.1  Soil and Groundwater Data Collection 

The groundwater data was collected via two distinct methods:  monitoring 

wells and direct push technology.    This affects the continuity of the data in 

several ways.  Upon installation, the monitoring wells are usually fully 

developed to remove the fines from the sand pack whereas the direct push 

samples are usually grab samples from within the drill rods.  This would make 

the direct push samples more turbid and susceptible to non-dissolved bias. In 

addition, the monitoring well screen interval is approximately 10 feet while the 

grab sample is usually from a two to three foot interval.  This interval 

difference could affect the data due to dilution factors.   

 

The soil lithology description was culled from soil boring logs included in the 

reports submitted to the BPSS.  As mentioned above, there were multiple 

contractors and various site managers, geologists and technicians involved in 

the data collection.  While all the data was classified using the United States 

Geological Society classification letter symbols, there is some subjectivity 

involved in identifying the soil type.   
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Finally, these samples were collected over various seasons of the year.  The 

weather conditions can vary greatly over the course of the year.  Seasonal 

temperature fluctuations in parts of Florida can be high as 70 degrees 

Fahrenheit which could affect the amount of volatilization that occurs during 

the sampling collection process.  In addition, the humidity and other weather 

conditions (rain, wind, etc) could affect the samples’ integrity.   

 

4.6.2  Paired Data 

During the assessment of sites in the Preapproval Program, complimentary soil 

and groundwater samples are not always collected at the same horizontal and 

vertical location or at the same time.  Therefore, the paired data sets of soil and 

groundwater concentrations used in this research may be offset horizontally or 

vertically from each other and good have been collected at different points in 

time.  Such distances timeframes could inhibit a good correlation between the 

pair.  

 

4.6.3 Depth of Groundwater Sample for Monitoring Well Samples 

During the collection of the data for the monitoring well samples, the depth to 

water was assumed to be the depth of the groundwater sample.  Current 

Preapproval Program protocol calls for the sampling hose to be within the top 

two feet of the top of the water.  Additionally, the water table should be 

minimally depressed during purging and sampling.  Therefore, the water 

samples should be within the top two feet of the water table, but may not be at 

the water table depth.  This difference could inhibit a good correlation between 

the soil and groundwater concentrations.  
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4.6.4  Laboratory Analysis 

BPSS’ standard protocol for sample storage is that samples are supposed to be 

kept on ice from the initial collection until delivered to the laboratory.  In 

addition, the laboratories have to be accredited to perform certain analyses in 

order for the data to be valid.  This accreditation includes adhering to certain 

hold-times for various analyses.  Therefore, the standards of the various 

laboratories should be the same.  However, given that there are multiple 

laboratories involved including countless technicians and various pieces of 

equipment of all ages, there exists some variability in the data analyses.    

 

Additionally, each laboratory analysis has method detection limits beneath 

which, the equipment is unable to quantify the resulting concentration.  If a 

concentration is not detected above this limit, the laboratory will report it as 

Undetected or Below Detection Limit.  For the purposes of this study, if a 

constituent’s concentration was Undetected, the method detection limit was 

used as the concentration. 

 

4.6.5 Surface Covering 

The UST and dispenser area of a gasoline station is usually covered with a 

semi-impermeable or impermeable surface such as asphalt or concrete.  These 

surface covers usually encompass the dispensing and parking along with the 

ingress and egress pathways.  However, there are also adjoining areas that are 

covered with natural vegetation, such as grassy areas, decorative flower beds, 

retention/detention areas, etcetera.  Therefore, some of the locations where the 

samples were collected were subject to rainfall infiltration while others were 

not.  The infiltration could increase solubilization, dispersion, dilution and 

aerobic microbial activity (from the oxygenated rainwater).  In addition, 

volatilization would increase as the gases have means to escape the subsurface.  
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This could increase the weathering affect on the soil to groundwater 

correlations. 

       

4.6.6 Age of Spill 

In order to have funding and be included in the Preapproval Program, the 

discharge date had to be prior to January 1, 1999.  The exception is the 

“Innocent Victim’s Program”; however, no data was culled from such a site.  

Therefore, all of the spills should have occurred prior to January 1999.  While 

all sites have discharge dates, the date is not reflective of the actual spill as it is 

the date when the contamination was noticed.  The contamination could have 

been indentified during the UST closure/upgrade, system retrofits, inventory, 

compliance testing, etcetera.  In addition, since a majority of the sites still 

operate as retail gasoline stations, there is the possibility that some of the sites 

may have small, unidentifiable, ongoing leaks.   Therefore, the age of the 

contamination is unknown and could range over many years.  

 

4.6.7  Fractional Organic Content 

Since assessments in the Preapproval Program do not usually test for organic 

content in soil samples, that data was not available.  A fractional organic 

content of 0.002 was used to calculate the groundwater concentration 

predicted by Brown and Flagg’s equation.  This fractional organic content was 

used because it is the default organic content used to develop the Default 

Leachability CTLs in the “Technical Report:  Development of Cleanup Target 

Levels (CTLs) for Chapter 62-777, F.A.C.”.  These are the CTLs used in the 

State of Florida for remediation of petroleum contaminated sites.  A fractional 

organic content of 0.006 was used to develop the Direct Exposure CTLs; 

however, as this research is interested in soil/groundwater interaction, the 

Leachability CTLs were more appropriate.  Since the organic content of soil 
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varies between sites and lithology, this assumption could skew the equation 

results.   

 

In the 1996 USEPA Soil Screening Guidance (SSG), generic Soil Screening 

Levels (SSLs) were derived using default parameters and assumptions in the 

standardized equations.  Two assumptions were that the soil fractional organic 

content (foc) is 0.006 for the inhalation pathway and 0.002 for the migration to 

ground water pathway.  The SSG noted that the default values were meant to 

be conservative and were likely to be protective for the majority of site 

conditions across the nation.   

 

In the “Technical Report:  Development of Cleanup Target Levels (CTLs) for 

Chapter 62-777, F.A.C.”, it was stated that for the purposes of establishing 

default SCTLs, default soil characteristics specified in the Soil Screening 

Guidance (USEPA 1996) have been adopted eventhough it was acknowledged 

that the relevant characteristics can vary widely in Florida soils.  The 

Technical Report further stated that the default exposure assumptions (foc = 

0.002 and 0.006, respectively, being two) are intended to be health protective 

under circumstances of chronic exposure and that there are site-specific 

conditions for which the default conditions are not valid.  Finally, the 

Technical Report stated that whenever the generic SCTLs are used for site 

evaluation, it is important to verify, to the extent possible, that the default 

assumptions upon which they are based are neither greatly above nor below 

actual present and predicted future conditions.  It was acknowledged that the 

foc of 0.002 and 0.006 were default assumptions co-opted from the USEPA 

which may not be applicable for all sites in Florida and approaches for 

developing site-specific exposure assumptions were discussed.       
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4.6.8  Statistical Analysis 

 Linear regression is used to analyze the data.  Linear regression provides a 

“best fit” for data that is assumed to be linear and provides a number that 

identifies how well the variance can be explained by the data.  It is commonly 

used in scientific analysis and provides a base for analysis and conclusions.  It 

provides good analysis for data that is assumed to linear; however, it can 

provides erroneous information if the data is nonlinear. 
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CHAPTER 5:  FINDINGS AND DISCUSSION 

Section 5.1  General Discussion 

There were multiple interesting findings during this research.  The soil 

concentration has a positive correlation with the groundwater concentration for 

all four constituents and total BTEX.  Five variables involved in the data 

collection were analyzed to determine the impacts of the variables on the 

soil/groundwater correlation:  1) sample type; 2) lithology; 3) horizontal 

distance between the soil and groundwater sample; 4) vertical distance 

between the soil and groundwater sample; and 5) magnitude of the soil 

concentration.  Of the five variables investigated, all five revealed unique 

features of the relationship between the soil and groundwater concentrations 

and the variables.   

 

Figures 5.1 through 5.5 show the scatter plots of the data with the Brown and 

Flagg equation superimposed.  The straight lines and equations shown 

represent linear regression fits for the data.   
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Figure 5.1:  Benzene Concentration of the Samples 
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Figure 5.2:  Toluene Concentration of the Samples 
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Figure 5.3:  Ethyl Benzene Concentration of the Samples 
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Figure 5.4:  Xylenes Concentration of the Samples 
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Figure 5.5:  BTEX Concentration of the Samples 

 
 
In Figures 5.1 through 5.5, the majority of the data points fall below the 

Brown and Flagg equation which means that the field data groundwater 

concentrations are lower than what the empirical equation predicts.  That could 

be due to variables inherent in collecting field versus laboratory data including 

the weather conditions during sample collection such as temperature which 

could exacerbate volatilization of the already volatile organic aromatic 

compounds.  In addition, by assuming a fractional organic content of 0.002 

versus a higher content, the equation produces higher groundwater 

concentrations.  See Figure 5.6 for a comparison of the equation using a 

fractional organic content of 0.002 versus 0.006.   
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Figure 5.6:  BTEX Concentration of the Samples and the Brown and Flagg 
Equation using a foc = 0.002 and 0.006  

 
 

There are approximately seven data points above the equation using 0.002 in 

Figure 5.6 and approximately 14 data points above the equation using 0.006.  

Since the fractional organic content of the samples are unknown and the 

difference between equation using 0.002 versus 0.006 is negligible for the 

purposes of this study, 0.002 will be used.  In addition, during the 

development of the Soil Cleanup Target Levels (CTLs) for Chapter 62-777, 

Florida Administrative Code, a foc of 0.002 was used to calculate the Default 

Leachability CTLs and 0.006 was used to calculate the Direct Exposure CTLs.  

Since this study is interested in the relationship between the soil and 

groundwater concentrations (which is what defines leachability), it is more 

appropriate to use the 0.002.       
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Table 5.1 summarizes the correlation of the various constituents and total 

BTEX.  While all the constituents have very similar correlations, toluene had 

the best correlation (R2 = 0.4084) followed by BTEX (R2=0.372).  BTEX is a 

better overall correlation than three of the individual constituents.  This is 

probably due the fact that the total BTEX averages out some of the valley and 

peaks that occur when the data is broken down into its parts.  These valley and 

peaks will be investigated in the following sections.   

 
 
Table 5.1:  The R2

Constituent 

 of the Soil versus Groundwater Concentration Graphs 

R2 

Benzene 0.3014 

Toluene 0.4084 

Ethyl Benzene 0.2485 

Xylenes 0.349 

Total BTEX 0.372 

 
 

There are five variables involved in the samples that were investigated:  

sample type, lithology, horizontal distance between the soil and groundwater 

sample, vertical distance between the soil and groundwater sample, and 

magnitude of the soil concentration.  The following sections discuss the 

analytical results in regards to each variable and as a whole. 

 

Section 5.2  Sample Type 

The groundwater samples used in this study were collected from two different 

methods:  monitoring wells and direct push technology grab samples.  Figures 

5.7 through 5.11 illustrate the results of the graphing.  The straight lines and 
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equations shown represent linear regression fits for the data.  Overall, for the 

four constituents and total BTEX, the groundwater concentrations from the 

samples collected via direct-push technology (dpt) had a better correlation to 

the soil concentrations than those collected via monitoring wells (MWs).  This 

is slightly surprising since the research of Zemo (2006) showed that the 

turbidity of grab samples skewed the groundwater concentrations due to 

nondissolved petroleum bias (this issue is discussed further in Section 5.5).   

 

It is possible that some of the difference between the dpt and MW samples 

could be due to the fact that all of the dpt groundwater samples were located at 

the same horizontal location as the corresponding soil sample except for one 

sample offset by three feet.  In the monitoring well subset, approximately 70% 

of the samples were offset horizontally.   

 

For those sites where both soil samples and dpt groundwater grab samples 

were collected, the samples were usually collected at the same time.  For those 

sites where a soil sample was paired with a monitoring well sample, there is a 

natural delay in the time of sampling because the soil sample is collected 

during the advancement of the soil boring and/or monitoring well, but the 

groundwater sample is collected at least 24 hours after installation and usually 

weeks later after a re-mobilization to the site.  In addition, during the well 

development process, gallons of water are pumped out of the well to clean the 

well pack and well of fine sands, introducing new water to the soil and 

inducing a new equilibrium.  This water washing could definitely skew the 

data.    
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Figure 5.7:  Benzene Concentration Sorted by Sample Type 
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Figure 5.8:  Toluene Concentration Sorted by Sample Type 
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Figure 5.9:  Ethyl Benzene Concentration Sorted by Sample Type 
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Figure 5.10:  Xylenes Concentration Sorted by Sample Type 
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Figure 5.11:  BTEX Concentration Sorted by Sample Type 

 
 

Table 5.2 summarizes the correlation of the two sample types.  There is a 

marked difference in the correlation between the dpt and MW samples.  Some 

of the difference may be attributed to the vertical distance sampled.  Usually 

the dpt rigs have a one to three foot screen open to the aquifer while the 

monitoring well usually has at least a 10 foot screen.  This difference in screen 

allows for more variation in the MW samples of the depth at which the 

groundwater sample can be collected.  In addition, the greater length of screen 

in the MW allows dilution to play a more prominent role in those groundwater 

samples. 
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Table 5.2:  Correlation of Data (R2

Constituent 

) per Sampling Method  

Dpt MW 

Benzene 0.4682 0.1871 

Toluene 0.5922 0.299 

Ethyl Benzene 0.4495 0.1519 

Xylenes 0.4132 0.2793 

BTEX 0.5223 0.2384 

 
 
Section 5.3  Lithology 

Figures 5.12 through 5.16 illustrate the soil and groundwater concentration 

sorted by lithology.  The straight lines and equations shown represent linear 

regression fits for the data.   
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Figure 5.12:  Benzene Concentration Sorted by Lithology 
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Figure 5.13:  Toluene Concentration Sorted by Lithology 
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Figure 5.14:  Ethyl Benzene Concentration Sorted by Lithology 
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Figure 5.15:  Xylenes Concentration Sorted by Lithology 
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Figure 5.16:  BTEX Concentration Sorted by Lithology 
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Table 5.3 summarizes the correlation between the soil and groundwater 

concentrations.  Results were uneven across the constituents and lithology.  In 

general, soil types 3 and 4, silty sands and clayey sands/sandy clays, 

respectively, demonstrated good correlation for two of the four constituents 

(benzene and toluene) and total BTEX.  Soil type 2 (poorly graded sand) had a 

relatively good correlation with two of the four constituents (ethyl benzene and 

xylenes) and BTEX also; however, it was the opposite two constituents than 

soil types 3 and 4 (see the bold numbers in Table 5.3).  

 
 

Table 5.3:  Correlation of Data (R2

Constituent 

) per Lithology  

USGS Soil Type 

2 3 4 

Poorly graded 

sand (little to no 

fines) (SP) 

Silty Sands (SM) Clayey 

Sands/Sandy 

Clays (SC) 

Benzene 0.0306 0.3613 0.6425 

Toluene 1E-5 0.3333 0.5603 

Ethyl Benzene 0.4472 0.1742 0.0233 

Xylenes 0.3867 0.2328 0.2116 

BTEX 0.3227 0.3243 0.4103 

Soil Type 1, 6 and 7 only had 2 samples each and were not graphed. 
Soil Type 5 did not have any samples. 
 
 
There are unusual results from the lithology correlation.  The best correlations 

(bolded above) seem to reverse from benzene and toluene in the silty sands 

and clayey sands/sandy clays to ethylbenzene and xylenes in the poorly graded 

sand.  It seems the larger/heavier molecules fare better in the poorly graded 
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sand (little to no fines) and the smaller/lighter molecules fare better in the silty 

sands and clayey sands/sandy clays that have fines.  The smaller/lighter 

molecules of benzene and toluene are also more soluble so they are first to 

pass through the sands and partition to groundwater.      

 

There could be complicating factors such as weathering that need to be taken 

into account.  Benzene and toluene would be more apt to volatilize in the 

absence of the fines since there would be greater porosity through which the 

vapors could escape.  Additionally, water washing would occur at a greater 

rate without fines to impede the water flow.  As for biodegradation, as reported 

by Morrison (2000), ethyl benzene and xylenes are more resistant to 

degradation than benzene or toluene, and  toluene, ethylbenzene and xylenes 

are preferentially retained by soil relative to benzene.  Therefore, this 

comparison is complicated by the age of the chemicals in the ground.   

 

One last observation is that total BTEX is the most consistent correlation 

across the three soil types.  It appears that since BTEX is the sum of the 

concentrations, it averages out the four individual constituent’s concentrations.  

Therefore, if the soil type is unknown, using total BTEX versus individual 

constituents would be preferable in predicting the groundwater concentration.   

 

Section 5.4  Horizontal Distance between the Soil and Groundwater 

Sample 

The soil and groundwater data points were not always collected at the same 

location and depth.  Figures  5.17 through 5.21 depict the correlation of soil to 

groundwater concentration data for different groups of horizontal distances.  

The straight lines and equations shown represent linear regression fits for the 

data.   



 54 

Hor Dist = 0

y = 266.48x0.7054

R2 = 0.407

Hor Dist Hor Dist = 1-5 ft

y = 2374.8x0.2845

R2 = 0.257

Hor Dist = 6-14 ft

y = 222.83x0.0857

R2 = 0.0047

0.1

1

10

100

1000

10000

100000

1000000

0.001 0.01 0.1 1 10 100 1000

Benzene Soil Concentration (mg/kg)

B
e
n

z
e
n

e
 G

W
 C

o
n

c
e
n

tr
a
ti

o
n

 (
u

g
/L

)

Hor Dist = Zero

Hor Dist = 1 to 5 ft

Hor Dist = 6 to 14 ft"

Brown & Flagg (1981)

 

Figure 5.17:  Benzene Concentration Sorted by Horizontal Distance from Soil 
Sample to Groundwater Sample 
 
 

Hor Dist = 0

y = 97.222x0.6601

R2 = 0.5285

Hor Dist = 1-5 ft

y = 438.88x0.5077

R2 = 0.3994

Hor Dist = 6-14 ft

y = 111.4x0.3647

R2 = 0.1121

0.1

1

10

100

1000

10000

100000

1000000

10000000

0.001 0.01 0.1 1 10 100 1000

Toluene Soil Concentration (mg/kg)

T
o

lu
e
n

e
 G

W
 C

o
n

c
e
n

tr
a
ti

o
n

 (
u

g
/L

)

Hor Dist = Zero

Hor Dist = 1 to 5 ft

Hor Dist = 6 to 14 ft"

Brown & Flagg (1981)

 

Figure 5.18:  Toluene Concentration Sorted by Horizontal Distance from Soil 
Sample to Groundwater Sample 
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Figure 5.19:  Ethyl Benzene Concentration Sorted by Horizontal Distance 
from Soil Sample to Groundwater Sample 
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Figure 5.20:  Xylenes Concentration Sorted by Horizontal Distance from Soil 
Sample to Groundwater Sample 
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Figure 5.21:  BTEX Concentration Sorted by Horizontal Distance from Soil 
Sample to Groundwater Sample 
 
 
Table 5.4 summarizes the correlation between the soil and groundwater 

concentrations.  As would be logically assumed, collecting the soil and 

groundwater samples at the same location provided the best correlation for the 

four constituents and total BTEX.  This is because the soil and groundwater 

are in immediate contact with each other and even a few feet away could be a 

different soil type, surface covering, biological material, etcetera.  While the 

correlation did not drop off too much when the samples were collected within 

a five foot distance, the distance of six to 14 feet did not have a good 

correlation and the soil concentration should not be used to predict the 

groundwater concentration.   
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There was a negative correlation between the soil and groundwater 

concentration for ethyl benzene in the 6 to 14 foot group.  Since the correlation 

for all the constituents were very low for the 6 to 14 foot group, the negative 

correlation probably has more to do with the distance than ethyl benzene.   

 
 
Table 5.4:  Correlation of Data (R2

Constituent 

) per Horizontal Distance from Soil to 
Groundwater Sample  

0 ft 1-5 ft 6-14 ft 

Benzene 0.407 0.257 0.0047 

Toluene 0.5285 0.3994 0.1121 

Ethyl Benzene 0.3166 0.2503 0.2276* 

Xylenes 0.4529 0.3712 0.0047 

BTEX 0.4861 0.4356 0.0036 

*  This was a negative correlation between the soil and groundwater samples. 

 
 
From Table 5.5, the dpt samples are, all except one sample, a subset of the 

horizontal distance equals zero feet group.  As noted in Section 5.2, the dpt 

samples had a better overall correlation than the monitoring well samples; 

however in reviewing the data in Table 5.4, perhaps the better correlation for 

the dpt samples is due more to the horizontal distance between the soil and 

groundwater sample than the type of sample method.  This subject will be 

further discussed in Section 5.5.  
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Table 5.5:  Number of Sample Data Points in each Horizontal Distance Group 
by Sample Type 

Sample Type 0 ft 1-5 ft 6-14 ft 

MW 10 7 14 

Dpt 18 1 0 

 

 

5.5  Vertical Horizontal Distance between the Soil and Groundwater 

Sample 

In addition, to not always being collected at the same horizontal location, the 

soil and groundwater data points were not always collected at the same depth.  

Figures 5.22 through 5.26 depict the correlation of soil to groundwater 

concentration data for different groups of vertical distances.  The straight lines 

and equations shown represent linear regression fits for the data.   
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Figure 5.22:  Benzene Concentration Sorted by Vertical Distance from Soil 
Sample to Top of Water Table 
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Figure 5.23:  Toluene Concentration Sorted by Vertical Distance from Soil 
Sample to Top of Water Table 
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Figure 5.24:  Ethyl Benzene Concentration Sorted by Vertical Distance from 
Soil Sample to Top of Water Table 
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Figure 5.25:  Xylenes Concentration Sorted by Vertical Distance from Soil 
Sample to Top of Water Table 
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Figure 5.26:  BTEX Concentration Sorted by Vertical Distance from Soil 
Sample to Top of Water Table 
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Table 5.6 summarizes the correlation between the soil and groundwater data.   

Collecting the sample at between one and two ft seems to have the best overall 

correlation.  At the top of the water table is not as good, especially for 

benzene, and > 2 ft from the top of the water table had the worst correlation.   

 
 

Table 5.6:  Correlation of Data (R2

Constituent 

) per Vertical Distance from Soil to Top of 
Water Table  

0 ft <=1 ft 1-2 ft >=2 ft 

Benzene 0.0747 0.1845 0.4347 0.0138* 

Toluene 0.5167 0.2404 0.8102 0.2455 

Ethyl Benzene 0.2011 0.5678 0.3959 0.1959 

Xylenes 0.3616 0.3395 0.9134 0.1446 

BTEX 0.4589 0.4367 0.7121 0.1058 

*  This was a negative correlation between the soil and groundwater samples. 

 
 
Absent benzene, the correlation of the first two groups, 0 ft and <= 1 ft, is 

pretty good, but not as good as the 1-2 ft group. There appears to be a 

combination of factors at work with these correlations:  volatilization; water 

washing; nondissolved bias; equilibrium; etcetera.  The benzene correlation in 

the first two groups, 0 ft and <=1 ft, is probably affected by weathering 

factors:  volatilization; water washing; and biodegradation (due to more 

oxygen in vadose zone pore space).  The 1-2 feet interval is still fairly close to 

the vadose zone, but is insulated by the 1 foot layer of water above it from the 

affects of weathering and the groundwater and soil can establish a more true 

equilibrium without the affects of convection, volatilization, water washing, 

biodegradation, etcetera.  etc.   
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One interesting item regarding the 1-2 foot sample range is that all of the 

groundwater samples were collected from monitoring wells.  Table 5.7 

summarizes the vertical distances and the sample types.   

 
 

Table 5.7:  Number of Sample Data Points in each Vertical Distance Group by 
Sample Type 

Sample Type 0 ft <=1 ft 1-2 ft >= 2 ft 

MW 9 8 7 7 

Dpt 12 4 0 3 

 
 

Table 5.7 illustrates that the 1-2 foot range is unique in that it only contains 

monitoring well groundwater data.  Each of the other groups has a 

combination of MW and dpt samples.  The correlations summarized in Table 

5.5 for the 1-2 ft range may be benefitting from not being subjected to the 

nondissolved bias, described by Zemo (2006), as all of the monitoring wells 

are well developed during installation.  This seems to refute the earlier finding 

in Section 5.2 that dpt samples had a better correlation than MW samples.  A 

combination of 1-2 feet from the top of the water table, which may mitigate 

weathering effects, and sampling from a monitoring well, which may mitigate 

nondissolved bias, seems to provide the best correlations of all groups.   

 

Total BTEX also had the best correlation for the 1-2 ft range; however, it also 

had a good correlation in the 0 ft range and the <=1 ft range.  It could be that 

the affect of weathering discussed above is muted when the sum of the 

constituents are analyzed.  As much as weathering may affect benzene and 

toluene, the ethyl benzene and xylenes average out the damage.   
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Section 5.6  Magnitude of the Soil Concentration 

Figures 5.27 through 5.31 illustrate the correlations between the soil and 

groundwater concentration by the magnitude of the soil concentration.  The 

magnitude of the soil concentration ranged from < 0.1 mg/kg to over 1000 

mg/kg.  The straight lines and equations shown represent linear regression fits 

for the data.   
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Figure 5.27:  Benzene Concentration Sorted by Magnitude of Soil 
Concentration 
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Figure 5.28:  Toluene Concentration Sorted by Magnitude of Soil 
Concentration 
 
 

Soil Conc 0.1-1.0

y = 65.683x
-0.5342

R
2
 = 0.03

Soil Conc < 0.1

y = 352.04x
0.6194

R
2
 = 0.0609

Soil 1.0-10

y = 922.64x
-0.8215

R
2
 = 0.0849

Soil Conc 11-100

y = 519.96x
0.0353

R
2
 = 0.0002

Soil Conc 101-100

y = 0.074x
1.7251

R
2
 = 0.309

0.1

1

10

100

1000

10000

100000

1000000

0.001 0.01 0.1 1 10 100 1000

Ethyl Benzene Soil Concentration (mg/kg)

E
th

y
l 

B
e

n
z
e
n

e
 G

W
 C

o
n

c
e

n
tr

a
ti

o
n

 (
u

g
/L

)

Soil Conc < 0.1

Soil Conc = 0.1-1.0

Soil Conc 1.1-10

Soil Conc 11 - 100

Soil Conc 101-1000

Brown & Flagg (1981)

 

Figure 5.29:  Ethyl Benzene Concentration Sorted by Magnitude of Soil 
Concentration 
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Figure 5.30:  Xylenes Concentration Sorted by Magnitude of Soil 
Concentration  
 
 

Soil Conc 0.1-1.0

y = 124658x
3.3932

R
2
 = 0.7302

Soil Conc < 0.1

y = 3E+06x
3.106

R
2
 = 0.2818

Soil Conc 1.1-10

y = 205.14x
1.3228

R
2
 = 0.2811

Soil Conc 11-100

y = 1.539x
2.2392

R
2
 = 0.536 Soil Conc 101-3500

y = 630.55x
0.3949

R
2
 = 0.0475

0.1

1

10

100

1000

10000

100000

0.001 0.01 0.1 1 10 100 1000 10000

BTEX Soil Concentration (mg/kg)

B
T

E
X

 G
W

 C
o

n
c

e
n

tr
a

ti
o

n
 (

u
g

/L
)

Soil Conc < 0.1

Soil Conc = 0.1-1.0

Soil Conc 1.1-10

Soil Conc 11-100

Soil Conc 101-3500

Brown & Flagg (1981)

 
Figure 5.31:  BTEX Concentration Sorted by Magnitude of Soil Concentration 
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Table 5.8 summarizes the correlation of the soil and groundwater 

concentration by magnitude of soil concentration.  There was not very good 

correlation between the soil and groundwater concentration based on the 

magnitude of the soil concentration.   

 
 
Table 5.8:  Correlation of Data (R2

Constituent 

) per the Magnitude of the Soil 
Concentration  

< 0.1 

mg/kg 

0.1-1.0 

mg/kg 

1.1-10 

mg/kg 

11-100 

mg/kg 

101-

2000 

mg/kg 

Full 

Range 

Benzene 0.003* 0.075 0.1853 0.0093* NG 0.3014 

Toluene 0.0345 0.0756 0.2549 0.129* 0.3037 0.4084 

Ethyl 

Benzene 

0.0609 0.03 0.0849* 0.0002 0.309 0.2485 

Xylenes 0.1542 0.1924 0.1483 0.0195 0.0083 0.349 

BTEX 0.2818 0.7302 0.2811 0.536 0.0475 0.372 

*  This was a negative correlation between the soil and groundwater samples 
NG=Not graphed because only had 2 data points 
The Full Range correlation is from Table 5.1  

 
 

Total BTEX was the only group that had a decent correlation across the 

various ranges (except 100-1000+ mg/kg).  All the individual constituents had 

a very poor correlation when broken down into magnitude of soil 

concentration.  It was originally thought that it may be due to the lack of 

number of samples when broken down into these groups; however, that does 

not appear to be the case.  Table 4.6 is reprinted below with the number of 

samples in each range and relabeled Table 5.9.  
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Table 5.9:  Soil Sample Concentration Magnitude Range 

Constituent Number of Samples in the Range 

< 0.1 

mg/kg 

0.1-1.0 

mg/kg 

1.1-10 

mg/kg 

10 – 100 

mg/kg 

101-

1000+ 

mg/kg 

Benzene 10 17 14 7 2 

Toluene 11 11 13 7 8 

Ethyl 

Benzene 

9 9 11 15 6 

Xylenes 9 8 10 10 13 

 
 

While there does not appear to be a lack of samples in the majority of the 

ranges, what is interesting is that the majority of the soil samples had benzene 

and toluene concentrations in the first three groups which encompassed < 0.1 

mg/kg to 10 mg/kg, and ethyl benzene and xylenes concentrations in the last 

three groups which encompassed 1.1 mg/kg to 1000+ mg/kg (see the bold 

numbers in Table 5.9).  The concentration ranges seen in Table 5.9 seem to 

concur with Morrison’s (2000) assertion that ethyl benzene and xylenes are 

more resistant to weathering, and that toluene, ethyl benzene, and xylenes are 

preferentially retained by soil relative to benzene.  

 

Section 5.7  Applicability of Brown and Flagg (1981) Equation 

The Brown and Flagg (1981) equation was used to calculate the predicted 

groundwater concentration from the soil concentrations.  The results generated 

from the equation varied from one magnitude to upwards of four magnitudes 

from the actual groundwater concentrations.  The magnitude differences were 

calculated by dividing the predicted concentration by the actual concentration  
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and taking the logarithmic of that factor: 

 

 Magnitude Difference = Log (Predicted GW Conc/Lab GW Conc) (8) 

  

A magnitude difference of 1 or less was deemed to be adequate for 

environmental predictions of concentrations.  Figures 5.32 through 5.36 

illustrate the comparison of the predicted concentration to the actual 

concentrations sorted by magnitude, of <=1 and >1, for the various 

constituents and total BTEX.  The straight lines and equations shown represent 

linear regression fits for the data.   
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Figure  5.32:  Comparison of Predicted Benzene Groundwater Concentrations 
to Actual Concentrations.
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Figure  5.33:  Comparison of Predicted Toluene Groundwater Concentrations 
to Actual Concentrations. 
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Figure  5.34:  Comparison of Predicted Ethyl Benzene Groundwater 
Concentrations to Actual Concentrations. 



 70 

y = 345.95x0.8521

R2 = 0.8625

y = 237.34x0.22

R2 = 0.1057

y = 554.69x + 2E-11

R2 = 1

1

10

100

1000

10000

100000

1000000

10000000

0.001 0.01 0.1 1 10 100 1000 10000

Xylenes Soil Concentration (mg/kg)

X
y
le

n
e
s
 G

ro
u

n
d

w
a
te

r 
C

o
n

c
e
n

tr
a
ti

o
n

 (
u

g
/L

)

Log (Eqn Conc/Lab Conc) <=1

Log (Eqn Conc/Lab Conc) > 1

Brown & Flagg (1981)

 
Figure  5.35:  Comparison of Predicted Xylenes Groundwater Concentrations 
to Actual Concentrations. 
 
 

y = 1364x0.7364

R2 = 0.7236

y = 59.056x0.7279

R2 = 0.5887

y = 1252.5x - 2E-10

R2 = 1

1

10

100

1000

10000

100000

1000000

10000000

0.01 0.1 1 10 100 1000 10000

BTEX Soil Concentration (mg/kg)

B
T

E
X

 G
ro

u
n

d
w

a
te

r 
C

o
n

c
e
n

tr
a
ti

o
n

 (
u

g
/L

)

Log (Eqn Conc/Lab Conc) <=1

Log (Eqn Conc/Lab Conc) > 1

Brown & Flagg (1981)

 
Figure  5.36:  Comparison of Predicted Total BTEX Groundwater 
Concentrations to Actual Concentrations. 
 
Table 5.10 summarizes the number of data points that were within one 

magnitude of the predicted concentration.  While all the constituents’ data 
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hovered around 50% of being within one magnitude of the predicted 

concentration, only one constituent, Xylenes, exceeded 50%. 

 
 
Table 5.10:  Number of Samples of each Constituent for which the Actual 
Groundwater Concentration is Within One Magnitude of the Predicted 
Concentration  

 

Constituent 

Log (Eqn GW Conc/Lab GW Conc) 

No. of samples <=1 No. of samples >1 

Benzene 23 27 

Toluene 21 29 

Ethyl Benzene 24 26 

Xylenes 27 23 

Total BTEX 23 27 

 
 
The data does not seem to conform well to the Brown and Flagg (1981) 

equation.  Over half of the predicted concentrations are off by more than one 

magnitude.  There are several factors that may be influencing this non-

conformity.  In their study, Brown and Flagg (1981) isolated the coarse soil 

fraction by sedimentation and washed it five times to remove the occluded 

fines.  The data used in this study were grab soil samples and either grab water 

samples or samples from monitoring wells.  In neither case was the soil or 

water “washed”.  The washing of the fines could have provided more accurate 

data than the grab samples allowed.   

 

Table 5.11 summarizes the number of data points in which the difference 

between the actual groundwater concentration and the predicted groundwater 

concentration varied by more than one magnitude sorted by direction of 

variance.   
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Table 5.11:  Number of Samples in Which the Difference Between the Actual 
and Predicted Groundwater Concentrations is greater than One Magnitude 
sorted by Direction of Variance 
 

 

 

Constituent 

Actual Groundwater 

Concentration Exceeded 

Predicted Concentration 

Actual Groundwater 

Concentration Was 

Lower Than Predicted 

Data 

Benzene 1 26 

Toluene 1 28 

Ethyl Benzene 4 22 

Xylenes 3 20 

Total BTEX 0 27 

 
 
The overwhelming majority of the one magnitude difference exceedances fall 

below the Brown and Flagg (1981) equation line and into the category where 

the actual groundwater concentration is lower than the predicted one.  It is 

believed that the lower concentrations than predicted are due to a confluence 

of different situations that arise from the fact that the Brown and Flagg (1981) 

study was a well planned, laboratory based study whereas the data used in this 

study was collected across various sites by multiple personnel and under 

different weather conditions.  In addition, the groundwater concentrations used 

in the Brown and Flagg (1981) study ranged from a few parts per billion to a 

few parts per million.  In this study, the groundwater concentrations ranged 

from a few parts per billion to a maximum of approximately 20,000 parts per 

billion.  Seeing as how the majority of the magnitude > 1 samples fell below 

the equation, it could be that the higher concentrations used in the Brown and 

Flagg (1981) buttressed up the higher end of the regression line. 
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Finally, Brown and Flagg (1981) fractionated the whole sediments into fine 

particle size separates and found the partition coefficient varied widely 

between silts and clay; however the variation was largely normalized by 

organic carbon content yielding nearly constant normalized partition 

coefficient, Kd.  In this study, the organic content of the soil was unknown and 

assumed to be 0.002 for all the soil.  This assumption may be part of the 

difference between the actual and the predicted groundwater concentrations.          

 

Section 5.8  Fractional Organic Carbon 

 
In order to analyze the assumption of fractional organic carbon, foc, of 0.002, 

the actual groundwater and soil concentrations were used to calculate the 

partition coefficient, Kd, and then the foc was calculated by using the organic 

carbon partition coefficient, Koc, calculated from the Brown and Flagg (1981) 

equation as follows: 

 

 Kd = Soil concentration/Groundwater concentration (8) 

 foc = Kd/Koc (9)  

 Log Koc = 0.937log Kow

The paired samples were sorted by lithology and then those samples that were 

collected under the better conditions discussed in Sections 5.4 and 5.5 were 

identified.  The conditions include:  horizontal distance between soil and 

groundwater sample <= 4 feet; and vertical distance between soil and 

groundwater sample = 0 to 2 feet.  It is acknowledged that limiting this 

analysis to only monitoring wells may have been appropriate; however, that 

would have lowered subset to a very small sample group and would have 

skewed the results.  Additionally, while the vertical distance of between 1 to 2 

 -0.006 (10) 

 



 74 

ft below the top of the water table was the best vertical distance correlation, all 

samples collected from the top of the water table to 2 feet were used because 

otherwise the sample size would be very limited. 

 

There were 6 data samples for the poorly graded sands (little to no fines), SP, 

19 data sets for silty sands (SM), 3 for clayey sands/sandy clays (SC), and one 

each for the organic clay (OH) and the inorganic clay (CH).  Table 5.12 

summarizes the average calculated foc for each constituent for each lithology 

and also has the average foc for the lithology for all the constituents together.  

For the individual constituent’s average foc, the highest and lowest calculated 

values were not used to calculate the average, except for those lithologies that 

only had three or less data sets (clayey sands/sandy clays, organic clay, and 

inorganic clay). 

 
 
Table 5.12:  The Average Calculated foc for Each Lithology and Constituent 

Lithology Average Calculated foc per Constituent Average 

foc per 

Lithology 

B T E X 

Poorly Graded Sands 

(little to no fines) SP 

0.0209 0.0139 0.0322 0.0117 0.0197 

Silty Sands SM 0.1370 0.1958 0.1507 0.0506 0.1335 

Clayey Sands/Sandy 

Clay SC 

1.7564 0.2725 0.2419 0.1311 0.6005 

Organic Clay OH 0.0123 0.0183 0.0178 0.0124 0.0152 

Inorganic Clay CH 0.0043 0.0197 0.0016 0.0052 0.0077 
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While the benzene constituent’s foc for clayey sand/sandy clay seems a little 

high, overall the calculated foc for that lithology was the highest followed by 

the silty sands and the poorly graded sands (little to no fines).  The clayey 

sand/sandy clay foc average may be skewed high due to the fact that there 

were only three samples, the high and low were not thrown out, and one of the 

benzene concentrations seemed to be an aberration; however, the foc still 

ranged high for this group.  It could be due to the larger surface area in clayey 

sands.  The poorly graded sands had one of the lowest average foc and this is 

understandable as there is little to no fines and this is usually one of the least 

organic of soils.  Since the organic and inorganic clay had only one sample 

each, it is not clear that these are representative of the group.   

 

What is interesting is that 25 out of the 30 samples had an average foc across 

the four BTEX constituents of greater than 0.006.  Only 5 samples had an 

average foc within, or below, the 0.002 to 0.006 range used in the 

development of the FDEP Cleanup Target Levels (CTLs).  Two were from the 

poorly graded sand group and the others were from the silty sands group.  This 

implies that the CTLs may be overly conservative and that perhaps actual soil 

samples should be collected across Florida to confirm that using a foc of 0.002 

and 0.006 is appropriate to use for development of the CTLs.  Additionally, it 

suggests that if foc measurements are collected during the site assessments, 

site-specific CTLs could be calculated and it is possible that remediation costs 

could be saved since any soil with concentrations below the CTLs would not 

need to be treated.   
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CHAPTER 6:  SUMMARY 

This study used 50 pairs of soil and groundwater concentrations from actual 

petroleum contaminated site across Florida and analyzed how well the soil 

concentration could predict the groundwater concentration.  In addition, the 

data was analyzed to see if total BTEX soil concentration could reasonably be 

used to predict the associated groundwater concentration.  Finally, the data 

was analyzed to determine how to see how the different field variables would 

affect the results.   

 

Section 6.1:  General 

From the data, it is apparent that there a positive correlation between the soil 

and groundwater concentrations that is generally good enough for prediction.  

There are several variables involved in this study that affected the results:  

sample method; lithology; horizontal and vertical distances between paired 

samples; and magnitude of the soil concentration.  An analysis of these factors 

revealed some interesting conclusions and some questions for further study 

which are discussed in the following sections. 

 

Section 6.2:  Sample Type 

The initial analysis of the sample method included comparing the monitoring 

well samples to the direct push technology grab samples.  The correlation of 

the soil and groundwater concentrations from the direct push technology was 

much better than that of the monitoring well samples.  However, after delving 

deeper into the data, it seems that the data is skewed by the horizontal and 

vertical distances between the soil and groundwater samples.   
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All the dpt pairs of soil and groundwater concentrations, except for one, were 

collected at the same horizontal location.  In contrast, almost 50% of the MW 

samples were collected more than 6 feet away from the corresponding soil 

sample.  The distance between the soil and groundwater locations is a probable 

factor in the comparison favoring the dpt samples.  Additionally, when the 

vertical distance difference was analyzed, the subset of 1-2 ft contained only 

MW samples and it had the best correlation of the study (see Section 6.5 

below for further discussion).  Unfortunately, this study does not have enough 

data to isolate the various horizontal and vertical distances and analyze the 

data.  This leaves some doubt which method is superior and further testing is 

needed.   

 

Section 6.3:  Lithology 

The soil to groundwater concentration correlation sorted by lithology was 

interesting.  The poorly graded sand (little to no fines ) (SP) had good 

correlation for ethyl benzene and xylenes concentrations, but not for benzene 

and toluene concentrations.  Meanwhile, the silty sands (SM) and clayey 

sand/sandy clays (SC) was just the opposite with a good correlation for the 

benzene and toluene concentrations, but not for the ethyl benzene and xylenes 

concentrations.  Total BTEX (instead of individual constituents) had a good 

correlation between the soil and groundwater concentrations across all three 

categories of soil:  poorly graded sands, silty sands, and clayey sand/sandy 

clays.   

 

These results appear to be reflective of the weathering that the soil has 

encountered (volatilization and water washing).  The poorly graded sands, 

with little to no fines, allow the smaller/lighter/more volatile molecules of 

benzene and toluene to pass right through the pore space and to the 
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groundwater.  Meanwhile, the silty sand and clayey sand/sandy clays have fine 

grains that clog the pore space hindering movement of the smaller/lighter 

molecules.     

 

Section 6.4:  Horizontal Distance Between the Soil and Groundwater 

Samples 

As could be reasonably expected, collecting the soil and groundwater samples 

at the same location produces the best correlations.  Additionally, samples 

collected from within five horizontal feet still produced a good correlation.  

However, the correlation dropped off after 5 feet and soil concentrations 

should not be used to predict groundwater concentrations more than five feet 

away.   

 

Section 6.5:  Vertical Distance Between the Soil and Groundwater 

Samples 

The data shows that there is a marked increase in the correlation between the 

soil and groundwater concentrations when the soil sample is collected between 

one and two feet below the top of the water table.   At first, these results were 

thought to be due to the 1 foot water layer insulating the underlying soil and 

groundwater from weathering effects, such as volatilization, water washing, 

biodegradation, etcetera, and having a more static equilibrium; however, the 

underlying data shows evidence that the sample type may be affecting the 

correlations.   

 

For all of the seven data points included in the vertical range of between 1 and 

2 feet below the water table, the groundwater samples were all collected from 

monitoring wells.  The other three ranges all had a mix of MWs and dpt 

samples.  What the data may be showing is that the 1-2 foot range along with 
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MW samples is a more optimal method of getting well correlated data.  This 

result may be indicative of the nondissolved bias introduced by turbid samples 

as discussed by Zemo (2006) and contradicts the dpt versus MW comparison 

results discussed above in Section 6.2. 

 

Collecting soil samples deeper than two feet and the correlation wanes due to 

the distance.  At the water table surface and within 1 foot of the top, the 

correlations vary depending on the constituent which is probably due to 

weathering interference. 

 

The combination of collecting the soil samples at between 1-2 feet below the 

top of the water table and collecting the water samples from monitoring wells 

produced very good correlations. 

 

Section 6.6:  Magnitude of Soil Concentration 

There was not a very good correlation across any of the soil concentration 

magnitude ranges for any of the constituents although total BTEX showed 

pretty good correlations in the mid-range concentrations.  It appears that there 

is not any one better range of concentrations to use to predict the associated 

groundwater concentration. 

 

One observation from this soil concentration magnitude analysis is that the 

benzene and toluene concentrations were concentrated in the lower ranges (< 

0.1, 0.1-1.0 and 1.1-10 mg/kg) while the ethyl benzene and xylenes 

concentrations were concentrated in the higher ranges (1.1-10, 10-100, and 

101-1000+ mg/kg).  The concentration ranges observed seem to concur with 

Morrison’s (2000) assertion that ethyl benzene and xylenes are more resistant 
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to weathering, and that toluene, ethyl benzene, and xylenes are preferentially 

retained by soil relative to benzene.  

 

Section 6.7:  Total BTEX 

Using the Total BTEX produced very good and consistent correlations across 

a variety of subsets and could be used to predict the associated groundwater 

concentration rather than the individual concentrations as a default position.  

BTEX was an especially good choice when sampling across unknown 

lithologies as it smoothed out the inconsistencies across the constituents for 

various soil.  

 

Section 6.8:  Fractional Organic Carbon 

The analysis of the fractional organic carbon, foc, of the soil samples 

illustrated a few different conclusions.  The trend of the average for the 

lithologies generally followed what was expected: the poorly graded sands had 

the lowest average foc while the clayey sands and silty sands had higher 

averages.  In addition, over 80% of the soil samples had a foc greater than 

0.006.  This implies that the CTLs may be overly conservative and that actual 

soil samples should be collected across Florida to confirm that using a foc of 

0.002 and 0.006 is appropriate.  Also, if soils other than poorly graded sands 

are encountered at a site, foc measurements can be collected to calculate the 

appropriate site-specific CTLs to avoid unnecessary treatment of soil.   

 

Section 6.9  Applicability of Brown and Flagg (1981) Equation and Using 

the Soil Concentrations to Predict the Groundwater Concentrations 

With the data in this study, using the Brown and Flagg (1981) equation to 

predict the groundwater concentrations from the soil concentration would 

produce more than a one magnitude error approximately 50% of the time.  The 
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majority of the predicted concentrations would be one magnitude higher than 

the actual groundwater.  Trying to use the Brown and Flagg (1981) equation in 

site assessments to predict groundwater concentrations, as used in this study,  

may lead to erroneous assumptions, mistaken identity of the groundwater 

plume contours, loss of time and resources, etcetera.  However, it is believed 

that the equation could be used if more rigorous data collection was observed.  

As stated in Section 6.8, the organic content of the soil should be analyzed to 

properly account for the partitioning between the soil and groundwater.  The 

soil should be collected from approximately 1-2 feet below the top of the 

water to mitigate weathering factors and the locations should be identical.  

Further research should be able to refine this process. 

 

Section 6.10  Future Research 

While there were several unique observations found in this study, there are 

several areas that could use further investigation.  The soil samples could be 

additionally analyzed for the fractional organic carbon to see if the predictions 

can be refined.  In addition, the soil samples could be collected from a wider 

range of lithologies and soil concentration magnitudes to get more data on how 

these variable affect the correlations. 

 

One interesting follow-up would be to advance soil borings and collect 

multiple soil samples from same boring but at various depths to determine how 

the depth affects the correlation.  In addition, from the same soil borings, 

collect groundwater samples via both direct push technology and then install a 

monitoring well and collect a groundwater sample from it.  In this manner, 

some of the contradicting results from this study could be analyzed and 

resolved.   
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Finally, it would be interesting to see how age in the ground and surface 

covering would affect the results.  Perhaps an experiment could be set up that 

on a dedicated site where a known volume of petroleum is released in the 

subsurface with multiple cells, but with the same approximate depth to water 

of approximately 3-4 feet so that samples could be collected via hand augurs.  

The cells should vary by lithology (could use the three most dominant in 

Florida, USGS Soil Type 2, 3 and 4) and surface covering (permeable versus 

impermeable) and collect samples over time to track the changes.  This would 

combine further investigation of lithology, weathering, aging and surface 

covering affects.    
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APPENDIX:  GROUNDWATER AND SOIL DATA 

 
 
 

 
 No. 
  

  
County 
  

  
Fac ID 
  

  
Name 
  

  
Soil ID 
  

  
GW ID 
  

 
Benzene 

 

Lab Soil 
(mg/kg) 

Lab GW 
(ug/L) 

Brown & 
Flagg GW 
calc'd 
(ug/L) 

1 10 8503254 Lil Champ 6100 MW-7 MW-7 26 7300 133086.3 

2 12 8734537 Chevron 211409 05-SB-1 05-SB-1 0.67 21.9 3429.5 

3 12 8519211 AB Distributors SB-1C 
MW-10 
(15-25) 18 15000 92136.7 

4 12 8519211 AB Distributors SB-1C 
MW-10R 
(5-15) 18 2100 92136.7 

5 19 8508295 Express Lane 89 SBMW-7 MW-7 0.012 4.1 61.4 

6 30 9202146 Hancock Property SB-13 GW-04 14 23400 71661.9 

7 30 9202146 Hancock Property SB-13 MW-2 14 9000 71661.9 

8 30 9201144 New South Emporium B-1 MW-1 0.44 180 2252.2 

9 30 9201144 New South Emporium B-1 MW-2 0.44 4900 2252.2 

10 30 9201654 Owens Grocery SB-7 MW-3 0.13 0.31 665.4 

11 30 9201654 Owens Grocery SB-3 MW-1 0.32 650 1638.0 

12 33 8520494 Capital City Travel Center MW-14 MW-14 160 800 818992.6 

13 54 8515724 Former Coastal Mart 702 SB-19 MW-11 2 290 10237.4 

14 54 8515724 Former Coastal Mart 702 SB-7 MW-12 3.3 15.6 16891.7 

15 54 8515724 Former Coastal Mart 702 SB-9 MW-9 1.6 353 8189.9 

16 54 8630901 Handy Way 2109 SB-6 MW-1 2.1 170 10749.3 

17 54 8515749 Handy Way 2399 SB-20 CW-3 6 3500 30712.2 

18 54 8515749 Handy Way 2399 SB-22 CW-3 0.016 3500 81.9 

19 54 8515724 Former Coastal Mart 702 SB-10 PZ-1 2.2 199 11261.1 

20 54 8515724 Former Coastal Mart 702 SB-19 MW-11 0.0252 290 129.0 

21 54 8515724 Former Coastal Mart 702 SB-7 MW-12 0.19 15.6 972.6 

22 55 8515996 
Former Continental Auto 
and Truck Service SB-1 SB-1 0.014 7.15 71.7 

23 55 8515996 
Former Continental Auto 
and Truck Service SB-2 SB-2 3.63 2420 18580.9 

24 55 8515996 
Former Continental Auto 
and Truck Service SB-3 SB-3 0.08 568 409.5 

25 55 8515996 
Former Continental Auto 
and Truck Service SB-8 SB-8 0.0058 69.8 29.7 
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 No. 
  

  
County 
  

  
Fac ID 
  

  
Name 
  

  
Soil ID 
  

  
GW ID 
  

  
Benzene 

  

Lab Soil 
(mg/kg) 

Lab GW 
(ug/L) 

Brown & 
Flagg GW 
calc'd 
(ug/L) 

26 55 8515996 
Former Continental Auto and Truck 
Service SB-9 SB-9 3.357 144 17183.5 

27 55 8515996 
Former Continental Auto and Truck 
Service SB-11 SB-11 7.381 16700 37781.2 

28 55 8515996 
Former Continental Auto and Truck 
Service SB-12 SB-12 13.77 18500 70484.6 

29 55 8515996 
Former Continental Auto and Truck 
Service SB-14 SB-14 117 31700 598888.4 

30 55 8515996 
Former Continental Auto and Truck 
Service SB-15 SB-15 0.14 2870 716.6 

31 55 8515996 
Former Continental Auto and Truck 
Service SB-16 SB-16 0.084 3.01 430.0 

32 55 8515996 
Former Continental Auto and Truck 
Service SB-19 SB-19 0.523 1220 2677.1 

33 55 8515996 
Former Continental Auto and Truck 
Service SB-24 SB-24 0.114 1 583.5 

34 55 8518508 Tom's Chevron SB-6 sb-6-4-8 0.028 8.1 143.3 

35 55 8518508 Tom's Chevron SB-15 sb-15-6-10 0.25 320 1279.7 

36 55 8518508 Tom's Chevron SB-1 sb-1-11-15 0.1 164 511.9 

37 55 8518508 Tom's Chevron SB-1 sb-1-17-21 0.015 260 76.8 

38 55 8625913 Lil Champ 6276 SB-1 MW-8  0.12 47 614.2 

39 55 8625913 Lil Champ 6276 MW-6 MW-6 1.7 130 8701.8 

40 55 8625913 Lil Champ 6276 SB-1 MW-8  0.057 47 291.8 

41 55 8625913 Lil Champ 6276 MW-6 MW-6 0.3 130 1535.6 

42 55 8625913 Lil Champ 6276 MW-6 MW-6 2.2 130 11261.1 

43 56 8628486 UPS Ft Pierce Center 
05-SB-
18 MW-3R 21.3 23.7 109028.4 

44 62 8517141 Chevron Armstrong PZ-2 PZ-2 0.9 9.5 4606.8 

45 62 8517075 Richard Miller Trucking SB-9 MW-3R 0.13 100 665.4 

46 62 8517075 Richard Miller Trucking SB-4 MW-10 1.2 150 6142.4 

47 63 9400311 Griffis Property FSB-3 MW-2 1.5 3600 7678.1 

48 63 9400311 Griffis Property FSB-7 MW-1 1.2 610 6142.4 

49 63 9400311 Griffis Property FSB-2 MW-10 0.27 290 1382.1 

50 63 9400311 Griffis Property FSB-4 MW-1 0.56 610 2866.5 
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 No. 
  

  
County 
  

  
Fac ID 
  

  
Name 
  

  
Soil ID 
  

  
GW ID 
  

  
Toluene 

  

Lab Soil 
(mg/kg) 

Lab GW 
(ug/L) 

Brown & 
Flagg GW 
calc'd 
(ug/L) 

1 10 8503254 Lil Champ 6100 MW-7 MW-7 500 37000 764557.2 

2 12 8734537 Chevron 211409 05-SB-1 05-SB-1 1.2 3.6 1834.9 

3 12 8519211 AB Distributors SB-1C 
MW-10 
(15-25) 210 35000 321114.0 

4 12 8519211 AB Distributors SB-1C 

MW-
10R 
(5-15) 210 5400 321114.0 

5 19 8508295 Express Lane 89 SBMW-7 MW-7 0.0067 1 10.2 

6 30 9202146 Hancock Property SB-13 GW-04 820 30000 1253873.9 

7 30 9202146 Hancock Property SB-13 MW-2 820 20000 1253873.9 

8 30 9201144 New South Emporium B-1 MW-1 2.9 6400 4434.4 

9 30 9201144 New South Emporium B-1 MW-2 2.9 28000 4434.4 

10 30 9201654 Owens Grocery SB-7 MW-3 0.21 6.8 321.1 

11 30 9201654 Owens Grocery SB-3 MW-1 0.15 1100 229.4 

12 33 8520494 Capital City Travel Center MW-14 MW-14 800 500 1223291.6 

13 54 8515724 Former Coastal Mart 702 SB-19 MW-11 2 2 3058.2 

14 54 8515724 Former Coastal Mart 702 SB-7 MW-12 3.3 24.6 5046.1 

15 54 8515724 Former Coastal Mart 702 SB-9 MW-9 23.4 386 35781.3 

16 54 8630901 Handy Way 2109 SB-6 MW-1 2.3 1700 3517.0 

17 54 8515749 Handy Way 2399 SB-20 CW-3 12 3000 18349.4 

18 54 8515749 Handy Way 2399 SB-22 CW-3 0.004 3000 6.1 

19 54 8515724 Former Coastal Mart 702 SB-10 PZ-1 47.7 105 72938.8 

20 54 8515724 Former Coastal Mart 702 SB-19 MW-11 0.0023 2 3.5 

21 54 8515724 Former Coastal Mart 702 SB-7 MW-12 0.19 24.6 290.5 

22 55 8515996 
Former Continental Auto and Truck 
Service SB-1 SB-1 0.04 15 61.2 

23 55 8515996 
Former Continental Auto and Truck 
Service SB-2 SB-2 33.66 15030 51470.0 

24 55 8515996 
Former Continental Auto and Truck 
Service Sb-3 SB-3 0.041 132 62.7 

25 55 8515996 
Former Continental Auto and Truck 
Service SB-8 SB-8 0.0058 15 8.9 
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 No. 
  

  
County 
  

  
Fac ID 
  

  
Name 
  

  
Soil ID 
  

  
GW ID 
  

 
Toluene 

 

Lab Soil 
(mg/kg) 

Lab GW 
(ug/L) 

Brown & 
Flagg GW 
calc'd 
(ug/L) 

26 55 8515996 
Former Continental Auto 
and Truck Service SB-9 SB-9 3.357 15 5133.2 

27 55 8515996 
Former Continental Auto 
and Truck Service SB-11 SB-11 2.01 15 3073.5 

28 55 8515996 
Former Continental Auto 
and Truck Service SB-12 SB-12 3.427 18600 5240.3 

29 55 8515996 
Former Continental Auto 
and Truck Service SB-14 SB-14 927 20600 1417489.1 

30 55 8515996 
Former Continental Auto 
and Truck Service SB-15 SB-15 0.989 335 1512.3 

31 55 8515996 
Former Continental Auto 
and Truck Service SB-16 SB-16 0.492 15 752.3 

32 55 8515996 
Former Continental Auto 
and Truck Service SB-19 SB-19 1.462 20 2235.6 

33 55 8515996 
Former Continental Auto 
and Truck Service SB-24 SB-24 0.58 15 886.9 

34 55 8518508 Tom's Chevron SB-6 sb-6-4-8 0.0063 1 9.6 

35 55 8518508 Tom's Chevron SB-15 sb-15-6-10 4.7 5100 7186.8 

36 55 8518508 Tom's Chevron SB-1 sb-1-11-15 0.0016 1.1 2.4 

37 55 8518508 Tom's Chevron SB-1 sb-1-17-21 0.0012 6.3 1.8 

38 55 8625913 Lil Champ 6276 SB-1 MW-8  0.12 1 183.5 

39 55 8625913 Lil Champ 6276 MW-6 MW-6 5.8 690 8868.9 

40 55 8625913 Lil Champ 6276 SB-1 MW-8  0.057 1 87.2 

41 55 8625913 Lil Champ 6276 MW-6 MW-6 0.14 690 214.1 

42 55 8625913 Lil Champ 6276 MW-6 MW-6 10 690 15291.1 

43 56 8628486 UPS Ft Pierce Center 05-SB-18 MW-3R 115 4.2 175848.2 

44 62 8517141 Chevron Armstrong PZ-2 PZ-2 23 110 35169.6 

45 62 8517075 Richard Miller Trucking SB-9 MW-3R 0.24 6.4 367.0 

46 62 8517075 Richard Miller Trucking SB-4 MW-10 0.12 2.3 183.5 

47 63 9400311 Griffis Property FSB-3 MW-2 18 2800 27524.1 

48 63 9400311 Griffis Property FSB-7 MW-1 0.062 50 94.8 

49 63 9400311 Griffis Property FSB-2 MW-10 0.4 1000 611.6 

50 63 9400311 Griffis Property FSB-4 MW-1 29 50 44344.3 
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No.  
  

  
County 
  

  
Fac ID 
  

  
Name 
  

  
Soil ID 
  

  
GW ID 
  

 
Ethyl Benzene 

 

Lab Soil 
(mg/kg) 

Lab GW 
(ug/L) 

Brown & 
Flagg GW 
calc'd 
(ug/L) 

1 10 8503254 Lil Champ 6100 MW-7 MW-7 260 3800 147364.7 

2 12 8734537 Chevron 211409 05-SB-1 05-SB-1 3.45 114 1955.4 

3 12 8519211 AB Distributors SB-1C 
MW-10 
(15-25) 55 3500 31173.3 

4 12 8519211 AB Distributors SB-1C 

MW-
10R 
(5-15) 55 900 31173.3 

5 19 8508295 Express Lane 89 SBMW-7 MW-7 0.0067 1 3.8 

6 30 9202146 Hancock Property SB-13 GW-04 17 2000 9635.4 

7 30 9202146 Hancock Property SB-13 MW-2 17 1500 9635.4 

8 30 9201144 New South Emporium B-1 MW-1 2.2 1600 1246.9 

9 30 9201144 New South Emporium B-1 MW-2 2.2 1700 1246.9 

10 30 9201654 Owens Grocery SB-7 MW-3 0.84 5.9 476.1 

11 30 9201654 Owens Grocery SB-3 MW-1 0.34 140 192.7 

12 33 8520494 Capital City Travel Center MW-14 MW-14 150 100 85018.1 

13 54 8515724 Former Coastal Mart 702 SB-19 MW-11 27.7 22.5 15700.0 

14 54 8515724 Former Coastal Mart 702 SB-7 MW-12 52.6 186 29813.0 

15 54 8515724 Former Coastal Mart 702 SB-9 MW-9 30.7 342 17400.4 

16 54 8630901 Handy Way 2109 SB-6 MW-1 100 310 56678.7 

17 54 8515749 Handy Way 2399 SB-20 CW-3 110 1100 62346.6 

18 54 8515749 Handy Way 2399 SB-22 CW-3 0.58 1100 328.7 

19 54 8515724 Former Coastal Mart 702 SB-10 PZ-1 92.1 184 52201.1 

20 54 8515724 Former Coastal Mart 702 SB-19 MW-11 0.0088 22.5 5.0 

21 54 8515724 Former Coastal Mart 702 SB-7 MW-12 0.404 186 229.0 

22 55 8515996 
Former Continental Auto 
and Truck Service SB-1 SB-1 0.011 15 6.2 

23 55 8515996 
Former Continental Auto 
and Truck Service SB-2 SB-2 20.42 1210 11573.8 

24 55 8515996 
Former Continental Auto 
and Truck Service Sb-3 SB-3 0.01 385 5.7 

25 55 8515996 
Former Continental Auto 
and Truck Service SB-8 SB-8 0.0058 281 3.3 



 88 

 
 
 
 

  
 No. 
  

  
County 
  

  
Fac ID 
  

  
Name 
  

  
Soil ID 
  

  
GW ID 
  

 
Ethyl Benzene 

 

Lab Soil 
(mg/kg) 

Lab GW 
(ug/L) 

Brown & 
Flagg GW 
calc'd 
(ug/L) 

26 55 8515996 
Former Continental Auto 
and Truck Service SB-9 SB-9 4.317 67.8 2446.8 

27 55 8515996 
Former Continental Auto 
and Truck Service SB-11 SB-11 29.19 4190 16544.5 

28 55 8515996 
Former Continental Auto 
and Truck Service SB-12 SB-12 73.91 2840 41891.2 

29 55 8515996 
Former Continental Auto 
and Truck Service SB-14 SB-14 369 1760 209144.5 

30 55 8515996 
Former Continental Auto 
and Truck Service SB-15 SB-15 0.159 260 90.1 

31 55 8515996 
Former Continental Auto 
and Truck Service SB-16 SB-16 0.075 23.7 42.5 

32 55 8515996 
Former Continental Auto 
and Truck Service SB-19 SB-19 0.952 553 539.6 

33 55 8515996 
Former Continental Auto 
and Truck Service SB-24 SB-24 0.114 15 64.6 

34 55 8518508 Tom's Chevron SB-6 sb-6-4-8 0.0063 1 3.6 

35 55 8518508 Tom's Chevron SB-15 sb-15-6-10 1.6 730 906.9 

36 55 8518508 Tom's Chevron SB-1 sb-1-11-15 0.0094 14 5.3 

37 55 8518508 Tom's Chevron SB-1 sb-1-17-21 0.035 145 19.8 

38 55 8625913 Lil Champ 6276 SB-1 MW-8  6.3 2.6 3570.8 

39 55 8625913 Lil Champ 6276 MW-6 MW-6 7.8 570 4420.9 

40 55 8625913 Lil Champ 6276 SB-1 MW-8  0.8 2.6 453.4 

41 55 8625913 Lil Champ 6276 MW-6 MW-6 1.3 570 736.8 

42 55 8625913 Lil Champ 6276 MW-6 MW-6 13 570 7368.2 

43 56 8628486 UPS Ft Pierce Center 05-SB-18 MW-3R 146 81.3 82750.9 

44 62 8517141 Chevron Armstrong PZ-2 PZ-2 23 47 13036.1 

45 62 8517075 Richard Miller Trucking SB-9 MW-3R 18 180 10202.2 

46 62 8517075 Richard Miller Trucking SB-4 MW-10 11 35 6234.7 

47 63 9400311 Griffis Property FSB-3 MW-2 11 8000 6234.7 

48 63 9400311 Griffis Property FSB-7 MW-1 0.23 2200 130.4 

49 63 9400311 Griffis Property FSB-2 MW-10 1.6 1000 906.9 

50 63 9400311 Griffis Property FSB-4 MW-1 17 2200 9635.4 
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1 10 8503254 Lil Champ 6100 MW-7 MW-7 1600 24000 887503.3 

2 12 8734537 Chevron 211409 05-SB-1 05-SB-1 2.41 160 1336.8 

3 12 8519211 AB Distributors SB-1C 
MW-10 
(15-25) 280 25000 155313.1 

4 12 8519211 AB Distributors SB-1C 
MW-10R 
(5-15) 280 6200 155313.1 

5 19 8508295 Express Lane 89 SBMW-7 MW-7 0.0067 1 3.7 

6 30 9202146 Hancock Property SB-13 GW-04 86 9300 47703.3 

7 30 9202146 Hancock Property SB-13 MW-2 86 9300 47703.3 

8 30 9201144 New South Emporium B-1 MW-1 38 12000 21078.2 

9 30 9201144 New South Emporium B-1 MW-2 38 13000 21078.2 

10 30 9201654 Owens Grocery SB-7 MW-3 1 123 554.7 

11 30 9201654 Owens Grocery SB-3 MW-1 0.51 950 282.9 

12 33 8520494 Capital City Travel Center MW-14 MW-14 770 300 427111.0 

13 54 8515724 Former Coastal Mart 702 SB-19 MW-11 5 7 2773.4 

14 54 8515724 Former Coastal Mart 702 SB-7 MW-12 427 731 236852.4 

15 54 8515724 Former Coastal Mart 702 SB-9 MW-9 265 1990 146992.7 

16 54 8630901 Handy Way 2109 SB-6 MW-1 148 7000 82094.1 

17 54 8515749 Handy Way 2399 SB-20 CW-3 120 6600 66562.7 

18 54 8515749 Handy Way 2399 SB-22 CW-3 0.033 6600 18.3 

19 54 8515724 Former Coastal Mart 702 SB-10 PZ-1 593 600 328930.9 

20 54 8515724 Former Coastal Mart 702 SB-19 MW-11 0.0059 7 3.3 

21 54 8515724 Former Coastal Mart 702 SB-7 MW-12 3.39 731 1880.4 

22 55 8515996 
Former Continental Auto 
and Truck Service SB-1 SB-1 0.05 15 27.7 

23 55 8515996 
Former Continental Auto 
and Truck Service SB-2 SB-2 148.16 5890 82182.8 

24 55 8515996 
Former Continental Auto 
and Truck Service Sb-3 SB-3 0.047 2415 26.1 

25 55 8515996 
Former Continental Auto 
and Truck Service SB-8 SB-8 0.0174 222 9.7 
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26 55 8515996 
Former Continental Auto 
and Truck Service SB-9 SB-9 3.427 15 1900.9 

27 55 8515996 
Former Continental Auto 
and Truck Service SB-11 SB-11 23.89 487 13251.5 

28 55 8515996 
Former Continental Auto 
and Truck Service SB-12 SB-12 10.281 14110 5702.8 

29 55 8515996 
Former Continental Auto 
and Truck Service SB-14 SB-14 1907 8440 1057793.0 

30 55 8515996 
Former Continental Auto 
and Truck Service SB-15 SB-15 0.914 1003 507.0 

31 55 8515996 
Former Continental Auto 
and Truck Service SB-16 SB-16 0.382 15 211.9 

32 55 8515996 
Former Continental Auto 
and Truck Service SB-19 SB-19 2.472 960 1371.2 

33 55 8515996 
Former Continental Auto 
and Truck Service SB-24 SB-24 0.563 15 312.3 

34 55 8518508 Tom's Chevron SB-6 sb-6-4-8 0.074 4.5 41.0 

35 55 8518508 Tom's Chevron SB-15 sb-15-6-10 9 3700 4992.2 

36 55 8518508 Tom's Chevron SB-1 sb-1-11-15 0.018 14 10.0 

37 55 8518508 Tom's Chevron SB-1 sb-1-17-21 0.02 87 11.1 

38 55 8625913 Lil Champ 6276 SB-1 MW-8  4.8 61 2662.5 

39 55 8625913 Lil Champ 6276 MW-6 MW-6 38 3900 21078.2 

40 55 8625913 Lil Champ 6276 SB-1 MW-8  0.36 61 199.7 

41 55 8625913 Lil Champ 6276 MW-6 MW-6 2.6 3900 1442.2 

42 55 8625913 Lil Champ 6276 MW-6 MW-6 79 3900 43820.5 

43 56 8628486 UPS Ft Pierce Center 05-SB-18 MW-3R 727 34.6 403259.3 

44 62 8517141 Chevron Armstrong PZ-2 PZ-2 145 430 80430.0 

45 62 8517075 Richard Miller Trucking SB-9 MW-3R 89 373 49367.4 

46 62 8517075 Richard Miller Trucking SB-4 MW-10 0.497 302.2 275.7 

47 63 9400311 Griffis Property FSB-3 MW-2 60 12800 33281.4 

48 63 9400311 Griffis Property FSB-7 MW-1 0.49 100 271.8 

49 63 9400311 Griffis Property FSB-2 MW-10 7.7 5200 4271.1 

50 63 9400311 Griffis Property FSB-4 MW-1 90 100 49922.1 
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