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Foreword 

How were you spending your time in the 1980’s?  It was a long time ago, and Ronald Reagan 
was President, “ET: The Extraterrestrial” was released, the hole in the ozone layer was discovered, 
AIDS was identified and named, personal computers were introduced by IBM, the first Space 
Shuttle was launched, and the Challenger disaster grabbed us all.  In mid-decade, the Annual 
International Conference on Soils, Sediments, Water, and Energy also began its impressive run.  
Now an annual event at the University of Massachusetts in Amherst, this conference represents one 
of the most significant and influential environmental conferences in the world.  From its modest 
beginnings in the mid-1980’s as a meeting primarily to explore issues related to petroleum 
contaminated soils, this conference both expanded and matured as it has moved into its third 
decade.  The most recent meeting of the International Conference on Soils, Sediments, Water and 
Energy in October of 2008 marked the 24th anniversary of the event that annually draws well over 
800 participants.  Over the quarter century that the Amherst conference has been conducted, 
approximately 15,000 participants have represented about 40 countries, and the United States has 
had participants from almost all of its 50 states.  

 
Consider the breadth of coverage for papers in this year’s Proceedings, which cover subjects 

such as manufactured gas plants, ongoing questions of lead and arsenic assessment/remediation, 
enhanced solvent degradation, contaminated sediments, agricultural applications, and evaluation 
of indoor air related to subsurface contamination.  The broad spectrum of technical specialties 
and the accumulated experience that comes to Amherst each year contributes a blend of unique 
and practical views of science, policy and available solutions, the combination of which always 
yields informative and spirited discussion.  It has been my experience that many of the 
participants attend the conference regularly, and these individuals provide a sense of continuity 
and progressive views as their careers and experiences evolve.  A principal benefit and attraction 
of a meeting like this is the opportunity to present, probe, discuss, and expand the subjects on 
which we have chosen to spend our careers working.  Whether in the oral platform presentations, 
or more informal poster sessions, or even in discussions during breaks or over dinner, there are 
always new ideas and approaches to problems, as well as possible new avenues of research and 
study that we can consider and elect to pursue after the conference has ended.  Each year, we see 
that opportunities often present themselves when they are least expected.   
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These Proceedings from the 2008 conference, representing Volume 14 of the long-running 
series, contain 28 technical papers that showcase the work that also is represented by over 235 
platform and poster presentations.  This volume is organized into the following sections:  
Analysis; Energy; Environmental Fate; Groundwater NRDA in the Modern Age; Heavy Metals; 
Radionuclides; Regulatory Issues; Remediation; Risk Assessment; Sediments; Site Assessment; 
and Vapor Intrusion.  The scientists, regulatory personnel, military representatives, consultants, 
laboratory technicians, academicians, and representatives from the utility, transportation, and 
petrochemical industries who have prepared the manuscripts in this volume represent a broad 
array of interests and technical disciplines that are essential to responsible and effective 
environmental evaluation and management.  It is a pleasure to have the opportunity to introduce 
this 14th volume in a prestigious series.  The editors, sponsors, and conference staff have once 
again outdone themselves in shepherding this important scientific event to completion.   

 

Christopher M. Teaf 

Center for Biomedical & Toxicological Research 
Florida State University 
Tallahassee, Florida
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PART I: Analysis 

Chapter 1 
 
COMPARISON OF NAPHTHALENE AMBIENT AIR SAMPLING & 
ANALYSIS METHODS AT FORMER MANUFACTURED GAS 
PLANT (MGP) REMEDIATION SITES  

Alyson Fortune§, Leo Gendron2, and Michael Tuday1 
1 Columbia Analytical Services Air Quality Laboratory, 2655 Park Center Drive Suite A, Simi Valley, CA 93065, 2 AECOM 
Environment, 2 Technology Park Drive, Westford, MA 01886 

ABSTRACT 

Naphthalene is a contaminant of concern at former Manufactured Gas Plant (MGP) and other 
property redevelopment sites across the country. A major component of coal tar waste and a 
possible human carcinogen (EPA Group C), naphthalene is a chemical that may adversely affect 
human health at remediation sites. Due to its boiling point and vapor pressure, naphthalene can 
exhibit both volatile and semi-volatile characteristics; therefore the question can arise as to how 
to properly measure naphthalene in ambient air. 

Two commonly applied methods of measuring vapor phase naphthalene include EPA Method 
TO-15, which utilizes whole air sampling in passivated stainless steel canisters; and EPA 
Method TO-13A, which utilizes high volume sorbent based sampling with polyurethane 
foam/XAD resin cartridges. Analytical differences between these two methods are discussed, 
keeping reference to naphthalene’s unique chemical & physical properties. 

This case study presents weekly data spanning a twelve month period (December 2006 – 
December 2007) from co-located EPA Method TO-15 and TO-13A ambient air samples at the 
perimeter of two MGP cleanup remediation sites.  Distinct trends are noted and discussed in this 
paper when comparing the concentration results from the two methods. 

Keywords: Naphthalene, TO-15, TO-13A, perimeter air monitoring, fenceline air monitoring 

1. INTRODUCTION 

As part of many former MGP site fenceline air monitoring programs conducted in association 
with site remediation tasks, volatile organic compounds (VOCs), particulates, and polycyclic 
aromatic hydrocarbon (PAH) compounds have been routinely monitored.  Perimeter air quality 
monitoring is generally performed during site activities which may generate emissions associated 
with the investigation and remediation / dredging of the former MGP sites.  The perimeter air 
monitoring program is generally designed to accomplish the objectives described below: 
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• Establish background levels of target analytes in ambient air; 

• Develop action levels which are protective of public health for particulates (i.e. PAHs) and 
VOC vapors at the site; 

• Monitor and document perimeter ambient air levels of target analytes during the days when 
site activities may produce air emissions; and 

• Evaluate the need for dust and / or vapor control measures to reduce airborne compounds. 

All perimeter air monitoring systems (see Figure 1) are intended to monitor concentrations of 
pollutants of public health concern in the vicinity of the remediation sites.  The sampling 
program is typically designed to provide air monitoring during days of potential air emissions. 
Data from these perimeter air monitoring systems are constantly evaluated, with the goal that 
acceptable risks for acute and sub-chronic exposures are not exceeded at the potential fenceline 
receptor locations. 

Site owners generally perform ambient fenceline monitoring during all ground intrusive 
portions of remedial programs.  Compounds of concern that are typically associated with former 
MGP sites include semi-volatile organic compounds (including PAHs) and VOCs.  Therefore, 
the perimeter air-monitoring programs are generally targeted for analytes associated with these 
compounds.  More specifically, particulate matter smaller than 10 microns in diameter (PM10) 
and VOCs are generally proposed as the target analytes to be included in any perimeter ambient 
air monitoring program. Measurement of PM10 often serves two purposes: they may act as a 
surrogate for PAHs, plus monitoring for PM10 helps to protect against fugitive particulate 
emissions.  

A significant part of many fenceline ambient air monitoring programs is the integrated air 
sampling which is generally conducted at upwind and downwind locations. Using EPA approved 
sampling and analytical methods, the integrated air sampling documents ambient levels of 
specific target contaminants. Analyses are performed by an accredited analytical laboratory 
demonstrating proficiency and state certification for the specific analytical methods.   

Emissions of pollutants such as the BTX (benzene, toluene, and xylenes) compounds, PAHs 
and more recently the specific PAH naphthalene have become significant health & safety issues 
associated with the clean up of former MGP sites.  There has been an increase in awareness and 
concern in measuring the concentration of these parameters as well as various odor-related 
parameters from remediation sites.  The need to prevent/reduce community issues associated 
with remedial efforts has necessitated this awareness and concern.  In addition, the recent re-
evaluation of naphthalene’s toxicity by US EPA has further promoted this increased interest in 
measuring naphthalene at these sites. 

1.1 Chemical Properties of Naphthalene 

Naphthalene (CAS number 91-20-3) is the simplest PAH compound, consisting of two fused 
benzene rings. Naphthalene has the somewhat unique chemical property of existing as a solid at 
room temperature (boiling point of 218ºC) but also sublimating easily at room temperature. Its 
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strong, characteristic mothball odor has a fairly low odor detection threshold (typically ranging 
from 200 to 440 µg/m3)1,2, making it a potential driver for odor complaints at MGP remediation 
sites.  

In addition, due to its vapor pressure of 0.087 mm Hg at 25ºC, naphthalene is sometimes 
considered by the analytical laboratory community to be a “borderline” volatile/semi-volatile 
compound, since it may often be detected in both traditional VOC and PAH analyses. Due to its 
vapor pressure and tendency to sublimate, in ambient air, naphthalene is known to mainly exist 
in the vapor phase (as opposed to the aerosol or particulate phase)3,4. 

1.2 Naphthalene Measurement Techniques 

The use of continuous analyzers for the detection of total volatile organic compounds 
(TVOC) and BTX parameters has been helpful in addressing most of the issues associated with 
the sampling for these constituents.  However, due to the limited number and the complexity of 
continuous/real-time analyzers for naphthalene (i.e. field gas chromatographs (GCs), open path 
Fourier transform infrared spectroscopy (FTIR), GC/surface acoustic wave detection (GC/SAW 
(e.g. Z-nose)), etc.), several integrated sampling approaches have been traditionally used to 
quantify naphthalene levels along the perimeter of MGP site remediation.  Some of the most 
common integrated sampling / analytical approaches are as follows: 

• SUMMA canister sampler, followed by EPA TO-155 VOC lab analysis 
• High volume PUF/XAD sampler, followed by EPA TO-13A6 PAH lab analysis 
• Thermal desorption tube sampler, followed by EPA TO-17 lab analysis 
 

EPA TO-15 defines a VOC as having a vapor pressure greater than 0.1 mm Hg at 25ºC and 1 
atm. Naphthalene falls just below that threshold with a vapor pressure of 0.087 mm Hg. 
However, despite its low vapor pressure, analytical laboratories have been able to reliably 
quantitate naphthalene in canisters via EPA TO-15. In 2007, Hayes et al. reported that 
naphthalene behaved similarly to toluene in terms of calibration precision and linearity, even at 
very low (sub-ppbV) concentrations, which would be similar to the concentrations in ambient 
air7. Additionally, a 2007 Columbia Analytical Services canister stability study using real world 
ambient air showed acceptable recovery of naphthalene from canisters even after 30 days8.  

EPA TO-13A has several limitations noted in the text of the method itself, including a 
notation that the polyurethane foam (PUF) media alone (i.e. not in combination with XAD-2 
resin) has a sampling efficiency of only approximately 35% for naphthalene. In addition, for 
naphthalene, PUF alone has a lower recovery efficiency and storage capability, and has a 
tendency for breakthrough at higher temperatures (e.g. summer). Finally approximately one year 
after the EPA TO-13A method was published, one of the authors of the method (Dr. Robert 
Lewis, EPA) posted responses to questions and comments related to the method. In one of his 
responses, Dr. Lewis states “Note also that TO-13A is not good for naphthalene at all with PUF 
and only marginally with XAD”9.  
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EPA TO-1710 allows great flexibility in terms of the sorbent material used in the tubes, the 
sampling flow rate/duration, etc. Hydrophobic solid sorbents such as Tenax (2,6-diphenylene-
oxide polymer resin) are excellent for sampling heavier molecular weight compounds such as 
naphthalene; however, due to the nature of the sorbent materials, these tubes may not be optimal 
for sampling a long list of VOCs/SVOCs with different chemical properties (e.g. molecular 
weight, polarity, adsorptive properties, etc.). In addition, it is impractical to take long duration 
(i.e. 8-24 hour) samples with this style of tube due to breakthrough volume limitations, among 
other issues.  

Therefore, for the sites presented in this case study, EPA TO-15 was chosen (to also capture 
the BTX compounds) and EPA TO-13A was chosen (to also capture the other PAH compounds) 
for the integrated air sampling portion of the air monitoring program.  

This paper presents a side-by-side comparison of naphthalene measurements collected using 
two of the above integrated sampling / analysis techniques (EPA Methods TO-13A and TO-15).  
The study was conducted over a one-year period (December 2006 – December 2007) at two 
AECOM Environment operated MGP Site fenceline Air Monitoring (AM) programs on the East 
coast of the United States.   

 
Figure 1. Photograph of typical perimeter air monitoring station used in this case study. 

2. MATERIALS AND METHODS 

Integrated naphthalene sampling for the test sites was performed on a weekly routine basis 
following EPA TO-15 (VOC) and EPA TO-13A (PAH). At a minimum, three VOC and PAH 
samples, one upwind and two downwind for each method, were collected during each sampling 
day (usually 8-10 hours per day).  The sampling locations were chosen from the various existing 
perimeter air monitoring locations and were based on actual and predicted wind conditions for 
the sampling day.   
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2.1 VOC Sampling: EPA Method TO-15  

VOC samples were collected in pre-cleaned and batch certified 6L electropolished 
(passivated) stainless steel (i.e. SUMMA or equivalent) canisters in accordance with EPA 
Method TO-15. Please refer to Figure 2 for a photograph of the EPA TO-15 sampling.  

Whole air samples were collected in evacuated stainless steel canisters (see Figure 3). Each 
sample was collected via a sampling cane from a height of approximately four feet, which was 
designed to approximate the typical breathing zone.  The canister passively filled with sample air 
via a variable constant differential flow controller, which uses a critical orifice/diaphragm 
assembly to allow for uniform filling of the canister over the desired sampling period.   

The VOC samples were analyzed by gas chromatography/mass spectrometry (GC/MS in full 
scan mode) for a 44 VOC compound list. Method blanks were analyzed each day of sample 
analysis or every 20 samples, whichever was greater; naphthalene was not detected above the 
reporting limit in any of the associated method blanks. Method accuracy was evaluated each day 
of sample analysis via a Laboratory Control Sample (LCS) of known concentration; the percent 
recovery of naphthalene in each LCS was within 70-130% recovery. The off-site analyzing 
laboratory maintained relevant laboratory certification from the National Environmental 
Laboratory Accrediting Conference (NELAC) and the governing state accreditation body. 

 

 
 

Figure 2. Photograph of EPA TO-15 sampling with stainless steel canister. 
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Figure 3. Detailed photograph of stainless steel canister, analog vacuum gauge, and flow 
controller. 

 

2.2 PAH Sampling: EPA Method TO-13A  

PAH samples were collected on pre-cleaned and certified high volume cartridges filled with a 
combination of polyurethane foam and XAD-2 resin (PUF/XAD) in accordance with EPA 
Method TO-13A. 

The high volume PUF/XAD sampler (see Figure 4) consists of a sample head inlet which 
contains the sampling media (see Figure 5), a high volume air blower which allows a large 
quantity of air to be drawn through the sampling media, and flow controllers and timers to 
quantify the sampling flow rates (generally around 6.4 standard cubic feet per minute (SCFM) or 
180 standard liters per minute (SLPM)) and sample volumes (approximately 110-120 m3 over 8-
10 hours).  Sample air passes through the sample head and then through the PUF/XAD cartridge, 
where the vapor phase fraction of the semi-volatile compounds are adsorbed on the sampling 
media and the aerosol phase fraction of the semi-volatile compounds are collected physically on 
the PUF/XAD sampling media as well as an inline quartz fiber filter. 

Prior to sample collection, each PUF/XAD sampler was calibrated using a calibration inlet 
according to TO-13A protocols.  At the completion of each sample day, the PUF/XAD cartridge 
sample was removed from the sample head, wrapped in aluminum foil, labeled, and placed in a 
cool container (on ice) for shipment to the laboratory for analysis. 
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The PAH samples were then extracted using a soxhlet procedure, concentrated by 
evaporation, and the concentrated extract was analyzed by gas chromatography/mass 
spectrometry (GC/MS in Selected Ion Monitoring (SIM) mode) for an 18 PAH compound list. 
Field blanks (unused PUF/XAD cartridges which accompanied samples to/from the site) were 
submitted and analyzed with each daily set of 2-4 samples; naphthalene was not detected above 
the reporting limit in any of the field blank samples. Method accuracy was evaluated each day of 
sample analysis via a Laboratory Control Sample (LCS) of known concentration; the percent 
recovery of naphthalene in each LCS was within 70-130% recovery. The off-site analyzing 
laboratory maintained relevant laboratory certification from NELAC and the governing state 
accreditation body. 

 
 

 
 

Figure 4. Photograph of EPA TO-13A high volume PUF/XAD sampler.  
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Figure 5. Detailed photograph of high volume PUF/XAD sampling media cartridge.  

3. RESULTS AND DISCUSSION 

From the co-located data collected between December 2006 and December 2007, a total of 
105 paired data points (where naphthalene was positively detected via both analytical methods) 
were evaluated in this study (Table 1). For each set of paired data, the relative percent difference 
(RPD) between the naphthalene concentration reported from EPA TO-15 and the naphthalene 
concentration reported from EPA TO-13A was calculated (see Equation 1), and the ratio of the 
EPA TO-15 concentration to the EPA TO-13A concentration was also calculated (i.e. EPA TO-
15 concentration divided by EPA TO-13A concentration). The standard deviation of the ratios 
was calculated, along with the upper and lower control limits (equal to ± three standard 
deviations).   

 
 

1x = first 
measurement 

2x = second measurement 
x bar = average of two measurements 
 

( ) :  where          100  (RPD) DifferencePercent  Relative :1Equation 21

x
xx −

=
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The average EPA TO-15: EPA TO-13A ratio for all 105 data points was 4.01, meaning that 
on average, the EPA TO-15 concentrations seen for naphthalene were 4.01x higher than the EPA 
TO-13A concentrations seen for naphthalene. Only nine out of the 105 ratios were less than one 
(meaning that the concentration of naphthalene seen from EPA TO-13A was greater than the 
concentration of naphthalene seen from EPA TO-15). The TO-15:TO13A ratios were subjected 
to a log-probability plot and due to the linear nature of the results (best fit line correlation 
coefficient of 0.992), the data were determined to be log-normally distributed. Figure 6 presents 
this log-probability plot. A three sigma test for outliers was then conducted on the natural 
logarithm of the ratio data.  Of the 105 data points, there was only one outlier data point with a 
ratio less than 0.20 (the lower control limit). Refer to Table 2 for a summary of relevant statistics 
and Figure 7 for a summary of all ratio data over time, along with the mean and upper/lower 
control limits (3-sigma). 

 
Table 1. EPA TO-15 & TO-13A concentrations for 105 paired samples (* = Outliers) 

 
 
Date Sampled 

Concentration 
EPA TO-13A 
(µg/m3) 

Concentration 
EPA TO-15 
(µg/m3) 

 
RPD 

Ratio                      
 EPA TO-15 : TO-13A 

 

11-Dec-06 0.28 1.40 133% 5.00   
11-Dec-06 1.24 1.60 25% 1.29   
11-Dec-06 0.10 0.89 159% 8.86   
12-Dec-06 1.73 2.20 24% 1.27   
12-Dec-06 0.07 0.68 163% 9.74   
12-Dec-06 0.15 0.70 129% 4.65   
13-Dec-06 1.33 2.10 45% 1.58   
13-Dec-06 0.67 0.98 38% 1.47   
13-Dec-06 0.67 0.98 38% 1.47   
14-Dec-06 0.23 1.30 140% 5.65   
14-Dec-06 0.90 2.50 94% 2.78   
14-Dec-06 0.11 0.84 154% 7.66   
15-Dec-06 1.89 3.20 51% 1.69   
15-Dec-06 0.12 0.78 146% 6.46   
19-Dec-06 0.46 0.36 23% 0.79   
27-Dec-06 0.14 0.94 148% 6.69   
4-Jan-07 0.98 1.90 64% 1.94   
4-Jan-07 0.15 0.56 115% 3.70   
9-Jan-07 1.17 2.70 79% 2.31   
9-Jan-07 0.16 0.54 109% 3.40   

18-Jan-07 2.24 3.10 32% 1.38   
18-Jan-07 0.82 1.20 38% 1.46   
18-Jan-07 0.17 0.48 95% 2.82   
24-Jan-07 0.12 0.33 93% 2.75   
24-Jan-07 0.06 0.34 140% 5.65   
24-Jan-07 0.07 0.37 136% 5.23   
31-Jan-07 1.32 2.60 65% 1.97   
31-Jan-07 0.07 0.42 143% 5.98   
22-Feb-07 1.67 4.00 82% 2.40   
22-Feb-07 0.57 1.80 104% 3.16   
22-Feb-07 2.07 14.00 148% 6.76   
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Date Sampled 

Concentration 
EPA TO-13A 
(µg/m3) 

Concentration 
EPA TO-15 
(µg/m3) 

 
RPD 

Ratio                       
EPA TO-15 : TO-13A 

 

1-Mar-07 1.12 2.50 76% 2.23   
1-Mar-07 0.12 1.30 166% 10.83   
1-Mar-07 0.09 0.73 156% 8.09   
7-Mar-07 2.24 3.20 35% 1.43   
7-Mar-07 0.11 0.47 124% 4.23   
7-Mar-07 0.19 0.78 122% 4.12   
13-Mar-07 0.70 2.20 103% 3.14   
13-Mar-07 0.29 1.40 131% 4.83   
13-Mar-07 2.26 1.03 75% 0.46   
21-Mar-07 1.98 1.40 34% 0.71   
29-Mar-07 1.35 1.30 4% 0.96   
29-Mar-07 0.78 4.40 140% 5.64   
29-Mar-07 0.04 0.59 175% 14.73  
4-Apr-07 0.81 2.60 105% 3.21   
4-Apr-07 0.37 2.40 147% 6.49   
4-Apr-07 0.06 0.87 174% 14.56  
10-Apr-07 11.27 14.00 22% 1.24   
10-Apr-07 0.24 0.55 79% 2.29   
19-Apr-07 0.60 1.30 74% 2.17   
19-Apr-07 3.13 1.40 76% 0.45   
19-Apr-07 0.09 0.70 154% 7.77   
26-Apr-07 0.99 2.20 76% 2.22   
26-Apr-07 0.06 1.40 184% 23.33  
26-Apr-07 0.10 0.59 142% 5.94   
1-May-07 1.05 1.50 35% 1.43   
1-May-07 7.75 3.90 66% 0.50   
1-May-07 0.11 0.88 155% 7.96   
7-May-07 0.55 1.40 87% 2.55   
7-May-07 0.08 0.68 158% 8.56   
7-May-07 0.14 0.88 145% 6.32   

15-May-07 1.79 7.30 121% 4.08   
15-May-07 0.14 0.87 145% 6.22   
15-May-07 0.07 0.82 168% 11.66   
23-May-07 0.12 0.64 137% 5.33   
23-May-07 0.52 1.20 79% 2.31   
23-May-07 0.24 0.92 117% 3.83   
23-May-07 3.30 0.27 170% 0.08 *  
30-May-07 0.06 0.24 121% 4.08   
30-May-07 0.05 0.25 134% 5.07   
30-May-07 0.06 0.52 158% 8.62   
7-Jun-07 0.06 0.43 151% 7.20   
7-Jun-07 0.07 0.26 115% 3.70   

14-Jun-07 0.05 0.21 123% 4.22   
27-Jun-07 0.33 0.67 68% 2.03   
5-Jul-07 0.14 0.42 100% 2.98   

11-Jul-07 0.17 0.30 56% 1.78   
11-Jul-07 0.14 0.56 119% 3.97   
17-Jul-07 0.09 0.30 108% 3.36   
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Date Sampled 

Concentration 
EPA TO-13A 
(µg/m3) 

Concentration 
EPA TO-15 
(µg/m3) 

 
RPD 

Ratio                       
EPA TO-15 : TO-13A 

 

17-Jul-07 0.36 0.52 36% 1.44   
26-Jul-07 0.27 0.73 92% 2.72   
2-Aug-07 0.50 0.95 62% 1.90   
2-Aug-07 0.06 0.29 132% 4.86   
7-Aug-07 0.09 0.23 88% 2.56   
7-Aug-07 0.21 0.63 100% 3.00   
7-Aug-07 0.07 0.25 113% 3.58   

15-Nov-07 0.17 0.25 36% 1.44   
15-Nov-07 0.05 0.20 121% 4.08   
15-Nov-07 0.07 0.43 144% 6.13   
20-Nov-07 0.23 0.31 30% 1.35   
20-Nov-07 0.26 0.22 19% 0.83   
29-Nov-07 0.30 2.30 154% 7.67   
29-Nov-07 1.70 2.60 42% 1.53   
29-Nov-07 0.10 0.41 122% 4.13   
3-Dec-07 0.37 0.80 74% 2.16   
3-Dec-07 0.32 0.41 24% 1.27   

11-Dec-07 0.61 0.68 11% 1.11   
11-Dec-07 1.28 2.60 68% 2.03   
11-Dec-07 2.18 0.91 82% 0.42   
19-Dec-07 1.09 2.00 59% 1.83   
19-Dec-07 0.24 0.32 30% 1.35   
19-Dec-07 0.10 0.23 79% 2.31   
27-Dec-07 1.69 2.30 31% 1.36   
27-Dec-07 2.74 4.50 49% 1.64   
27-Dec-07 0.28 0.29 5% 1.05   

 
 
 
 

Table 2. Summary of Relevant Statistics 
 

Average Ratio (EPA TO-15 : EPA TO-13A), n=105 4.01 
Percent of Paired Samples where EPA TO-15 concentration >  

EPA TO-13A concentration, n=105 
91.4% 

Percent of Paired Samples where EPA TO-13A concentration >  
EPA TO-15 concentration, n=105 

8.6% 
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Figure 6. Log Probability Plot of Ratio Data (r2=0.992) 
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Figure 7. EPA TO-15 : EPA TO-13A ratio over time, showing upper and lower control limits 
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In general, the EPA TO-15 and EPA TO-13A concentration trends paired well, such that 
when relative higher concentrations of naphthalene were seen in one method, relative higher 
concentrations were also seen in the other method. Refer to Figure 8 for a graph showing both 
sets of concentrations over time.  

 

 

Naphthalene: TO-15 & TO-13A Concentrations Over Time

0.00

2.00

4.00

6.00

8.00

10.00

12.00

14.00

16.00

12
/1

1/
06

12
/2

5/
06

1/
8/

07

1/
22

/0
7

2/
5/

07

2/
19

/0
7

3/
5/

07

3/
19

/0
7

4/
2/

07

4/
16

/0
7

4/
30

/0
7

5/
14

/0
7

5/
28

/0
7

6/
11

/0
7

6/
25

/0
7

7/
9/

07

7/
23

/0
7

8/
6/

07

8/
20

/0
7

9/
3/

07

9/
17

/0
7

10
/1

/0
7

10
/1

5/
07

10
/2

9/
07

11
/1

2/
07

11
/2

6/
07

12
/1

0/
07

12
/2

4/
07

Date

C
on

ce
nt

ra
tio

n,
 u

g/
m

3

TO-13A

TO-15

 

Figure 8. EPA TO-15 and EPA TO-13A concentrations over time, showing similar trend patterns 

 

 

When the concentration of naphthalene from EPA TO-15 was plotted against the 
concentration of naphthalene from EPA TO-13A, poor linearity (R2=0.4835) was observed, 
implying that there was no direct relationship between the two sets of data from the two different 
sampling/analytical methods (Figure 9).  
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Figure 9. EPA TO-15 vs.  EPA TO-13A concentrations, showing poor linearity  

 

4.   CONCLUSION 

Results from this study show that the EPA TO-15 sampling/analytical method in general 
yields a higher concentration result for vapor phase naphthalene than EPA TO-13A. Similar 
results from a MGP perimeter monitoring case study were presented at the 2006 Natural Gas 
Technologies (GTI) Conference in Orlando, FL11. No discernable trends were noted related to 
sampling date (and therefore average ambient temperature), sampling location, or naphthalene 
concentration level.  

There are a few analytical facts that may contribute to the observed EPA TO-15 
concentrations being higher than the observed EPA TO-13A concentrations. First, PUF and 
XAD-2 are both known to have marginal collection efficiency for vapor phase naphthalene. In 
addition, there is a potential for substantial losses of naphthalene (due to its tendency to 
sublimate and its relatively high vapor pressure as compared to other PAHs) during EPA TO-
13A soxhlet extraction & evaporative concentration.  

When designing a perimeter ambient air monitoring program (that includes naphthalene) for 
MGP remediation sites, it is important to keep in mind the sampling/analytical method 
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characteristics listed in Table 3. Since each site is different (and may have different data quality 
objectives), each air monitoring program should weigh the pros and cons of all analytical 
methods (both field and laboratory based) available before developing a work plan.  

 
 

Table 3. Method comparison for EPA TO-15 and EPA TO-13A 
 

EPA TO-15 EPA TO-13A 

Reporting limits: 0.2-0.5 ug/m3 Reporting limits: 0.01-0.03 ug/m3 

Other VOC data available (BTX, etc.) No VOC data available 

No other PAH data available Other PAH data available 

No additional sampling equipment needed High volume air sampler needed 

No sample preservation needed Samples must be shipped cold to lab 
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Chapter 2 
 
FORENSIC NAPL DETERMINATION AND PLUME 
DIFFERENTIATION – A CASE STUDY 
  

Nathan A. Stevens1§, Brian D. Moore1, Carrie A. Vinch2  
1CarriageHouse Consulting Inc.,74 West Central Street, Natick, Massachusetts, USA, 01760, 2 Ryder Transportation Services 
160 Lawrencevillle-Pennington Road, Suite 16, PMB 119, Lawrenceville, NJ, USA 08648 

ABSTRACT 

Recent developments in laboratory analytical techniques, when combined with application of 
multivariate statistical analyses allow differentiation and delineation of comingled NAPLs and 
resultant contaminant plumes.  The increase in laboratory expertise and a growing body of 
relevant studies in case literature have made possible evaluation of petroleum impacted media 
through relatively standard techniques a reality, and well within the realm of economical site 
assessments.  The application of several methods to determine the number, type, and timing of 
multiple NAPL releases at a commercial facility in an urban setting will be summarized.  The 
combination of chemical, historical, and statistical techniques has allowed for a more complete 
evaluation of NAPL sources and release histories than was initially thought possible.  In the 
examined case, overlapping NAPL plumes are defined, delineated, and identified; and source 
identifications for individual releases are completed.  These evaluations resulted in identification 
of previously unconfirmed sources, improved characterization of the nature of NAPL present, 
and refined fate, transport, and feasibility evaluations for the conceptual site model. 

 
Keywords: forensic analysis, multivariate statistics, pollution, assessment, source determination 
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1. INTRODUCTION 

 CarriageHouse Consulting Inc. has recently completed an evaluation of the source(s), timing, 
nature, and extent of petroleum impacts at a commercial vehicle rental and service facility in 
eastern Massachusetts.  The objective of this paper is to communicate the techniques and 
evaluations used along with the associated findings and conclusions drawn from this exercise 
from the point of view of the general environmental consultant and client.  This paper should 
also compliment the broad and increasingly deep literature produced by forensic chemists, 
academic researchers and industry experts in this field.  Accordingly, the subject is herein 
restricted to a case study, in which we attempted to use recently developed chemical analyses, 
statistical evaluations, and a detailed site history to produce a "reasonable" historical narrative 
which could accommodate both the historical facts and the present nature and extent of 
petroleum non-aqueous phase liquid (NAPL) impact at the site. 

 CarriageHouse Consulting, Inc. (CHCI) was retained in order to conduct additional site 
assessment and investigation activities, identify to the extent possible the sources, release timing, 
extent and distribution of the releases, and evaluate the potential for remediation of the identified 
NAPLs, and to evaluate and apply analytical and statistical techniques in order to support the 
assessment activities.   To these ends, CHCI installed additional monitoring wells and soil 
borings, collected additional soil, groundwater, and NAPL samples, evaluated the results of 
various forensic chemical analyses, physical tests, and statistical appraisals, and have formulated 
certain preliminary recommendations thereon. 

2. MATERIALS AND METHODS 

 In order to effectively evaluate the source(s), nature, and extent of NAPLs at the subject 
property, three principal tasks were completed.  First and foremost, a site history was developed 
which contained, to the extent possible, all potential sources of petroleum impact related to the 
subject property, all documented releases of petroleum at or near the subject property, and an 
assessment of the previous remedial activities undertaken at the subject property.  Secondly, soil 
and groundwater samples were collected and analyzed using state-mandated techniques to 
characterize risk to human health, safety, and the environment; and NAPL samples were 
collected and analyzed using forensic chemical analyses selected to elucidate the potential 
sources, weathering histories, and possibly ages of the released NAPLs.  Finaly, graphical and 
statistical evaluations of some of the recent and historical analytical data were undertaken in 
order to fortify our understanding of the physical extent of the NAPL plume(s), identify likely 
NAPL sources, and refine our understanding of the potential remediation scenarios. 

 Analytical testing of the collected NAPL samples was performed by Alpha Woods Hole Labs 
of Mansfield or Raynham, Massachusetts.  Each NAPL sample was analyzed for alkylated 
polynuclear aromatic hydrocarbons (PAHs) using a gas-chromatograph coupled with a mass 
spectrometer operating in selective ion monitoring mode (GC/MS-SIM), and for saturated 
hydrocarbons using a GC coupled with flame ionization detection (GC/FID).  
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2.1 Site History  

 The subject property is situated Boston, Massachusetts.  A review of the historical files for this 
location indicates that the property was formerly part of Boston Harbor.  The historical filling 
and development of this portion of Boston Harbor is documented to have occurred between the 
years of 1888 and 1899.  In the year 1888, the location of the current property was actually a 
dock or platform set on piles in Boston Harbor, along which ran a 5-inch diameter “oil supply 
pipe”.  This platform, pipeline, and the property situated on the far side of an abutting street were 
apparently operated as a petroleum production, storage, and mixing facility. 

 As of 1950, the majority of the storage of petroleum was occurring on the subject property in 
bulk-sized above ground storage tanks (ASTs).  As of 1984, the property use had changed to that 
of a commercial leasing, maintenance, and fueling facility.   

 Currently five (5) USTs and a service island area remain in use at the property.  The majority 
of the subject property is covered by reinforced or bituminous concrete or the on-site buildings.  
The facility currently utilizes three (3) USTs in the storage of diesel fuel and gasoline, two (2) 
USTs for the storage of motor oil and used motor oil, and a series of dispensers on the service 
island situated on the western side of the facility building for dispensing fuel to vehicles.   

 Three releases of NAPL have been identified over the operational history of the subject 
property.  All three releases reportedly occurred within the last 25 years, and while the potential 
certainly exists for other unreported historical releases prior to this period, wholesale removal 
and replacement of much of the site soil, and the confounding effects of the three releases 
described below, have served to render them difficult to identify. 

 Between 1984 and 1989, site development activities resulted in the discovery of two major 
NAPL releases.  NAPL-impacted soil was discovered in the area of the former motor oil UST, 
then located adjacent to the former onsite building no more than twenty feet from where current 
wells MW-211 and MW-219 exist.  Estimates of the volume of motor oil released vary, but 
gauging and bailing activities at MW-211 have indicated NAPL thicknesses up to approximately 
3 feet.  Additionally, during the removal of the former diesel and gasoline USTs, west of the 
current USTs, NAPL and petroleum impacted soil and groundwater were encountered in the area 
of MW-201 and MW-202.   

 In April 1998, at least 50 gallons of diesel fuel was released at the current dispenser island 
location, proximate to MW-6A.  The condition of the asphalt at the property at the time of the 
surface release, combined with impacted soils encountered during site facility upgrades in 2006, 
suggest that a substantial amount of product may have entered the subsurface as the result of this 
incident. 

 Other potential sources of NAPL at the property include the former oil pipeline, 41 former 
ASTs containing various petroleum products, three (3) former USTs used for diesel fuel storage, 
one (1) former UST used for gasoline, and smaller former USTs used for motor oil, used oil, or 
heating oil, as well as the many tank-related or facility-specific appurtances for petroleum 
storage, blending, or transfer operations such as former loading racks, former piping or 
dispensers. 
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Figure 1. Abbreviated plan showing the location of former and current potential NAPL sources, 
monitoring wells, and property structures. 

2.2  NAPL Analyses 

 In 2007 and 2008, CHCI personnel collected a total of eight (8) NAPL samples from 
monitoring wells located on the subject property.  The NAPL samples were collected using 
either disposable bailers or a peristaltic pump equipped with disposable tubing.  The collected 
NAPL was bottled in an unpreserved glass vial and delivered to Alpha under Chain of Custody 
protocols.  The NAPL volumes collected and submitted ranged from 1 milliliters (mL) to 
approximately 40 mL. 

 No pre-analysis cleanups were performed on the NAPL samples, potentially resulting in 
higher detection limits, potential interference from non-petroleum hydrocarbons, and non-
detection results for some compounds.  As described below, for the purpose of this study, the 
analytical results proved satisfactory provided that the conclusions reached from evaluation of 
the analytical results were properly constructed so as to not over-reach the applicability of the 
results.  The intended process follows the spirit of the European Committee for Standardization 
(Wang 2007). 

 The analyses of alkylated PAHs in NAPL samples, essentially a modified version of EPA 
8270C, provided quantification of 61 individual compounds, including decalins, naphthalenes, 
chrysenes, dibenzothiophenes, and anthracenes/phenanthrenes, fluoranthenes, and 
17a(H),21B(H)-hopane.  The reduced detection limits and identification of this particular list of 
compounds was achieved through operation of the MS in SIM mode, scanning a proprietary list 
of ions (m/z) developed by Alpha Woods Hole Labs.  The analytical results also provided several 
useful compound ratios, discussed below, and a quantification of the total detected 
concentrations of the target compounds.  The resulting list of compounds has been previously 
indicated to be beneficial in the evaluation of NAPL samples (Wang and Stout 2007, Murphy 
and Morrison 2000). 
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 Analyses of SHCs in the NAPL samples provided quantification of up to 37 petroleum 
hydrocarbons, ranging from n-C9 to n-C40, and including the isoprenoids pristane and phytane.  
36 of the compounds were analyzed for all eight (8) NAPL samples, and were used in the 
subsequent evaluations.  Additionally, the SHC analyses quantified Total Saturated 
Hydrocarbons and Total Petroleum Hydrocarbons.  The SHC analyses were conducted utilizing a 
GC with an FID detector, essentially a modified EPA Method 8015. 

2.3  Evaluation Methods 

 Four primary methods of evaluation were used to derive lines of evidence to identify the 
sources, extents, and potential mixing of NAPLs at the subject site.  Each method was used to 
guide the selection of additional methods, and was evaluated for its applicability in achieving the 
goals of this portion of the project.  In general, it is important to note that success for this 
particular portion of the project consisted of providing a basis for the delineation of the NAPLs, 
identification of individual potential sources, and elucidating potential mixing events which 
could improve site characterization and remediation.  The identification of a particular source 
crude oil, manufacturer, age, or owner of the individual NAPLs was not necessary. 

 As such, the techniques and methods used are viewed as a platform from which to potentially 
research other issues which may be germane at a particular site, and not as a complete catalog of 
the possible tools at the disposal of the stakeholders in assessment and remediation of similar 
sites.  Some pre-processing of the data was performed prior to graphical evaluations, the 
Principal Component Analysis, and the Cluster Analysis.  All non-detect values were assigned a 
value of zero, and PAH and SHC concentrations were normalized through division by the sum of 
detected PAH or SHC concentrations for each sample. Additionally for PCA, each component 
(analyte) concentration for each sample was normalized through subtraction of the mean value. 

2.3.1 Laboratory Data Evaluation 

 The initial method of evaluation of the NAPL analyses consisted of a review of the laboratory 
reports, which included quantitative analytical results, chromatograms, charts of alkylated PAH 
concentrations, and library standards of petroleum products, including gasoline, motor oil, and 
diesel fuel.  Inspection of the GC/FID chromatograms indicated that at least three types of 
product could be tentatively identified within the site NAPLs.  Samples collected from MW-6A, 
MW-202, MW-208, MW-218, and MW-101R each appeared on GC/FID analysis to be similar to 
weathered mid-range distillate fuels, potentially diesel.  The sample from MW-6A, upon 
inspection of normalized SHC data, showed a decreasing abundance of n-C9 through n-C13.  
Only samples collected from MW-6A, MW-202, MW-208, and MW-218 exhibited detectable 
concentrations of n-alkanes from C9 through C18. 

 In addition to the SHC data, PAH data was also evaluated on a percent weight basis.  
Evaluation of the parent and alkylated daughter products of naphthalene, 
phenathrene/anthracene, and decalin each indicated a parabolic trend in the abundance of the 
parent/daughter products, with relative depletion of the parent compound.  These results have 
been found to indicate a petrogenic rather than a pyrogenic parent source (Murphy and Morrsion 
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2000).   Two exceptions to this general trend were as follows.  The chrysene data indicate a 
skewed distribution from parent to C4-chrysene in NAPL samples collected from MW-6A, MW-
101R, MW-202, MW-208, and MW-218.  The decalin data show the parabolic distribution from 
decalin through C3-decalins, but each of the samples displayed concentrations of C4-decalins 
such that C4-decalins/C3-decalins>1. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.  GC/FID Chromatograms for three NAPL samples indicating apparent mid-range distillate fuel 

(MW-6A), a mixture (MW-4A), and lubricating oil (MW-211). 

 

 There were also noticeable differences in the relative abundance of different analyte groups 
between NAPL samples.  As shown, NAPL samples from MW-211 and MW-219 were relatively 
lean in naphthalenes, and relatively rich in chrysenes, consistent with the GC/FID indications of 
a lubricating oil, rather than diesel fuel, parent source for the NAPL at these wells.  

2.3.2 Use of Diagnostic Ratios 

 Many diagnostic ratios for the identification, source attribution, weathering and mixing have 
been previously presented in the literature (cf. Murphy and Morrison 2000, Wang and Stout 
2007).  Several of these were included in the laboratory data packages from this work, and 
several additional potentially useful ratios were evaluated by the authors.   

 

MW- MW-
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  Table 1.  Percent by weight distribution of major analyte groups. 

 % determined by sum of parent, dimethyl-, trim ethyl, and alkylated products divided by Total PAHs
ID Chrysenes Naphthalenes Dibenzothiophenes Phenanthrenes / Anthracenes 

MW-4A 3% 10% 7% 17% 
MW-6A 1% 58% 4% 17% 

MW-101R 2% 46% 7% 20% 
MW-202 0% 68% 6% 13% 
MW-208 2% 46% 4% 21% 
MW-211 22% 9% 3% 18% 
MW-218 2% 55% 3% 20% 
MW-219 46% 3% 1% 12% 

2.3.2.1 Dibenzothiophenes 

 Dibenzothiophenes are relatively common sulfur containing compounds found in crude oils 
from throughout the world.  As a class, they can account for up to 70% of the sulfur in middle 
distillate fuels such as diesel (Wang and Stout 2007).  They are relatively resistant to weathering, 
and examination of their relative abundances in NAPLs and source products can be useful for 
determining sources (Douglas 1996).   

Table 2.  Dibenzothiphene and alkylated daughter compounds. 

 

 

 

 

 

 

 Following approach of others (Douglas 1996, Wang and Stout 2007, Murphy and Morrison 
2000) we utilized the concentrations of dibenzothiophene (DBT) and alkylated daughter products 
in order to attempt to delineate potential source differentiation amongst the sampled NAPLs.  
Additionally, the ratios of DBTs to chrysenes (DBT/C) and DBTs to phenanthrenes/anthracenes 
(DBT/PA) were investigated in order to attempt to clarify weathering and source relationships, 
respectively. 

 Three plots were prepared.  The first displays the concentration of C3-DBT to C2-DBT.  As 
indicated, there is considerable variation between the NAPL samples, especially with regards to 
C2-DBT.  The plot suggests that four groupings may be delineated as shown. 

 

 Concentrations in mg/kg NAPL, zero indicates non-detect 
 Dibenzothiophene (DBT) C1-DBT C2-DBT C3-DBT C4-DBT 

MW-4A 76 140 230 230 140 
MW-6A 280 590 600 320 97 

MW-101R 160 450 520 260 95 
MW-202 260 710 950 600 230 
MW-208 420 790 850 470 130 
MW-211 9.2 27 54 78 71 
MW-218 404 658 611 295 87 
MW-219 0 7.74 38 75.6 70.7 
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Figure 3.  Plot of C3-DBT to C2-DBT.  C3-DBT/C2-DBT has been used previously as a source 

identification ratio. 

 A second method to delineate different sources of NAPL at the subject site was made by 
comparing the concentrations of C2-DBT / C2-PA to C3-DBT/C3-PA.  As with the C2-DBT/C3-
DBT evaluation, MW-211 and MW-219 NAPLs remain distinct from the other samples, owing 
primarily to relatively lower concentrations of DBTs.  As PA have been demonstrated to degrade 
at greater rates than DBT (Wang and Stout 2007), this may indicate lower initial DBT 
abundances in these two samples.  The other outlier, the NAPL sample from MW-202, also 
exhibited a relative paucity of chrysenes.  With regards to the DBT/PA chart, the extreme groups 
are similar to the DBT evaluation, but resolution of the other groups seen above is more 
problematic. 

 The third diagnostic plot prepared consisted of DBT and chrysene ratios.  These ratios have 
been previously utilized to source ratios in NAPLs, impacted marines and biogenic media, and 
soils (Douglas 1996).  Similar to DBT/PA plots, the use of ratios for each axis allows for both an 
evaluation of the relationship of individual sample with the remainder of the data, and also may 
facilitate description of the processes involved in the development of the NAPL sample.  In this 
case, the sample from MW-202 is not originally plotted, as no C3-chrysene was detected in this 
sample.  If one-half the detection limit (as opposed to zero) were used, the resulting coordinates 
of the MW-202 sample on this chart would be 40,66.  For the sake of comparison, this method 
was used for the MW-202 sample only, as shown.  Similar to the result for the DBT/PA 
evaluation, MW-211/MW-219 and MW-202 represent outlier groups, here potentially interpreted 
as two NAPLs sources.  The central cluster of the remaining 5 NAPL samples may represent a 
set of sample with mixed provenance, or a third NAPL source, or perhaps both. 
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Figure 4.  Diagnostic plot of alkylated dibenzothiophenes and phenanthrenes/anthracenes.  DBT/PA has 
been previously used to indicate the degree of weathering a NAPL has undergone. 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.  Plot of C3-DBT/C3-CHRYS to C2-DBT/C2-CHRYS.  This ratio has been utilized to 

differentiate NAPL sources.  MW-202 value utilized one-half the detection limit for C3-CHRYS (9) 
rather than zero.  Note logarithmic scale. 
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2.3.2.2    Pristane and Phytane 
 Pristane and phytane are isoprenoids, common in all crude oils, derived from the source 
materials from with crude oils are formed (Murphy and Morrison 2000).  They are relatively 
easy to quantify analytically, and due to structural similarities they tend to maintain a fixed ratio 
in NAPLs during degradation.  Similarly, the related n-alkanes C17 and C18 may also be 
indicative of crude oil, and therefore product or NAPL sources (Wang and Stout 2007).   The n-
C17/Pristane ratio has also been used in the dating of diesel fuel releases (Christensen and 
Larsen 1993, Wade 2001). 

 With the exception of the sample collected from MW-219, none of the collected NAPL 
samples exhibited detectable concentrations of n-C17 or n-C18, this fact in addition to the 
hypothesis that diesel fuel and motor oil were potential NAPL sources, precluded the use of n-
C17/pristane to determine the relative ages of the releases at the subject site.  Pristane and 
phytane were, however, detected in each of the eight (8) NAPL samples, and the ratio of their 
concentrations (PRI/PHY) were used in and attempt to group the NAPL samples by source.  The 
following table summarizes the isoprenoid and n-alkane to isoprenoid ratios. 

 
Table 3.  Pristane/phytane ratios, potentially indicative of differences in NAPL sources, and n-

C17/Pristane and n-C18/Phytane, potentially indicative of weathering stages. 
 

 Determined using concentrations in mg/kg, non-detect treated as zero. 
ID Pristane/Phytane n-C17/Pri n-C18/Phy 

MW-4A 2.55 0 0 
MW-6A 3.09 0 0 

MW-101R 2.52 0 0 
MW-211 2.23 0 0 
MW-202 2.08 0 0 
MW-208 2.62 0 0 
MW-218 2.65 0 0 
MW-219 1.58 0.67 1.94 

 

2.3.3  Principal Component Analysis 

 The direct evaluation of GC/FID chromatograms provided evidence of three apparent NAPL 
types; variously weathered middle-range distillate fuel believed to be diesel, lubricating oil 
characterized as weathered motor oil, and one sample which clearly indicated a mix, potential of 
the first two types (MW-4A).  The use of diagnostic source and weathering ratios had indicated 
that up to four distinct groups may exist, including two potential diesel sources, a motor oil 
source, and at least one mixed source.  Unfortunately, there is no record of potential source 
(unweathered) NAPL samples from the documented releases at the subject site, and no evidence 
of sampling from all the potential sources of NAPL at the site - at least 54 potential on-site 
sources in the case history.  Another potentially limiting factor in the quantitative evaluation of 
the PAH data or any data set with a large number of variables is the rapidly expanding number of 
potential comparisons to be made.   
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 Principal Component Analysis is a method used in exploratory data analysis to minimize the 
number of parameters to be evaluated while maximizing the variability explained by each 
parameter.  PCA uses eigenvector calculations to combine correlated variables, resulting in a set 
of principal components which account for the majority of the variability (i.e. differences) in the 
data.  These principal components are constructed to be uncorrelated to one another, allowing for 
better differentiation between samples (Borradaile 2003, Murphy and Morrison 2000).  In this 
study, PCA was conducted on the PAH and SHC using statisXL ®.   

 For each analysis, cross-plots of the first three principal components, accounting for 91.3% 
and 92.6% of the variability in the SHC and PAH data respectively, were used to produce cross 
plots of the results of the PCA.  As shown in the above figures, PCA for SHCs and PAHs 
produce some relatively consistent groupings.  In each case, MW-4A and MW-101 occupy 
proximate locations, negatively correlated with each of the PCs (III).  Similarly, MW-6A and 
MW-202 also occur in the same quadrant, correspondingly correlated with each PC.  The 
distribution of the remaining samples shows variability in both PC correlation and sample 
grouping. 
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Figure 6.  Pristane to phytane for the eight NAPL samples.  Three distinct groupings are evident, 
potentially indicating three distinct NAPL sources. 
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Figure 7. Results of PCA analysis for SHCs.

Figure 8. Results of PCA analysis for PAHs. 
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2.3.4  Cluster Analysis 

 Finally, cluster analysis was utilized for both the PAH and SHC results.  Cluster analysis was 
performed using statsiXL ®.  The clustering strategy was agglomerative (Lance and Williams, 
1962), exclusive (any case occurs in only one group), and with equal weighting of all analyzed 
compounds.  Calculation of the connection distance of the clusters is Euclidean (the relationship 
between two attributes 1 and 2 is calculated as; d12 = (Sj (x1j - x2j)2)1/2/j where j is each attribute).  
The resultant dendrograms for the SHC and the PAH analyses are provided below. 

 Similar clusters can be discerned in both dendrograms; MW-218 and MW-208 are strongly 
correlated (short branches), and in both cases the second most proximate sample is MW-6A.  
Cluster analysis of PAHs also shows a relatively high correlation between MW-211 and MW-
219, with negative correlation to the other samples.  This appears inconsistent with the GC/FID 
results, which indicates a motor oil-type component in NAPL at MW-4A. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 Figure 9.  Dendrograms of SHC and PAH analyses.  Common attributes include tight grouping of 

MW-208 and MW-218, followed by MW-6A, MW-101R and MW-4A are coupled in both dendrograms, 
and MW-219 is negatively correlated in both cases. 
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3. RESULTS AND DISCUSSION 

 Evaluation of the analytical results in this case is complicated by several factors.  The first is a 
lack of source product analytical data.  Access to chemical analyses of source material can prove 
very helpful in attempts to delineate and define different, especially overlapping areas of NAPL 
impact.  The results of the chemical analyses and the forensic evaluations demonstrated the 
influence of multiple types of NAPL, but did not establish the relationship between NAPLs in 
light of the conceptual site model.  If only GC/FID chromatograms were provided for visual 
review, one reasonable interpretation may be that there is a diesel release originating near MW-
6A, a motor oil release near MW-211, and that these two plumes have mixed near MW-4A.  
Additional PAH data, however, indicates a potential fourth area of impact, defined variously as 
MW-202, MW-208, and/or MW-218.  PCA of the data suggests even more differences, variously 
emphasizing the relative uniqueness of MW-219, MW-202, MW-208, and MW-6A.  These 
results taken together initially confounded the investigators of this site.  In order to assist in the 
separation of sources, and to elucidate potential transport or mixing scenarios, CHCI attempted 
to combine the analytical and historical data for the subject property in a meaningful and 
reasonable narrative. 

 The history presented above indicated that sources for the diesel fuel and motor oil signatures 
seen in GC/FID chromatograms for the NAPL samples did exist on site.  The documented motor 
oil release in the area of MW-211 and MW-219, combined with the current NAPL occurrence at 
these wells, serves as a reasonable source for this NAPL.  At least two known diesel fuel releases 
could be responsible for the weathered diesel fuel signatures observed in GC/FID chromatogram 
for NAPL samples collected at MW-4A, MW-6A, MW-101R, MW-202, MW-208, and MW-
218.  Here site history and hydrological information aids in clarifying the situation.  The average 
depth to the water table at the property ranges from approximately five to ten feet below grade.  
The water table tends to exhibit a slope in the general direction from MW-212 towards MW-
101R, exhibiting an average gradient of approximately 0.005. A study conducted in 1993 did not 
indicate any tidal influence to groundwater.   

 Two known diesel fuel releases are documented to have occurred at the site, the first one 
found in 1989 when petroleum-impacted soil and NAPL were encountered during diesel UST 
removal activities approximately 120 feet from the current dispenser islands and approximately 
150 downgradient of MW-6A, in the area of MW-202.  The second known release is the surface 
spill which occurred in 1998.  The NAPL sampled from MW-6A exhibited detectable 
concentrations of n-alkanes, which are among the first petroleum compounds to degrade 
(Kostecki et al. 1988), this seems to indicate that the USTs removed in 1989 may not be the 
source of this NAPL. 

 Assignment of the NAPL sampled at MW-101R, MW-4A, MW-202, MW-208, and MW-218 
was the next step.  Based on the source ratios of C3-CHRY/C3-DBT, C2-CHRY/C2-DBT, C3-
DBT/C2-DBT, and PRI/PHY, the most consistent separations observed are MW-6A versus MW-
202.  This is consistent with the historical information indicating a diesel release in the area of 
MW-202 from the 1989 UST removals.  MW-101R, MW-4A, MW-208 and MW-218 are all 
potentially impacted by NAPL from the area of MW-6A, and considering the documented 
groundwater flow conditions, MW-101R and MW-4A could plausibly be impacted by a NAPL 
source in the vicinity of MW-202.  Resolution of these potential relationships appeared to require 
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an additional method of evaluation.  As a supplementary approach to elucidating the NAPL 
sources and potential mixing, we produced a ternary plot of three source ratios discussed above, 
C3-CHRY/C3-DBT, C2-CHRY/C2-DBT, and PRI/PHY.   

 In an effort to improve the delineation of the different NAPLs and semi-quantitatively 
estimate the amount and type of mixing of NAPLs at the sample monitoring wells, we utilized 
ternary plotting of those ratios whose applicability has been previously demonstrated for the 
separation of NAPL sources.  Similar ternary charts have long been used in the geologic 
literature for the characterization and classification of rock types (Streckeisen 1974), and have 
been used with measurements of monoaromatic petroleum compounds to differentiate between 
sources of petroleum-impacted groundwater, and to elucidate transport and attenuation processes 
in aquifers. (cf. Stevens 2003, Wade 2001, Lipson & Siegel 2000, Morrison 2000, Yang, et al. 
1995, and API 1994.) 

 For the purpose of source delineation, it is necessary that the compounds involved be present 
in the source material at measurable concentrations, be relatively resistant to degradation, and be 
present at an actual or normalized concentration different for different source materials. It is in 
this case assumed that, because the involved compounds are relatively resistant to biodegradation 
(DBTs, chrysenes) and/or degrade at approximately equal rates (PRI/PHY), that the location of 
the sample on the ternary diagram is indicative of the source NAPL composition, and that 
relative Euclidean positions between the plotted sample locations serve as proxy for the source 
similarity of the NAPL samples.  We also suggest that the degree of mixing (percentage 
contribution) of different NAPLs to the material evident at a sample location can be semi-
quantitatively estimated by observing the distance between the endpoint NAPLs and the 
potentially mixed specimen.  This evaluation does not by itself provide any information on the 
NAPL source type (crude oil, middle-range distillate fuels, gasoline, etc.). 

 One primary factor in determining the mobility, transport, and fate of NAPL is kinematic 
viscosity.  Given the relatively high measured viscosity of the 'Motor Oil' NAPL (151centistokes 
at 70°F), a question raised is as to how the 'signature' of this NAPL is present in the GC/FID 
chromatogram of the MW-4A NAPL sample, and the potential influence on the NAPL 
compositions of samples collected from MW-208 and MW-101R.  A suggested possibility is that 
there is an interface of 'Motor Oil' and 'Group A Diesel' NAPLs.  It is suggested that the mixing 
of NAPLs resulted in a lowering of the 'Motor Oil' NAPL viscosity, allowing increased transport 
velocity.   

 The suggested narrative is put forward; the 'Motor Oil' and 'Group B Diesel' NAPLs were 
released prior to site upgrade activities in 1989.  'Motor Oil' NAPL remained in the general 
vicinity of MW-211 and MW-219 until a later time.  During site excavation and extraction 
activities, the original distribution of NAPL may have been distorted due to increased and 
directionally different transport velocities resulting from increased water table gradients imposed 
by pumping, and/or through excision by excavation activities.  The resulting NAPL source areas 
then supplied NAPL and dissolved contaminants for transport by groundwater flow following the 
primary hydraulic gradient.  The 'Group A Diesel' release then provided an additional NAPL to 
the subsurface, apparently in the area of MW-6A.  This new factor may have served as the 
mechanism for the increased transport velocity of the 'Motor Oil' NAPL, resulting in a 'mixed' 
NAPL signature at MW-4A and MW-101R. 
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Figure 10.  Ternary diagram of the PRI/PHY, C2-DBT/C2-CHRY, C3-DBT/C3-CHRYS 'system'.  The 
location of each point is taken to be indicative of initial NAPL source composition, and the distance 

between points is taken as a proxy for source similarity. 

4. CONCLUSION 

 In the studied case, the use of recently commercially available analytical techniques, defined, 
refined, and improved by many practitioners in the field of chemistry, petroleum geology, 
laboratory analyses, and environmental studies allowed the authors to make considerable 
progress in recognizing, identifying, and classifying different NAPLs present on the subject 
property.  The application of PCA and cluster analysis was invaluable for data exploration, and 
allowed for a refinement in the recognition of multiple NAPL sources, estimates of the degree of 
similarity of the different NAPL samples, and guidance towards the identification of 'endpoint' 
NAPL compositions and thus potential mixing or interference effects.   

 The authors concluded that the use of ternary diagrams was essential to identifying three 
distinct NAPL groups and a progressive step in determining the relative amounts of the different 
NAPLs at other sampling points.  The ability to present the incremental variables using a third 
axis in this unique situation provided enough Euclidian disparity among the separate groupings 
to better understand the relationship among the various NAPLs at this site.  This understanding 
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directly benefitted the conceptual site model and the evaluation of migration and exposure 
potentials, while establishing a higher degree of certainty on where the mixing zones for the 
different groupings existed.    

 The authors further hypothesize that the technique demonstrated herein may be equally as 
effective when applied with source-indicative, degradation-resistant petroleum compounds such 
as diamondoids, biomarkers, or metallic compounds to confirm corollary relationships.  The 
ability to confirm stronger corollary relationships between various types of NAPL present on-site 
using this method may well serve as the basis for establishing the degree of scientific certainty 
required to render professional opinions on the same.  Thus, we consider ternary analyses of 
source-specific compounds in this manner to be a useful complement to the analytical and 
statistical toolbox so far available. 

 The intrinsic value of furthering the source identification process in hazardous waste site 
assessment and cleanup is self-apparent, so the presence of petroleum NAPLs at hazardous waste 
sites offers a unique opportunity to obtain factual data for use in multivariate analyses to confirm 
information from other site research to obtain imperative and defensible information on source or 
parent materials. 

 The authors contend that the costs to use of forensic NAPL analyses in Site Characterization 
work can no longer be viewed as disproportionate to the resulting benefits, which are now as 
valuable as accurate site history information and scaled property and feature plans for any given 
release location.  In this specific case, the costs required to complete the multivariate analyses 
reported herein represented less than 1% of the current expenditures for this site, and less than 
0.5% of the overall projected life-cycle costs for this case.  The results, however, will influence 
all aspects of the assessment and remediation process, from confirming or refuting parent source 
identification, to assisting with evaluation of categorical feasibilities for remediation or recovery 
of NAPLs.   

 Finally, the authors conclude that the multidisciplinary approach to site assessment and 
characterization should reflect, whenever and wherever possible, basic scientific principles 
proven in the multivariate analyses during typical forensic NAPL analyses first to confirm the 
nature and source of contamination being assessed, and then to establish conclusions imperative 
to correctly identifying the accuracy of the site history used to develop the conceptual model.  
The use of multivariate statistical analyses in this manner for NAPL, or even for large and 
potentially incongruous data sets, is invaluable in establishing and confirming the intrinsic 
fundamental relationships among contaminants at a site and their potential parent sources. 
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ABSTRACT 
 
Most buildings require power produced by fossil fuels, the extraction and consumption of 

which contaminate our environment. The Virginia Center of Basic and Applied Science (CBAS, 
INC) constructed a building in a remote forested area as a plant and fish nursery (and living 
space for staff) to be operated by solar electrical power. Comfortable summer interior 
temperature is facilitated by an open design, 15,000 cubic foot interior, ceiling fans, many large 
windows and doors, with a large sun-screen eave off the 1000 square foot south-facing roof. 
Comfortable winter temperature is possible because the building has no tree-shade, thick well-
insulated walls and roof, a low number of air changes per hour, and when necessary the 
surrounding forest provides wood stove heat. The energy challenge of the research was to 
develop a system facilitating 24-hour and year-round use (primarily for lights, fans, pumps, 
heaters and staff living requirements) that did not need to be connected to the local electrical 
utility company. On average, the facility uses 3-4 kilowatt hours per day. The solar power is 
captured by 8 solar panels which charge a bank of deep-cycle batteries, which in turn generate 
the power for the facility. The complete system (solar panels, charge controller, batteries, DC-to-
AC inverter, 110-to-220 transformer) cost about $10,000, about 5% of the total facility cost. 

 
Keywords: photovoltaic, greenhouse, pollution 

1.  INTRODUCTION 

 Fusion reactions within the sun, most of which convert hydrogen to helium, produce heat so 
extreme that the nuclei of atoms in the sun’s outer layer radiate energy, some of which is visible 
and infrared light. Much more than the earth’s requirements for photosynthesis are met by this 
light, and it could supply all of our primary supply needs for electricity. The earth intercepts less 
than one-trillionth of the sun’s light because of the great distance from the sun and the 
comparatively small size of the earth, yet capturing only 0.01% of the light striking the earth 
would satisfy all of earth’s annual electrical needs. For the United States, capturing only 0.1% of 
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its sunlight would satisfy its needs. Currently, in the United States, solar generated electricity 
contributes less than 0.1% of the energy consumed.   

Solar energy is the ultimate in terms of renewable energy, often defined as an energy source 
that will never run out and will not directly result in pollution of the earth’s air, water and soil. In 
the natural world, the atmosphere, hydrosphere, biosphere and lithosphere trap solar energy. 
Winds in the atmosphere, currents and tides in the oceans, and biomass energy (carbon-based) all 
are indirect sources of energy created by the sun’s light. However, in contrast to carbon-based 
and uranium-based fuels, the direct use of sunlight carries the possibility of being both an 
inexpensive and pollution-free energy (Kryza, 2003). 

It has been said that fossilized sunshine, in the form of coal, oil and natural gas are finite 
resources. Estimates of the time until these carbon-based fuels will be exhausted are as high as 
200 years, and are based on numerous assumptions and estimates. However, as time passes these 
fuels become increasing expensive to extract and refine, and more difficult to deliver without 
exceeding acceptable pollution levels. 

The infrared component of sunlight that is captured on absorbing materials is often used to 
heat commercial buildings and homes with sunlight-facing circulating water heaters and with air 
heaters (commonly called heat exchangers). In some latitudes that receive above-average 
sunlight, sunlight concentrated by mirrors can be focused on tanks of water (or other liquid) to 
make high-pressure vapor used to turn electricity-generating turbines (Fahrenbruch and Bube, 
1983). 

Electricity directly from light uses the photovoltaic effect, discovered almost 200 years ago. 
The first silicon-based solar cells were made almost 100 years ago, and by 50 years ago the 
efficiency of solar cells was up to about 5%. Each solar cell provides a tiny electrical current, so 
many are formed together into a solar panel, and panels are joined into solar arrays.The first solar 
panels and arrays of solar panels were built for commercial use in the 1960’s, and most notably 
were used in space to power satellites and NASA’s Skylab. By the 1970’s solar panel array costs 
were down to $30/watt. By the 1980’s, corporate and governmental systems producing 100’s of 
kilowatts (kW) down to remote location systems producing 100’s of watts were being built. In 
the 1990’s, solar cells of different designs with higher efficiencies of 10-30%’s were created and 
marketed, the power generated by the solar panels increased by almost 100%, the cost of the 
more commonly installed solar panels fell toward $10/watt, and systems producing close to a 
100 million watts (100 MW) were constructed.   

Photoconversion is the absorption of sunlight on solid materials whose electrons are excited 
to a more energetic state, and that energy can then be captured as usable electricity. The 
photovoltaic effect occurs when separated positive and negative charges can be created in the 
solid material when it absorbs sunlight. That is, the sunlight simultaneously and continuously 
excites atoms in the material, and the excited atoms that have lost electrons become positively 
charged sites. Given the opportunity, such as connecting the material to a battery, the “liberated” 
electrons can move into one terminal of the battery (negative post) and the positive sites can be 
connected to the other battery terminal (positive post). In this configuration, as the electrons flow 
through the battery, they cause chemical changes required to recharge the battery, and then the 
electrons flow back into the light-sensitive material. Sunlight again liberates electrons which 
continue to flow through and recharge the battery (Komp, 1995). 
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The material most commonly used for photoconversion is silicon, which behaves as a 
semiconductor. The amount of silicon now used to produce solar electricity is more than the 
amount of silicon used to produce all other electrical components (e.g., computer chips). 
Semiconductors are weak conductors (half-way between a metal and an insulator) because the 
bonds linking the atoms are relatively weak and the energy required to excite and liberate 
electrons is relatively weak. Most photovoltaic cells or solar cells used to make electricity from 
sunlight are silicon semiconductors.  

Experimental solar cells have been designed to utilize all of sunlight, but these types of cells 
are extremely expensive. In 2008, a multi-metal type of solar cell demonstrated an ability to 
convert over 40% of sunlight energy into electricity. Silicon solar cells also absorb all light, but 
only infrared light (which makes most of the light’s energy) is converted to electricity. The rest 
of the sunlight makes only heat in modern commercially available solar panels. 

Some of the new installations are thin-film photovoltaic panels, not made of silicon, which 
are less expensive than silicon-based solar cells to manufacture. Thin-film solar cells were first 
created in the mid-1980’s, and now account for about 10% of the solar installations around the 
world. Thin-film panels are less efficient than the silicon panels (higher cost/watt), but they have 
enabled innovative applications. Large installations, such as on a building with a metal roof are 
being done, and the thin-film panels can also be used in unusual applications, such as electricity-
generating window curtains and portable roll-up panels for campers (McCoy, 2008).    

In commercially available silicon-based solar panels, the highest possible light-to-energy 
conversion occurs in crystalline solar panel cells (silicon atoms have a regular arrangement) and 
in silicon alloyed with metals (such as germanium, gallium, and indium) that strain the bonds 
between the silicon atoms and allows faster electron movement. However, most solar panels in 
use today, and most new installations, are made of amorphous silicon (silicon atoms in random 
arrangements). These panels, while having light-to-energy conversions of less than 10% and 
require perhaps hundreds of square feet coverage to collect enough sunlight, are much more 
popular because they have the lowest cost/watt ratio (Green, 2000).   

Solar panel arrays produce direct current (DC), which is normally converted into alternating 
current (AC) for lighting, equipment and appliances. The greatest barrier to the widespread use 
of solar panels is their cost (currently almost $1000/panel), the cost of the panel-to-battery 
charge regulator (a few $100), the cost of the batteries used to store electricity for use at night 
(batteries cost about $100 each), and the cost of converting the DC to AC power (an adequate 
inverter costs about $1000). All these costs have declined markedly over the past 10 years, while 
the costs of electricity from fossil fuels have increased.  

Power derived by using the photovoltaic effect has the best cost-to-benefit ratio in sunny 
locations, such as in the southern United States. It is also a good option in locations where 
conventional power grid lines are not available. In fact, the development of local solar power 
stations could reduce the need for creating power grids that carry electricity over long distances. 
In the United States, about half of the solar electricity systems are used to electrify homes and 
farms, about a third is used for communications and industrial applications, and about 15% is 
given back to electrical utility companies to send over power lines. 
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In recent years, the fastest increase in the use of home-site photovoltaic systems is in Japan 
and Europe, particularly Spain. In 2007, world photovoltaic installations amounted to almost 
3000 MW of electrical capacity, which was over 50% higher than 2006 (Johnson, 2004; McCoy, 
2008). However, while solar energy comes from the sun, so it is free, renewable and will never 
run out, and while solar panel systems are clean and silent, reliable and easy to install, have a 
low environmental impact and a very low operating cost, have essentially no components that 
can have mechanical failure, do not require centralized supplies and extensive distribution 
systems, and have high public acceptance, the United States government ended its subsidies in 
the 1980’s, and most states (including Virginia) provide no tax or regulatory credit. A few states, 
most notably California, subsidize the cost of the photovoltaic system and buy back excess 
electricity at retail rates. In the United States, about half of the systems installed each year are in 
California (Tullo, 2006). 

2.  SOLAR ELECTRICITY IN THE UNITED STATES 

In the southwestern United States (mainly California, Arizona and Nevada, but also in Utah, 
Colorado, New Mexico and Texas), a “solar land rush” has been happening. Large and small 
companies are buying and leasing land that has little worth except for the sunlight. The already 
purchased and leased land (over one million acres) could, in theory, produce more energy than is 
consumed by California. The amount of solar radiation is considerably less elsewhere in the 
United States. For example, in Virginia the average annual solar radiation is about 50% of the 
radiation in California.  

In Virginia (and elsewhere), solar installation companies are contracting with the operators of 
stores, warehouses and factories to at no cost install and maintain solar panel systems on the 
roofs, requiring a 10- to 20-year contract with the building owner to purchase solar generated 
electricity at close to or less than utility company rates. This arrangement seems likely to 
continue, since time has shown that as the industry capacity to manufacture solar panels rises, the 
cost of the panels fall. 

Over the past 10 years, worldwide manufacture of solar panels (mostly Japan and Germany, 
followed by the United States) has almost doubled and the cost/panel has fallen almost 50%. In 
the mid-1990’s, after the United States had ended its solar power subsidy program, Japan’s 
government began a “solar roof” program (advertising, education, low-interest loans, and 
rebates). In the subsequent 10 years, the annual number of installations in Japan grew by over 
40% each year, and now the cost that is charged to customers by the generators of solar 
electricity is less than the cost charged by electrical utilities using atomic power or other sources. 

Photovoltaic systems are initially expensive, but the costs are very low after the installation, 
and in a few years, the savings from not paying an electrical utility bill pays for the system. The 
cost for solar panel systems that can completely power a home depends on the size of the home. 
While smaller homes need fewer panels, they normally have much smaller monthly electrical 
bills. The system in a small home now takes about 15 years to pay for itself, in terms of utility 
bill savings. 
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While an office complex might require a system that produces 100’s or 1000’s of kW’s when 
the sun shines, a small size off-the-grid all-electric home or other similar size building might 
require only a 1 kW system. The area to be covered by solar panels can be compared to the 
quantity of electrical power generated by the system. In very approximate terms, 100 square feet 
of solar panels of medium generating ability generates about 1000 watts (1 kW) in full sunshine. 
Assuming the equivalent of 5 hours of full sunlight/day, this would be a 5 kWHrs/day, or about 
150 kWHrs/month (e.g., a small home in Virginia). Off-the-grid electricity from solar energy 
now costs less than ten dollars per watt (includes all components, batteries and installation), so 
the solar electricity system for a small home (a 1 kW system) will cost about $10,000. 

Multiples of these approximations can serve to predict the requisite size and cost of larger 
photovoltaic systems. A modest size home needs a 4 kW system, making 600 kWHrs/month, 
which now costs about $40,000. This could be compared to the home’s $400/month electricity 
bill (includes electricity, various service charges and taxes). It would take about 10 years for the 
solar power system to pay for itself. 

While some home owners plan to stay in their home, other home owners might not anticipate 
being in their present home for 10 years, but they can anticipate offering a potential home buyer 
an off-the-grid home. In any event, the number of photovoltaic solar installations in the United 
States is up 50% compared to two years ago. This is probably because as time passes, the 
systems are becoming less expensive. It has been speculated in 10 years from now, the costs will 
fall another 50% due to competition, increased production and availability of solar panels, and 
the decreased cost of installation.  

The following is research directed toward the owner of a home or other building that cannot, 
or does not want to be connected to the electrical grid of a utility company. In particular, we 
wanted to operate the requisite air, water and light systems for a greenhouse which, for whatever 
the reason, is an off-the-grid operation. 

3.  CONSTRUCTION OF THE EXPERIMENTAL BUILDING  

Builders of homes designed to operate on solar electricity should ensure that the building has 
adequate insulation, “tight” doors and windows, and efficient lighting and HVAC systems. If the 
building is constructed with a proper size photovoltaic system, the building can have a zero 
electrical bill, and the buyer has a slightly greater mortgage. More commonly, the approach is to 
“retrofit” a building and then install a photovoltaic system.  

The experimental building used in this study is located on a 100 acre farm near the town of 
Culpeper, in central Virginia. The building was initially constructed without a photovoltaic 
system, so various photovoltaic size, components and efficiency factors could be evaluated. The 
building is a one-story 30 by 50 foot “ranch house” of wood construction, with a 10 foot ceiling 
(15,000 cubic feet of air). The longest sides of the building face south (toward the sun) and north. 
The building is on a hilltop in a field, with no tree shade for most of the day. The walls are 6 
inches thick and well insulated (R-19), as is the roof. To facilitate access and summer cross 
ventilation, both of the 30 foot end walls have single 3 foot wide doors, and the 50 foot south and 
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north walls have 6 foot double doors. The south-facing wall has the most of the UV-protected 
(argon filled) double-pane windows, but on average about 30% of the walls are windows. 

The roof on the experimental building has a 30 degree pitch (with light-colored shingles), 
and extends beyond the north and south walls. The eave off the north side roof is primarily for 
shelter and only extends 6 feet beyond the north wall. The eave off the south side extends 12 feet 
out from the south wall, so it is 10 feet high along the south wall and only 8 feet at the end of the 
eave. Consequently, the winter sunshine can reach the windows as the sun traverses the sky at a 
comparatively low angle, but the higher summer sun cannot shine into the windows. 

To moderate the interior temperature, the floor is a 10 inch thick cement slab covered by 
ceramic tiles. To maximize the work space, the slab floor of the building extends 5 feet out from 
the north wall and 10 feet out from the south wall. 

Because the building is to function as a greenhouse and fish nursery, the southern half of the 
building (an open 15 by 50 foot floor space) is the work area. This single work room has 14 
ceiling lights (1 per 50 square feet), 2 ceiling fans, and many wall electrical outlets for 
maintenance equipment. The northern half of the building is the living space for the building 
operator, and is divided into a workshop, wet room, study, bedroom, kitchen, and bathroom.  

Power to the experimental building was assembled to ensure satisfactory year-round energy. 
Available are a 200 amp (110 and 220 volt) local energy utility line, a 3500 watt (110 and 220 
volt) gasoline electrical generator, a blower-equipped 20,000 Btu/hour wood stove (and 
surrounding forest), kerosene and propane heaters and lamps, and the experimental photovoltaic 
system. 

The incandescent lights in the building have not yet been replaced. Incandescent lights 
require 5 to 10 times more electricity and have a 10-30 times shorter lifespan than compact 
fluorescent lights and light emitting diode lights.  

4. CALCULATIONS FOR THE SOLAR ARRAY SYSTEM 

For the following commentary, several definitions and analogies are useful. Voltage is a 
force, electrical potential or potential difference, expressed in volts. The analogy for water could 
be the distance the water falls over a dam. Amperage is the strength or intensity of an electrical 
current, expressed in amps. For water, it could be considered the amount of water flowing over a 
dam. Wattage is a power, expressed in watts. For water, it could be considered the ability of 
moving water to carry a weight or volume of material. 

The important major components for any off-the-grid system are the batteries and the solar 
panels. Calculations to determine the requisite number of each begin with the estimated amount 
of electricity needed each month, usually determined by looking at a bill from the electrical 
utility company. Based on estimates, it was hypothesized that the electricity to operate the 
greenhouse and nursery space would be about 100 kWHrs/month (as in a very small home), or 
about 3.5 kWHrs/day, to be provided by batteries that are charged as needed by the solar panel 
array. 
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The deep-cycle 12 DC-volt batteries used in this experiment are each rated at 70 amp-hours. 
This means, for example, they can each provide 1 amp (the amperage used by one light bulb) 
over 70 hours. Using [volts][amp-hours] = [watt-hours], when fully charged each battery holds 
[12 volts][70 amp-hours] = [840 watt-Hrs] or 0.84 kWHrs. To provide 3.5 kWHrs/day, it 
requires [3.5/0.84] = 4 batteries. 

Based on the preceding calculations, the solar array could, in theory, provide the batteries 
with 3.5 kWHrs/day, which would fully recharge the batteries each day. With careful use of the 
building, it would be possible, in theory, to avoid taking too much power out of the batteries. 
This is necessary, because if the voltage from the batteries drops significantly below 12 volts, the 
system stops providing 110 AC voltage. 

As discussed above, the “small home” calculation assumed a need for 100 kWHrs/month, 
which could be provided by 4 deep-cycle batteries, if they were recharged during the day. Each 
battery requires about 840 watt-Hrs to be recharged in one day. Each of the solar panels used in 
this experiment produces 62 watts, 22 DC-volts and 4 amps at full sunlight. In mid-latitude states 
like Virginia, compared to “full-sunlight” states like California, there are about 6 hours/day of 
full-sunlight in the summer (2 hours/day of full-sunlight in the winter). In the summer, each 
panel provides [6 hours][62 watts] = 360 watt-Hrs, so in one day two panels should, in theory, be 
almost enough to recharge one battery in a day. Another approach, which reduces the 
calculations to a simple ratio, is that each battery in an off-the-grid system can be recharged by 
125 watts of the solar panel energy (e.g., 4 batteries can be recharged by a solar panel array 
producing 500 watts).  

5.  CONSTRUCTION OF THE SOLAR ARRAY SYSTEM 

 The eight panels that form the solar panel array used in this experiment were made by 
SOLAREX (type MSX64). Each 20 x 43 inch panel produces direct current (DC) and is rated at 
21.5 volts, 3.91 amps, and 62 watts. This is 75% of the theoretical 85 watts, calculated using the 
electricity [volts][amps] = [watts] equation. The eight panels are wired in parallel in a 50 square 
foot array, so the array produces 488 watts, 22 DC-volts and 32 amps. On a summer day with 
average sunlight (6 full-equivalent sunlight hours), in theory the system can produce about 3 
kW-hours (kWHrs). Over a month of average sunlight, the system can in theory produce almost 
100 kWHrs. As discussed earlier, this was hypothesized as being adequate to support the 
operation of a greenhouse and nursury, which in this case also has a small living area (kitchen, 
bedroom, bathroom, and study) for the facility operator. 

 A XANTREX (Model C-60) Controller is used to change the 22 DC-volts from the panels 
into12 DC-volts, to charge the batteries. This controller charges the batteries at an operator 
determined voltage (e.g. 14 volts) until they are fully charged, and then allows the voltage in the 
batteries to drop to 12 volts where they are maintained. This cycle is repeated whenever the 
battery voltage drops below 12 volts. As noted earlier, the solar panel array can produce up to 32 
amps, but this controller will accept a current from a solar array of up to 60 amps. If that 
amperage were exceeded, the extra energy is converted to heat and dissipated by a heatsink on 
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the controller. At night, the solar panel array is disconnected from the batteries by the controller 
(prevents reverse leakage of power from the batteries).   

Only 70 (or more) amp-hour deep-cycle batteries are used because they will have a longer 
life than normal automobile-size batteries. In theory, it was found that two solar panels could 
adequately maintain the charge in one battery on a day with average sunlight. The solar array 
now has 8 panels, one charge controller and five (one extra) deep-cycle batteries, wired in 
parallel. Although connected to the batteries, the controller (and the inverter) cannot be in a 
compartment with the batteries, because batteries vent hydrogen-sulfide gas, which corrodes 
electronic equipment. 

 The DC current provided by the battery pack goes through an inverter to provide AC 
voltage to the experimental building. The smallest inverters commonly used in buildings provide 
1 kW (small home size). However, on occasion the building may require greater electrical flow, 
and as long as the batteries have sufficient charge, more than 1 kW can only be provided with 
larger inverters. For example, a 1 kW inverter (using the [110 volts][amps] = [watts] equation) 
can provide a 10 amp flow, while a 3 kW inverter can provide a 30 amp flow. 

 The 12 DC-volt power produced by the batteries is changed to 110 AC-volt power by an 
inverter. Most inverters provide a sine wave or a modified sine wave voltage. Pure sine wave 
voltage is required for specialized equipment, such as life support medical devices. Pure sine 
energy is provided by electrical utility companies, and allows electrical equipment and 
appliances to run longer, cooler and more efficiently. However, most solar energy applications 
use a modified sine wave inverter, which is adequate for most motors, which does not produce 
much interference in devices like a television, radio and computer, and which is much less 
expensive. 

An inverter has two ratings, a constant wattage, and peak wattage which is about twice the 
constant watt rating. The peak wattage cannot be maintained for long, but it allows extra power 
to start electric motors. Motors require about twice as many peak watts (often called “surge 
watts”) to start as they do to run. 

A 1000 constant watt inverter is most commonly used for lighting (e.g., several 60 watt 
bulbs), and for devices like refrigerators, radios and televisions, computers and coffee makers, 
each of which require only a few hundred constant watts. However, in many applications, a 1000 
watt constant watt inverter is not sufficient, because some devices cannot be started and operated 
unless other devices are turned off. A larger (e.g., 3000 watt rating) inverter can allow more 
devices to be simultaneously operated, and a large inverter is required to start and operate 
devices like larger power tools, microwave, well pump, and window air conditioners. Still larger 
inverters are required to start and operate devices like a cloths washer/dryer, dish washer and 
central air conditioner. 

At the experimental building, a XANTREX ProWatt, a 3000 watt modified sine wave 
inverter converts the 12 DC-volts from the batteries into 110 AV volts. Because the building was 
built to be powered by a 220 AC-volt gasoline powered electrical generator plugged into a 220 
AC-volt port on the outside of the building, it proved useful to also produce 220 AC-volts by the 
solar array. Consequently, the 110 volts produced by the inverter is changed to 220 volts by a 
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XANTREX ( Model T240) 110-to-220 step-up transformer, capable of handling a constant 4 
kW.   

6. ANALYSIS OF THE SOLAR ARRAY PERFORMANCE 

6.1  Sun’s Angle at Noon 

The angle between the sun and the horizon, as seen at the location of the solar panel array in 
central Virginia, affects the intensity of the light striking the panels (Table 1). At locations 
farther north or south of the equator, the sun is farther away (which causes a neglible reduction in 
sunlight) and the sun passes through the atmosphere at a lower angle (which causes all the 
reduction in sunlight). When the summer begins, the noon time sun is almost directly overhead. 
The least amount of Earth’s atmosphere during the entire year is between the sun and the solar 
panels as the summer begins, so the intensity of light striking is more than at any other time 
during the year. When winter begins, the angle of the noon time sun is the lowest, and the 
distance of the sunlight travel through the atmosphere is the greatest, so the sun’s intensity is the 
least of the year.   

 
Middle of Month           Sun’s Angle at Noon   
     January                               30 degrees 
     February                             38 
     March                                 49 
           Spring Begins 
     April                                   61 
     May                                    70 
     June                                    75 
          Summer Begins 
     July                                    73 
     August                               64 
     September                          55 
           Fall Begins      
     October                              43 
     November                          33 
     December                           28 
          Winter Begins    

 
Table 1. Approximate mid-month noon-time angle between the sun and the horizon, in central 

Virginia (USNO, 2008). 
 

6.2  Interval of Sunlight 

The ratings shown in advertisements for solar panels are often in watts generated in “full 
sunlight.” The “full sunlight” states are those close to the equator, like California. In Virginia, 
the number of “full sunlight” hours for any particular sunny day is less than in California, 
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because sunlight’s intensity and duration are less in Virginia. In short, the actual wattage of a 
solar panel when installed in Virginia is less than advertised. 

The true number of “full sunlight hours” depends on the intensity of the light (Table 1), and 
the time interval over which the sun is visible (Table 2). It also depends on the number of hours 
it takes for the sun to appear over the morning tree line (about 2 hours) and the evening effect of 
the tree line (about 2 hours). In this fashion [(Table 1) x (Table 2 minus 4 hours)], estimates were 
made of the number of Full Sun Hours in central Virginia for each month. The Full Sun Hours 
data in Table 2 show that at the start of the summer, the days have almost 8 Full Sun Hours but at 
the start of the winter, this interval is down to about 2 hours/day. 

 
Table 2. Summary of the approximate number of daylight hours, and approximate number of 

equivalent full-sun hours, for central Virginia (USNO, 2008). 
 

Month   Average Sunrise  Average Sunset   Light Hours   Full Sun Hours 
January         0728                     1715                      9.8 hours      1.7 hours 
February       0703                     1750                    10.8                3.3 
March           0624                     1819                    12.9                4.4 
     Spring Season Begins March 20 
April             0537                     1848                    13.2                5.7 
May              0501                     1916                    14.3                7.2 
June              0447                     1938                    14.8                7.8  
    Summer Season Begins June 20 
July              0500                      1936                    14.5                7.7 
August         0526                      1906                    13.7                6.2 
September    0700                      1930                    12.5                4.7 
    Fall Season Begins September 22 
October       0621                       1734                    11.2                3.1  
November   0653                       1659                     10.1               2.0 
December    0722                       1652                      9.5                1.5 
   Winter Season Begins December 21 

 

6.3  Variation in the Relative Intensity of Sunlight 

As the sun moves across the sky, the intensity varies in a pattern that is determined by the 
time of day, the inclination of the sun, and the amount of cloud cover. The Foot Candle (FC = 
light at a distance of one foot from a “standard candle”) is often used to measure the intensity of 
light. The measurements in Table 3 were obtained with a calibrated Fisher Scientific Light Meter 
(Traceable Model).    

Evidently, the operation of a solar panel array produces considerably less than its optimum if 
it is located where shade often covers the panels, and if the days of operation are often cloud 
covered. When these circumstances prevail, the assembly is often either relocated, or 
supplemented by other sources of electrical energy. 
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Table 3. Comparison of relative amounts of sunlight. Day-to-day outdoor measurements 
are variable, so approximations close to averages are presented for outdoor measurements. 

 
Examples of Indoor Lighting (normal distance to eyes) 
     Normal Ceiling Lights (two 60 watt bulbs) =    5  FC 
     Bright Ceiling Lights ( two 100 watt bulbs) =  25  
     Normal Desktop Lamp (one 60 watt bulb)  =   50      
Examples of Outdoor Lighting on a Cloudy Day 
       Early Morning, in an Area With Shade =          1 FC 
       Early Morning, in Area Without Shade =        10   
       Noon Time, in an Area With Shade =         1,000 
       Noon Time, in Area Without Shade =       10,000 
Examples of Outdoor Lighting on a Cloudless day 
         Early Morning, in an Area With Shade =        5 FC 
         Early Morning, in Area Without Shade =    500 
         Noon Time, in an Area With Shade =     10,000 
         Noon Time, in Area Without Shade =   100,000 

 

6.4  Operational Duration of the Electrical Power from the Solar Panel Array 

As discussed earlier, it was estimated that the batteries could be fully charged in one day, and 
that this was done because the 0.5 kW power generated by the solar panels was sufficient to 
charge the batteries. Tests showed that this was correct, and on most days, with normal sunlight, 
the batteries became fully charged. It was also noted earlier that based on the past year of service 
by the local electrical utility company, the building required about 3.5 kW/day, mostly in the 
evening. In Table 4, the “Estimated Watts” are shown for each time interval (Estimated Watts = 
[3.5 kW/Service Interval]).The third column lists the Actual Watts that were required of the 
batteries in the solar power array, in tests to determine the actual Service Interval. 

 
Table 4. Interval of electrical service at various amounts of electrical service 

 
  

Service            Estimated            Actual 
Interval              Watts                 Watts 
   14 hours       250 watts 
   12                                            300 watts 
   10                 350 
     8                                            400 
     7                 500 
     6                                            600 
     5                 700  
     3                                          1200 
     2               1750 
     1                                          2100 
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Based on the experiments described in Table 4, the batteries provided electrical service to the 
building as anticipated. By inference, in fewer devices were used, the number of service hours 
increased. On average, the facility requires about 500-700 watts to operate adequately for 
approximately 5 hours after the sun sets. 

6.5  Operational Capability of the Solar Panel Array 

 As discussed earlier, there is a limit to the amount of electrical lighting and electrical motors 
that can be driven by the electricity from the solar panel array. The inverter used in the array at 
the experimental building provides a constant wattage of up to 3000 watts, which at 110 AC-
volts, provides an electrical service of almost 30 amps. When selecting the number of lights and 
other devices that can be operated, 3000 watts and 30 amps are the most that can be utilized. 
(Table 5). 

Table 5. Approximate wattage and amperage required to operate devices. Not listed are the start-up 
(also called peak or surge) wattages and amperages, which may be twice the start-up wattage and 

amperage. 
 

Device                          Watts            Amps 
Incandescent Light         60 watts      0.6 amps 
Radio/Television           100               0.9 
Sewing Machine            100               0.9 
Window/Ceiling Fan     230               2.1  
Spotlight                        250               2.5 
Coffee Maker                300               2.7 
Dishwasher                    400               3.6 
Shop Tools                     400               3.6 
    (e.g., jigsaw, drill, grinder)  
Freezer                           500               4.5 
Kitchen Blender            550               5.0 
Portable Vacuum           600               5.5  
Furnace Fan                   700               6.4 
Refrigerator                   800               7.3 
Dishwasher                    900               8.2 
Cloths Washer/Dryer   1000               9.1 
Microwave Oven         1000               9.1 
Well/Sump Pump        1000               9.1 
Computer System        1100            10.0 
Window A/C               1200            10.9 
Electric Air Heater       1500            13.9 
Central A/C                  3000            27.3 
Water Heater                3000            27.3    

 
 

 

As shown in Table 5, when using the solar array system, which when fully charged can 
provide up to 3000 watts and 30 amps, not all of the devices can be operated simultaneously. 
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Some attention must be paid to selecting the most necessary devices, because as more devices 
are used, the duration of operation decreases (see Table 4).  

7.  CONCLUSIONS 

 In central Virginia, an array of 8 solar panels was installed to provide electricity to a 
building constructed as a greenhouse and fish nursery, with attached living space. The building 
was designed using energy conserving techniques, and the solar panel array provides electrical 
energy at approximately 0.5 kW and 30 amps, which is more than enough to recharge four deep-
cycle batteries each day. Through a 3 kW inverter and a 4 kW transformer, the batteries provide 
about 3.5 kWHrs/day which is more than enough to power the activities in the building.      
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PART III: Environmental Fate 
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ABSTRACT 

Biosparging enhances both aerobic biodegradation and volatilization and is commonly 
applied to residual hydrocarbon source zone remediation. This technology was applied in pulsed 
mode to a known source of gasoline contamination in order to quantify the extent of remediation 
achieved in terms of both mass removed and reduction in mass discharge into groundwater.  The 
gasoline source was created at the groundwater research facility at CFB Borden, Canada. About 
40 L of gasoline with 10% ethanol was injected in small volumes from 24 injection points below 
the water table in 2004. The downgradient plume is still being monitored and the source area was 
cored in 2007. In 2008, a single-point biosparge system was installed and operated. Water-
saturated soils precluded the use of a traditional soil vapor extraction (SVE) system, so an 
airtight cover was used with soil venting to capture and monitor off-gases. Conservative tracers 
(He, SF6) and hydrocarbon gas monitoring were intended to assign mass removal to 
volatilization. CO2 and O2 monitoring in the off-gas confirmed limited biodegradation of 
hydrocarbons. Post-remediation core analysis and downgradient monitoring of groundwater will 
be used to define the extent of remediation and decline of mass discharge to the groundwater 
plume.  

Keywords: pulsed biosparging, air sparging, soil vapor extraction, gasoline, remediation  
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1. INTRODUCTION 

 Gasoline is a near-ubiquitous subsurface pollutant in North America and a number of 
technologies are available for remediation. This paper describes some preliminary findings from 
an investigation of pulsed air sparging applied to treat a small gasoline residual source emplaced 
in a shallow sand aquifer at CFB Borden, Canada. 

 In situ air sparging (IAS) was first used as a treatment technology in the mid-1980s (Bass et 
al., 2000). Volatilization and O2-enhanced biodegradation are the mass removal mechanisms.  
Soil vapor extraction (SVE) is normally used to collect the air sparging gas as it migrates through 
the vadose zone to ground surface.  

 IAS has been used to clean up contaminated sites for several years and the general 
mechanisms for treatment of gasoline sources are relatively well understood. When used 
appropriately, air sparging has been found to be effective in reducing concentrations of volatile 
organic compounds (VOCs) found in petroleum products. Pulsed air sparging, in which the air 
sparging is turned on and off (generally based on aquifer response), has been found to be more 
effective than continuous air sparging in several theoretical (Johnson, 1998 and Ahlfeld et al., 
1994) and field studies (Kirtland et al., 2001; and Yang et al., 2005). 

 The total hydrocarbon mass removed by an IAS/SVE system is difficult to predict and 
quantify because of the heterogeneous nature of the soil gas flow paths (Johnson, 1998). In this 
study, one of the main objectives was to quantify the mass removed through volatilization and 
biodegradation from a relatively well-known source zone using pulsed IAS, and to determine the 
effect of this treatment on downgradient dissolved BTEX concentrations. 

2. MATERIALS AND PROCEDURE 

2.1 Site Description 

 The field site is located at Canadian Forces Base (CFB) Borden, 100 km north of Toronto, 
Ontario, Canada.   

 The Borden water table aquifer is in a relatively homogeneous, clean, well sorted fine to 
medium sand extending 7 to 8 m below ground surface (bgs). The hydrogeological properties of 
the Borden sand aquifer have been studied extensively (Mackay et al., 1986, and Sudicky et al., 
1983;).  The Borden sand aquifer is generally homogenous; the hydraulic conductivity of core 
sections taken from within the source zone ranged from 4.3x10-5 to 1.5x10-4 m/s (Yang, 2008). 
Yang also observed a relatively lower hydraulic conductivity zone ranging from 3.2 to 3.6 m bgs 
and relatively higher hydraulic conductivity zones at about 2.5 and 4.5 m.  

 About 40 L of American Petroleum Institute (API) gasoline containing 10% ethanol was 
emplaced below the water table between October 8 and 13, 2004 (Mocanu, 2007). The pulsed 
sparging experiment was conducted on this emplaced source zone, which is denoted as the E10 
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residual source. The E10 residual source is bounded by two rows of sealable sheet piling driven 
to a depth of 7 m.  The resulting dissolved phase plume was monitored extensively using a 
network of four rows of multilevel monitoring wells, three of which were located downgradient 
of the E10 residual source. Each row contained seven wells with 15 monitoring points each. 

 Sparging in the area of E10 residual source began on April 28, 2008. At this time the solubility 
analog of Raoult’s Law (King and Barker, 1999) was used to estimate that all the ethanol had 
been leached from the source and that about 22 kg or 30 L of gasoline residual remained. Soil 
cores collected in 2007 (Yang, 2008) suggested that the residual gasoline had not spread 
significantly away from injection wells used for source emplacement and that NAPL was still 
present in the source zone as expected (Figure 1). 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Profile of total analyzed hydrocarbon concentrations (BTEX, trimethylbenzene, and 
naphthalene) from the center of the E10 residual source zone. The vertical line (16.66 mg/kg wet 
soil) indicates the concentration above which free product is assumed to be present (Yang, 2008). 

 

2.2 Treatment System 

 The air sparging system consisted of 3 injection points arranged in a line across the source 
zone. The injection points were driven using a jackhammer to minimize soil disturbance around 
each point. Each sparge point was 20 cm long and 3 cm in diameter, with four 8-mm holes 
covered with stainless steel mesh located every 2.5 cm along the length of the housing. The 
sparge point was connected to the compressor by 1 cm ID teflon tubing. The top of the screen 
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was set at 5 m bgs; l m below the residual zone (3 to 4 m bgs). Air was injected at a flow rate of 
35 L/min. A pulsed-sparging system was used with an on/off cycle based on aquifer pressure 
response times. 

 In April the water table at this location rose above ground surface. The aquifer material (clean 
sand) and extent of water above ground surface ruled out dewatering the area to a sufficient 
depth to allow the use of a standard SVE system. Instead, a 7 m x 7 m box was constructed to 
contain soil vapor escaping from the soil surface. Two air pumps were connected in series to an 
outlet at the top of the box. During sparging, the flow rates were adjusted so that the flow rate 
out of the box was slightly higher than the flow rate into the subsurface (approximately 100 
L/min). This minimized leaks of sparged gas outside the box. 

 The treatment system included ports for injecting SF6 and helium for tracer tests, sample ports 
for injected and removed air, and two pairs of piezometers inside and outside the box. 
Transducers were placed in each piezometer to record water pressure changes during treatment 
(Figure 2). The system was operated from April 28 to June 23, 2008. The off-gas collection 
system ran for approximately 280 hours over the 33 days of active sparging. It was operated for a 
half hour prior to initiating a sparging episode and for at least 2 hours at the end of a sparging 
episode. The total length of time that the air injection system operated was 98 hours, less than 
half the total time to off-gas extraction system operated. 

 

 

 

 

 

 

 

 

 

 

Figure 2. Treatment system setup with dashed oval around piezometers inside the box, white 
circles around air sparging points, and black circle around vapor extraction point. Monitoring 
row 2 is in the foreground. It is covered by the treatment system in the cell used for this 
experiment.  
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2.3 Groundwater Sampling 

 Groundwater samples were collected before and after treatment from the multilevel wells 
located downgradient of the gasoline source. The post-treatment sampling was conducted at the 
end of July 2008, when the groundwater from the last day of treatment should have reached this 
location based on an estimated advective travel time. This was assumed to be the best time to 
capture remediated groundwater leaving the source prior to potential concentration rebound. 

2.4 Sample Analysis 

 Off-gas was continuously monitored for VOCs using a mini-RAE 2000 photo-ionization 
detector (PID). Off-gas air samples were also collected at regular intervals for hydrocarbon 
analysis using a Hewlett Packard 5890 gas chromatograph (GC). Groundwater hydrocarbon 
samples were analyzed using the same equipment. Off-gas samples were also analyzed for O2 
and CO2 using a Fisher/Hamilton Model 29 gas partitioner or a GOW-MAC (series 350 GP) GC. 
The latter equipment was only used to determine CO2. 

 Helium tracer tests were conducted throughout the treatment period to determine how much of 
the injected air was recaptured in the off-gas collection system. Helium was analyzed in the field 
using a Dielectric MGD-2002 helium detector. SF6 was injected during the last day of sparging 
to determine how much of the injected O2 had dissolved into the groundwater and was captured 
in the off-gas and groundwater samples. SF6 concentrations were determined using a Shimadzu 
GC-9A gas chromatograph equipped with an electron capture detector. These tracer data were 
inconclusive because of helium loss prior to injection. However, visual evidence (lack of bubbles 
on the standing water) does not indicate significant loss of sparged gas. For simplicity, at this 
stage of analysis, we have assumed that all sparged hydrocarbons are considered to have been 
collected by the gas extraction system. 

3. DATA AND ANALYSIS 

3.1 Water Pressure fluctuations 

 Pressure transducer data indicated that the water pressure maximized within about 5 minutes 
of starting the air sparging system and then quickly dropped off (Figure 3). Based on this 
response the pulse sparge cycle time was set at 1.25 hour based on this response. 

 The strongest pressure responses were observed in the deeper transducers (closer to the 
sparging point screen) and in the ones within the air collection box. The transducer data inside 
the box indicated an above-ground piezometric surface, which was consistent with visual 
observations of groundwater mounding just outside of the gas extraction box. 
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Figure 3. April 30 transducer data showing aquifer response to pulsed sparging. P1 and P2 are 
inside the box; and P3 and P4 are outside. P1 and P3 are deeper. The ground surface elevation 
was set at 10 m. 

3.2 Off-Gas Data 

 The hydrocarbon gas concentrations peaked in the first 16 hours of system operation, when the 
central sparging point was used, and then declined thereafter (Figure 4). The second 
concentration peak at approximately 100 hours corresponds to a switch to the second air 
injection point. The third injection point was used only briefly due to equipment issues at 140 
hours and then again from 230-240 hours.  

 The PID data do not show any short duration peaks that would have been missed by the 
sampling schedule adopted. They confirm the representativeness of the samples collected for GC 
analysis. The PID gives a total VOC concentration and is used to define trends in individual 
compounds and the F1 hydrocarbon fraction with actual values taken from the GC analyses. 

 Off-gas concentrations declined sufficiently for the system to be turned off after 270 hours of 
active sparging. Sparging of the most volatile constituents (pentane and hexane, 526 and 150 mm 
Hg) far exceeded sparging removal of the target monoaromatics (average 13 mm Hg). Vapor 
pressures are from Montgomery, 2000. Approximately 80% and 50% of the pentane and hexane 
present in the residual gasoline were recovered in the gas collection system. Only about 4% of 
the TEX was recovered (benzene was detected in the off-gas). 

 CO2 concentrations increased and O2 concentrations decreased slightly from baseline 
concentrations (Lambert, 2008). This confirms that some aerobic biodegradation was occurring.  
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Figure 4. GC concentrations over the course of sparging. Note that the elapsed time represents 
the time of active soil gas extraction system operation and not the duration of the investigation. 

3.3 Groundwater Data 

 Post-sparging groundwater results collected in 2008 indicate a 27% decrease in the benzene 
mass flux, a 92% decrease in the toluene mass flux, a 65% decrease in the ethylbenzene mass 
flux, a 6% decrease in the p/m-xylene mass flux, and a 5% decrease in the o-xylene mass flux. 
However, the hydrocarbon mass flux changes in groundwater before and after treatment did not 
vary significantly enough from long-term decreases from attenuation to determine the effect of 
sparging. Groundwater sampling will be repeated in 2009 to determine if the source zone 
biodegradation has produced a long-term decrease in mass flux. 

4. CONCLUSIONS 

 This study used IAS and an off-gas collection system to remediate a gasoline source where a 
conventional SVE system could not be installed. During two months of pulsed air sparging, the 
most volatile hydrocarbons were removed first. Most of the mass removed contained non-BTEX 
hydrocarbons. CO2 and O2 concentrations in the off gas  indicate that oxygen added to the 
subsurface was used for microbial activity Only a small percentage of the BTEX mass estimated 
in the source zone was captured by the SVE system, and this system did not have a clear effect 
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on downgradient groundwater BTEX concentrations. Additional groundwater sampling 
continuesto determine the long-term impact of the sparging system on plume behavior. 

 This study suggests that a significant amount of hydrocarbon mass may need to be removed 
before air sparging has an impact on downgradient concentrations. The variability of 
hydrocarbon removal rates in the off-gas also demonstrates the difficulty of source removal even 
in a simple aquifer with a small, well-defined source. 
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ABSTRACT 

The reduction in the trichloroethylene (TCE) vapor phase screening level by USEPA in 2004 
prompted a re-evaluation of groundwater contaminant source areas, transport mechanisms, and 
commingling of multiple CVOC plumes within a complex river basin.  A USEPA Administrative 
Order on Consent (AOC) dictated that the former owner of the facility investigate and perform 
residential and commercial vapor phase removal action to achieve compliance with revised 
indoor air and subslab action levels.  The AOC did not differentiate contaminant source areas, 
transport, or commingled contaminants.  In response, a comprehensive re-evaluation of the river 
basin hydrogeology and groundwater CVOC distribution was completed to facilitate demarcation 
of the AOC vapor phase removal action boundary and to minimize cleanup of contaminants not 
attributable to the facility.  In 2007, an integrated investigation and review of remediation reports 
filed with state regulators, USGS hydrogeologic reports, and historical groundwater elevation 
data was conducted.  The data were evaluated to identify additional CVOC source areas, map 
known CVOC plumes, establish groundwater flow transport pathways, and determine the 
potential for commingled CVOC plumes.  Understanding the complex groundwater flow regime, 
strongly influenced by river stages, flood control structures, municipal well field production, and 
engineered recharge basins, was critical to resolving the migration pathway of multiple CVOC 
plumes. All data collected was compiled into a series of CVOC overlay maps to provide a 
working river basin model of CVOC distribution and migration based on groundwater flow.  The 
distribution of CVOC source areas results in numerous instances of CVOCs plumes becoming 
commingled due to the groundwater flow patterns.  As a result, the former owner recommended 
the reduction of the AOC vapor phase removal action boundary area by over 60%, thus limiting 
the action area to immediately downgradient of the facility based on groundwater flow.  

 

Keywords: groundwater, chlorinated solvents, investigation, multiple plumes, commingled 
plumes. 
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1. INTRODUCTION 

The reduction in the trichloroethene (TCE) vapor phase screening level by USEPA in 2004 
prompted a re-evaluation of groundwater contaminant source areas, transport mechanisms, and 
commingling of multiple chlorinated volatile organic compound (CVOC) plumes within a 
complex river basin.  The groundwater TCE concentrations measured during a voluntary plume 
characterization downgradient of the facility (performed in 2003) met the screening level vapor 
phase risk criteria for the protection of human health.  This voluntary off-site plume 
characterization identified several potential CVOC source areas in the river basin that are not 
related to the subject facility or to migration of contaminants from the facility. 

Following the 2004 change in the vapor phase screening level, the USEPA issued an AOC 
dictating that the former owner of the facility investigate and perform residential and commercial 
vapor phase removal action to achieve compliance with the revised indoor air and sub-slab action 
levels.  The AOC did not take into account the various known and suspected source areas in the 
immediate area, or commingled contaminant plumes.  In response, a comprehensive re-
evaluation of the river basin hydrogeology and groundwater CVOC distribution was completed 
to refine the demarcation of the AOC vapor phase removal action boundary and minimize 
cleanup of vapor phase contaminants not attributable to the facility.   

 

Figure 1.  Site groundwater flow patterns and hydraulic controls. 
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The complex surface water system that controls groundwater flow in the basin is presented 
on Figure 1.  The site is located on a buried glacial valley that is surrounded by rivers on three 
sides. River stage to the north and west is controlled by a spillway.  This river is a losing river 
that recharges the aquifer below the site and strongly impacts flow in the basin.  Below the 
spillway, the river gains and is a discharge point for the aquifer. 

Another river is located on the south side of the facility.  This river is fast flowing because of 
its elevation drop from east to west, and does not have spillways or other flood control structures 
in the vicinity of the site.  The influence this river has on the aquifer within the basin is highly 
dependent on precipitation and river stage. The confluence of these two rivers is located 
southwest of the facility and acts as a regional surface water discharge area. 

The buried glacial aquifer below the site is prolific and water levels within the aquifer change 
rapidly because of the presence of the two rivers, the spillway on the northern river, and the 
configuration of recharge / discharge areas.  

1.1 2003 Characterization of Multiple Plumes 

The voluntary plume characterization completed in 2003 established the groundwater flow 
regime downgradient of the facility and identified numerous suspected potential contaminant 
source areas.  Understanding the complex groundwater flow regime in a sand and gravel glacial 
valley fill aquifer, strongly influenced by river stages, flood control structures, municipal well 
field production, and engineered recharge basins was critical to resolving the migration pathway 
of the multiple CVOC plumes.   

In addition to the permanent groundwater monitoring network, the 2003 investigation 
included 50 Geoprobe membrane interface probe / electrical conductivity borings to evaluate the 
stratigraphy and vertical distribution of CVOCs prior to collecting two groundwater grab 
samples from each location.  A total of 30 temporary water table wells were also installed.  
Figure 2 shows the groundwater flow and contaminant characterization as understood after the 
2003 investigation.  In Figure 2’s perspective (looking to the northwest), it is clear that the losing 
nature of the river above the spillway causes groundwater flow, and associated dissolved-phase 
CVOCs, to migrate away from the river and then toward the aquifer’s discharge area below the 
spillway. 

The contaminant plume depicted in Figure 2 is trichloroethene (TCE), with concentrations 
cropped at 50 parts per billion (ppb).  TCE and tetrachloroethene (PCE) are the primary 
contaminants of concern at the site.   

Figure 3 presents the site, as understood after the 2003 groundwater characterization, from an 
aerial perspective and includes 1,1,1-trichloroethane (TCA) in addition to PCE and TCE.  
Concentrations of CVOCs in Figure 3 are cropped at 5 ppb.  The aquifer’s potentiometric surface 
is also shown (red contours).  The manufacturing buildings on-site are shown in gray.  
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Figure 2.  Pre-characterization groundwater flow with TCE > 50 ppb. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.  Original vapor-phase removal action boundary, concentration > 5 ppb. 

Comparison of the groundwater flow pattern in the basin between the two rivers and observed 
contaminant distributions for the three parent CVOCs shown in Figure 3, strongly suggests the 
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presence of additional contaminant sources areas.  The presence of the impoundment’s spillway 
as the groundwater discharge point controls the flow and causes contaminants from the various 
suspected source areas to become commingled as they migrate toward the discharge area.  It is 
also noted that upgradient of the facility (to the northeast), TCE and TCA are migrating onto the 
site; presumably from other off-site source areas.  Upgradient areas were not included in the 
2003 characterization.  

The AOC’s original vapor phase removal action boundary is also presented on Figure 3.  The 
boundary includes areas cross gradient from the facility and areas of the plume clearly influenced 
by other sources.  The boundary also includes areas upgradient of the facility where impacts for 
other source areas migrate on to the site and commingle with impacts from past site activities.  
Finally, the boundary also includes a larger area to the south of the facility that is (a) not known 
to be impacted and (b) not downgradient of the facility, but would need to be investigated under 
the terms of the AOC. 

2. MATERIALS AND METHODS 

A. 2007 COMPREHENSIVE RE-EVALUATION 

Upon receipt of the AOC, a comprehensive re-evaluation of CVOC contaminant distribution, 
groundwater flow, and potential sources areas in the basin was undertaken.  The re-evaluation in 
2007 integrated hydraulic data from USGS Hydrogeologic reports, investigation and remediation 
reports filed with the state environmental agency, and historical groundwater elevation data from 
the site proper as well as data from other sites in the basin. 

To obtain information on other potential sites in the basin, a comprehensive search for other 
contaminated sites was conducted using Freedom of Information Act (FOIA) file searches.  The 
effort revealed that several sites, with current or previous remediation systems, are located in the 
area of the manufacturing facility.  The location of the other sites, and data on their associated 
groundwater impacts, coincided with the suspected source areas from the 2003 site-wide plume 
characterization investigation.  

The focus area for the 2007 re-evaluation was expanded to include upgradient areas.  
Upgradient areas were identified and targeted for research based on the groundwater flow 
characterization completed in 2003.  This effort resulted in the identification of several 
upgradient contaminant source areas and their resulting CVOC plumes.  In addition, a joint, 
single day, collection of groundwater elevations measurements was completed.  Representatives 
from the state agency, the municipality, and others participated in the effort.  Water levels from 
existing municipal well head protection monitoring wells, surface water measurements from staff 
gauges, and water levels from numerous groundwater monitoring wells were collected during the 
effort to provide a comprehensive picture of the groundwater flow regime for the basin in the 
area of the facility. 
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The data from the 2007 re-evaluation, including data from the joint water level measurement 
effort, were evaluated to identify additional CVOC source areas, map known CVOC plumes, 
establish groundwater flow transport pathways, and determine the potential for commingled 
CVOC plumes.  The data collected were compiled into a series of CVOC and groundwater flow 
overlay maps to provide a working model of CVOC distribution and migration based on 
groundwater flow within the glacial valley aquifer.   

This evaluation revealed numerous contaminant plumes from multiple source areas in the 
area of the site.  The off-site source areas were located upgradient, side gradient, and down 
gradient of the facility.  Depending on the location of the individual source area, resulting 
groundwater impacts were observed to migrate with the regional groundwater flow pattern.  The 
locations of the source areas and the groundwater flow pattern for the basin result in varying 
initial flow directions at the individual source areas, but all migration of dissolved-phase CVOCs 
is eventually toward the regional groundwater discharge area located below the impoundment 
spillway.   

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.  Revised vapor-phase removal action boundary, concentration > 5 ppb. 
 

The result of this groundwater flow/contaminant migration pattern is that CVOC plumes 
from the individual source area become progressively more commingled as the contaminants 
near the discharge area.  In addition, the 2007 re-evaluation demonstrated that (a) resolution of 
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impacts from individual CVOC sources became more complicated as contribution from more 
sources joined the overall plume, and (b) as the plumes neared the groundwater discharge area, 
resolution of impacts from individual source areas in the basin was not possible (or at least 
would become exceedingly difficult and highly speculative).  

The CVOC contaminant distribution and groundwater / surface water flow hydraulic 
relationships resulting from the 2007 re-evaluation are presented in Figure 4.  As in Figure 3, 
PCE, TCE, and TCA are shown on the drawing with concentrations truncated at 5 ppb.  
Comparison of Figures 3 and 4 shows the additional resolution that was added upgradient of the 
site property.  Known source areas and other suspected potential source areas are also identified 
on the figure. 

Figure 4 also shows the revised vapor phase removal action boundary proposed for the site.  
The revised vapor phase removal action boundary was proposed to focus site resources on areas 
clearly impacted by the facility and not on those areas for which the facility is not responsible.  
In addition, the revised boundary is truncated in the downgradient direction (i.e., southwest of 
the site toward the impoundment spillway) because of the commingling of CVOC impacts from 
the various known source areas located south and southwest of the facility.  

2.1 Data Analysis 

The groundwater sample data were compiled by assigning State Plane Coordinates, well 
casing elevation, screen interval elevation and groundwater chemistry data into an Access 
database and evaluated utilizing 3-dimensional kriging software.  Three known source 
chlorinated solvent contaminants found at the site, TCE, PCE, and TCA were selected as the 
primary contaminants for evaluation in the aquifer and were used to identify the multiple 
contaminant plumes.   

The surface water level measurements and river gradient characteristics were compiled with 
data collected from USGS topographic maps for the surrounding rivers, impoundments, and 
infiltration ponds.  This data was integrated with the groundwater elevation data across the basin 
to generate a comprehensive groundwater/surface water contour map and flow direction.  The 
groundwater flow data was overlain on the contaminant plume distribution data to evaluate the 
contaminant plume source areas, migration pathways, commingling, and the discharge area. The 
evaluation demonstrated that CVOC plume migration mirrored the predominant groundwater 
flow patterns of the basin aquifer.  

To visualize the extent of the CVOC contaminants, the concentrations were cropped at 5 ppb 
to match the Maximum Concentration Limit (MCL) of TCE, the primary chemical of concern 
with respect to indoor air vapor intrusion.  To identify more recent chlorinated solvent impacts, 
TCA was also mapped because it replaced the use of TCE in the late 70’s.   The value for TCA 
was cropped at the same value of TCE, rather than the MCL of 70 ug/L for TCA.   This analysis 
revealed several other known and potential contaminant source areas based on contaminant 
distribution with respect to the identified groundwater flow direction.  When concentrations were 
cropped at values higher than 50 ug/L, the detection of the chemicals of concern in the other 
source areas tends to remain as shown on Figure 5.   
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Figure 5.  Historical data plume map with expanded data, concentration >50 ppb 

3. RESULTS AND DISCUSION 

3.1 2007 – 2008 Confirmation Field Effort 

To confirm the findings of the 2007 comprehensive re-evaluation of CVOC contaminants and 
groundwater flow, additional investigation was performed in 2007 and 2008 to further refine the 
contaminant distribution and groundwater flow downgradient of the facility.  The results of the 
confirmation field effort include the following conclusions. 

The groundwater flow direction remains relatively constant, even though river stage 
fluctuation can be significant.  This finding is based on several measurement events and the 
analysis of data from dedicated transducers, which continuously measures water levels at 
selected points within the basin.  The response of the aquifer to upward changes in river stage 
upstream of the impoundment spillway was observed to occur over a very short period of time. 

Additional permanent monitoring well nests and temporary water table wells were installed 
to the south/southwest of the facility during the 2007-2008 confirmation field effort.  Laboratory 
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analytical data and water level measurements from these newly installed wells provided further 
resolution and confirmation of groundwater flow near the discharge point, location of the various 
plumes downgradient of the facility, and confirmed an additional CVOC source area.   

The 2007 – 2008 confirmation field effort also provided additional resolution to groundwater 
flow patterns south of the facility along the fast-flowing river located on the south boundary of 
the basin.  During high river stage, the influence of groundwater extraction to prevent flooding of 
a street underpass located at the southern end of the basin becomes more prevalent.  The 
presence of this periodic groundwater extraction point was not known during the 2003 
characterization, and was observed, but not understood during the 2007 comprehensive re-
evaluation. 

Two addition drawings, Figures 6 and 7, are presented below.  These drawings were prepared 
using the site database augmented with laboratory analytical data from the most recent sampling 
rounds completed in 2008, and use the most recent water table surface.Figure 6 shows the 
expanded basin area, including areas upgradient of the site, with the concentrations of the PCE, 
TCE, and TCA cropped at 5 ppb.  Figure 7 shows the same area with CVOC concentrations 
cropped at 50 ppb.  Comparison of Figures 6 and 7 indicates that the identified CVOC source 
areas remain consistent at both the 5 and the 50 ppb concentrations range.  Using the additional 
groundwater sampling data from the 2007 – 2008 confirmation field event, the southern portion 
of the basin is better defined.  Contaminant source areas that were previously not well 
understood have been resolved due to the addition of several wells in this vicinity. 

Figure 6.  2008 data plume map with expanded area, concentrations > 5 ppb. 
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Figure 7.  2008 data plume map with expanded area, concentrations > 50 ppb. 

4. CONCLUSIONS 

The reduction in the trichloroethylene (TCE) vapor phase screening level by USEPA in 2004 
prompted a re-evaluation of groundwater contaminant source areas, transport mechanisms, and 
commingling of multiple CVOC plumes within this complex river basin.  A USEPA 
Administrative Order on Consent (AOC) dictated that the former owner of the facility investigate 
and perform residential and commercial vapor phase removal action to achieve compliance with 
revised indoor air and subslab action levels.    In response to these actions by the USEPA, a 
basin-wide re-evaluation was completed. 

Groundwater impacts at the site, and downgradient of the site, were initially characterized 
during a voluntary groundwater characterization in 2003.  At that time, the presence of other 
contaminant plumes originating from off-site sources was suspected, but not confirmed.  Off-site 
sources were also suspected upgradient of the facility as well as downgradient and cross 
gradient.  During the 2007 comprehensive re-evaluation, additional data was gathered from a 
variety of sources to expand and refine the understanding of groundwater flow within the basin 
and to document the presence of other source areas within the basin.  This re-evaluation effort, in 
combination with field data collected during the 2003 plume characterization, identified areas of 
commingled groundwater CVOC plumes.  Commingled areas were identified upgradient of the 
site, below the site property itself, and downgradient of the site.   
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A 2007 – 2008 confirmation field program was completed following the 2007 comprehensive 
re-evaluation.  The field effort added significant resolution and confirmation to the 2007 re-
evaluation findings.  The confirmation field effort contributed to the understanding of off-site 
source areas, groundwater flow near the primary discharge area, and the identification of a 
periodic groundwater discharge area in the southern portion of the basin.  

Based on the findings of the 2007 re-evaluation and the 2007 – 2008 confirmation field 
effort, the former owner of the facility proposed a revised AOC area in which residential and 
commercial vapor-phase removal actions would be completed.  The revised AOC area was 
designed to focus resources on those areas impacted by the facility.  The proposed AOC removal 
action boundary is approximately 60% smaller than the original area. 
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PART IV: Groundwater NRDA 

Chapter 6 
 

IDENTIFYING, SCALING, AND EVALUATING GROUNDWATER 
RESTORATION PROJECTS AS COMPENSATION FOR 
GROUNDWATER INJURIES  

Diana Lane§, Karen Carney, David Chapman 
Stratus Consulting, 1881 9th Street, Suite 201, Boulder, CO 80302 

ABSTRACT 

Restoration of natural resources is the ultimate goal of natural resource damage assessment 
(NRDA). According to the U.S. Department of Interior regulations for NRDA (43 CFR Part 11), 
Trustees of natural resources develop alternatives that will “restore, rehabilitate, replace, and/or 
acquire the equivalent of the injured resources.”  Identification, scaling, and evaluation of 
groundwater restoration projects has proven challenging. This paper describes potential 
categories of groundwater restoration projects, including: 1) Generating clean water, 2) 
Conserving water, 3) Storing water for times of scarcity, and 4) Accessing new sources of water 
that were previously inaccessible or unusable. Examples of specific types of projects within these 
broad categories are provided, together with discussion of the particular challenges associated 
with scaling and evaluating these projects.  

Keywords: groundwater, restoration, natural resource damage assessment, water 
conservation, source control, recharge 

 

1. INTRODUCTION 

 Restoration of injured natural resources is the ultimate goal of the natural resource damage 
assessment (NRDA) provisions within the Comprehensive Environmental Response, 
Compensation, and Liability Act (CERCLA). Trustees of natural resources, including state and 
federal agencies and Native American tribes, need to determine the amount of restoration 
required to compensate the public for injuries to natural resources caused by releases of 
hazardous substances. To accomplish this goal, Trustees must quantify the injury, identify 
potential restoration projects, and then use a scaling technique to determine how much 
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restoration is required to balance past and future injuries. Even when economic approaches are 
used to value damages, in the post-award phase of a case Trustees must still identify and 
implement restoration projects with the recovered damages.  

 According to the U.S. Department of Interior regulations for NRDA (43 CFR Part 11), 
restoration alternatives need to “restore, rehabilitate, replace, and/or acquire the equivalent of the 
injured resources.”  For biological resources, identification and scaling of restoration alternatives 
can be relatively straight-forward. Revegetation of off-site degraded riparian habitat, for 
example, may compensate for riparian habitat injured by heavy metals from mine tailings. 
Scaling this type of project can be done on a resource-to-resource basis, using techniques such as 
habitat equivalency analysis. Injured habitat can be quantified as acres injured over time and 
restored habitat can be quantified as acres benefited over time, using a discount rate to convert 
losses and gains to a common year (see Unsworth and Bishop, 1994; Chapman et al., 1998; 
Allen et al., 2005).  

 When groundwater resources are involved,  however, identification and scaling of restoration 
alternatives has presented challenges for Trustees.. For example, groundwater restoration 
projects may not adequately compensate the public for injuries when they restore different kinds 
of services than those that were lost. For example, restoration projects that only provide drinking 
water services (such as a project that improves a water treatment plant) only capture a partial 
component of the total value of groundwater. In addition, Trustees may be unaware that 
restoration alternatives exist that can compensate for groundwater injuries on a resource-to-
resource basis, even when the groundwater is not currently in use as a drinking water supply.  

 This paper will present distinct categories of groundwater restoration projects and discuss the 
specific issues associated with identifying, scaling, and evaluating groundwater restoration 
projects in these categories. The project categories included are: 1) Generating clean water, 2) 
Conserving water, 3) Storing water for times of scarcity, and 4) Accessing new sources of water 
that were previously inaccessible or unusable. Within each category, examples of specific 
projects will be given, with a discussion of factors that should be taken into account when 
evaluating each type of project.  

 In deciding upon appropriate restoration projects, Trustees should generally consider the 
following factors:  proximity of the project to the injury; similarity of the injured and restored 
aquifers, where applicable; long-term maintenance and monitoring requirements; technical 
feasibility of the project and associated success/failure rates; the likelihood the project would 
have occurred in the absence of NRD funding; the potential for any collateral environmental 
harm; public acceptance; and cost-effectiveness. In addition to these general factors, individual 
projects also require consideration of factors specifically relevant to those projects.  
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2. CATEGORIES OF POTENTIAL GROUNDWATER RESTORATION 
PROJECTS  

2.1 Generating Clean Water 

 To compensate for injuries to groundwater, Trustees can undertake restoration projects that 
generate clean water. These types of projects provide the public with the equivalent of the 
injured resource by providing new sources of clean water as compensation for the injured 
groundwater. Typically these projects either convert groundwater from a contaminated to a clean 
state, or prevent groundwater from becoming contaminated in the first place. These projects can 
be scaled on a resource-to-resource basis and may provide a match to groundwater injury, 
especially if the restoration project benefits the same aquifer that was injured. Examples of 
projects that can generate clean water include cleanup of orphan plumes, protection of recharge 
zones, and source control.  

2.2 Cleanup of Orphan Plumes 

 Cleanup of orphan groundwater plumes (i.e., plumes for which there is no viable party 
responsible for cleanup) can be easily explained to the public and the courts as “like for like” 
restoration that provides the equivalent of the injured groundwater resource. To identify this type 
of project, Trustees may contact local and state hazardous waste bureaus to determine if there is 
existing information about orphan plumes in the vicinity of the injured groundwater resource. 
State and federal abandoned mine land programs may have information about groundwater 
plumes associated with abandoned mines. State drinking water programs may have information 
about areas where groundwater wells have failed to meet drinking water standards because of 
orphan groundwater plumes. Orphan plumes targeted for cleanup do not necessarily need to be 
contaminated with CERCLA-designated hazardous substances. For example, a plume of high 
nitrate concentrations may render groundwater unfit for drinking water or agricultural uses. 
Cleanup of this type of plume may provide groundwater services to the public. 

 The techniques used for cleanup of an orphan plume will depend on the size and 
characteristics of the plume. Some plumes are best treated with “pump and treat” systems that 
pump out the contaminated water, treat it using biological or chemical treatment systems, and 
then either reinject the water downstream of the  plume or discharge the water to a surface water 
body or sewage treatment plant (Suthersan, 1996). In situ restoration options also are possible. 
For example, nitrate plumes can be treated by injecting substances that enhance microbial 
conversion of nitrate into harmless gases (a process termed denitrification) (Interstate 
Technology and Regulatory Council, 2002).  

 Scaling orphan plume cleanup projects requires information about the amount and expected 
duration of groundwater contamination as well as information about aquifer properties. If the 
groundwater injury has been calculated as an injury to a yield of groundwater over time (e.g., in 
units of acre-feet per year) then ideally the scaling will be based on equivalent information about 
the yield of water that would benefit from the restoration project. If the groundwater injury has 
been calculated as an injury to a volume of water, then it is important to have information about 
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the volume of water that would benefit from the restoration project over its lifetime. It is also 
important to know the expected rate of natural recovery of the orphan plume, if any. The benefit 
of an orphan plume cleanup project should be quantified as the incremental benefit that occurs 
from the restoration project above any recovery that is expected to occur naturally or expected to 
occur through other likely funding mechanisms.  

Trustees can take into account a variety of factors when evaluating different potential orphan 
plume restoration projects. In addition to the general factors listed in Section 1, specific factors 
to consider could include the expected rate of natural recovery and whether the treatment method 
has a proven track record or is considered experimental. Finally, the Trustees may want to 
consider the degree of harm on the injury side and the comparable degree of benefit on the 
restoration side. For example, an orphan plume cleanup project that converts water suitable only 
for agricultural uses to a condition suitable for drinking water would be a good match for an 
injury that converted high quality drinking water to that suitable only for agricultural uses. 

2.3 Protection of Recharge Zones 

Protection of areas that are critical for allowing groundwater recharge can help prevent future 
losses of groundwater resources. For example, development of infrastructure that  covers 
groundwater recharge areas with impermeable surfaces, may decrease the quantity of 
groundwater recharge.  Purchasing land or securing conservation easements for critical recharge 
zones may provide the public with a continued supply of groundwater into the future (Ernst, 
2004). In situations where surface water recharges an aquifer, preventing contamination of that 
surface water may protect groundwater quality. Through avoiding likely future harm to 
groundwater, this type of restoration project may provide the equivalent of the injured 
groundwater resource.  

To identify this type of project, Trustees can contact the local drinking water utility or the 
relevant state or local departments of environmental protection. EPA requires that drinking water 
utilities develop source water protection plans. These plans include an assessment and mapping 
of the areas that supply groundwater to a drinking water well or a spring (e.g., Pennsylvania 
DEP, 2002). However, available federal funding is not sufficient to achieve all the source water 
protection goals that are laid out in these plans (Edwards et al., 2006).   In addition to examining 
areas linked to drinking water supplies, Trustees can look to identify key groundwater recharge 
zones that are not necessarily linked to drinking water supplies, but may be important sources of 
recharge for an alluvial or regional aquifer or have an important connection to surface water 
resources such as a wetland. Identifying key locations that are vulnerable to development can 
help Trustees prioritize protection programs. 

Scaling recharge protection projects requires information about the rate of recharge in an 
area, the size of the area expected to be protected, the timing of the likely development threat, 
and the net recharge loss due to development. The benefit of a recharge protection project begins 
when development is expected to occur and can be calculated using the probability of 
development in a given year; thus, an expected 50% risk of development could equate to a 50% 
benefit for the project (Chapman and Julius, 2005). Use of a discount rate helps convert expected 
future benefits to past, present, and future losses. 
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Important specific factors to consider when evaluating a recharge protection project include 
the rate of recharge, the degree of development threat, and the net efficacy of the project in 
preserving recharge. The risk of development can be evaluated by looking at development trends 
in the area and consulting permits, build-out plans and other long-range planning documents for 
an area. 

2.4  Source Control Projects 

Source control projects are projects that protect groundwater resources from current or 
potential future sources of contamination. These projects can include wellhead protection 
programs that are specifically focused on mitigating threats to drinking water wells. These 
projects are similar to aquifer protection programs in that they primarily mitigate future risk to 
groundwater. The focus here is on preventing threats to the quality of groundwater, while the 
focus with recharge zone protection projects is protecting the future quantity of groundwater.  

To identify this type of project, Trustees can contact the local drinking water utility or the 
relevant state or local departments of environmental protection to determine if they have any 
inventories of potential sources of contamination in a watershed that were identified as part of a 
source water protection plan or wellhead protection program. Trustees also can talk to agencies 
that are responsible for underground storage tanks, abandoned oil and gas wells, abandoned 
mines, and other potential sources that can pose threats to groundwater. Programs that reduce 
contaminated urban runoff and prevent contaminated water from infiltrating into groundwater 
aquifers also fit into this category. 

Abandoned oil wells may provide an example of a source control restoration project in some 
locations. Abandoned wells can pose a threat to groundwater because they serve as conduits that 
can allow highly salty groundwater (“brine”), often contaminated with heavy metals and other 
contaminants, to seep into nearby freshwater aquifers (Rail and Rail, 2000). These wells often 
have no viable responsible parties, and state programs may have insufficient funding to plug 
these wells quickly (Texas Land & Mineral Owners Association, 2004). An NRD restoration 
project that seals abandoned oil wells may avoid future harm to groundwater and thus could 
provide the equivalent of the injured groundwater resource.  

Scaling source control projects can be difficult because only limited information is usually 
available about potential threats. Ideally, scaling would require information about the amount of 
groundwater that would likely be contaminated in the absence of the source control, the timing of 
the expected harm, and the degree of potential harm posed by the contamination. This could be 
estimated by quantifying the likely size of a plume originating at the source of contamination.  
The duration of benefits should take into account when the contamination source would likely 
have been addressed through some mechanism other than NRD funding and the probability of 
success or failure of the project. For example, an NRD project that seals a well that would likely 
have been sealed by a State program within the next 10 years can be considered as providing 
benefits only for those 10 years.  

Evaluating source control projects requires obtaining the best possible understanding of the 
likelihood and degree of potential harm posed by the contamination source. Trustees should then 
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use their judgment to determine whether a source control project with a low degree of likelihood 
but a high degree of potential harm should have a higher priority for NRD funding than another 
such project with a higher likelihood of occurrence but a lower degree of potential harm.  

2.5 Water Conservation  

Another category of projects that can compensate for injuries to groundwater involve water 
conservation. Water conservation projects can either specifically target reducing losses of water 
to the atmosphere from soil evaporation or plant transpiration (collectively termed 
“evapotranspiration”) or they can reduce water waste in general. Projects that reduce 
evapotranspiration losses include conversion of turf from non-native to drought-tolerant species, 
increased irrigation efficiency, increased industrial cooling tower efficiency, and removal of 
exotic species from riparian areas. Projects that reduce water waste include projects that are 
focused on household conservation, leaky or poorly managed irrigation systems, and leaky, man-
made ponds. In this second category of  projects, the water that is conserved would not have 
been lost to evapotranspiration, but instead would likely have been returned to the system either 
through run-off, a sewage treatment plant, or by seeping into shallow groundwater.  

2.6 Turf Conversion and Increased Irrigation Efficiency 

Turf conversion involves replacing water-intensive exotic turf grasses (e.g., Kentucky 
bluegrass) with water-efficient and drought-resistant species (usually native grasses such as 
buffalo grass). Irrigation efficiency projects involve replacing inefficient irrigation systems with 
methods that use less water, such as converting irrigation systems from a fixed schedule to a 
schedule based on weather conditions and plant needs (“evapotranspiration controllers”). These 
types of project are particularly appropriate in arid and semi-arid environments where substantial 
amounts of water are used to irrigate turf and landscaping in parks, sports fields, residences, and 
other locations. To identify this type of project on publicly owned land, Trustees can contact 
municipalities that often manage acres of turf in public parks and other areas. In addition, water 
utilities may have programs in place to promote turf conversion and irrigation efficiency for 
private residences and businesses. These types of projects provide the equivalent of the injured 
resource by saving groundwater that would otherwise be lost to evaporation or excessive 
transpiration.  

Conversion of exotic turf grasses to water-efficient species and implementation of projects to 
improve irrigation efficiency have been carried out successfully in many locations. In Colorado, 
conversion of turf grasses to native grasses can save approximately 2 acre-feet of water per acre 
each year (Koski, 2006), with estimated costs for installing buffalo grass of $430 per acre (see 
http://www.bamertseed.com/buffalo-brochure.html). The amount of savings from turf conversion 
and increased irrigation efficiency would depend on typical irrigation practices and climate. 
These types of projects can provide cost-effective benefits and are flexible in terms of the scale 
at which they are carried out. For turf conversion, public preference for softer, exotic turf-grasses 
can limit the use of native grasses to areas not used for picnicking or active recreation. 

Scaling a turf conversion or irrigation efficiency project requires information about the 
irrigation practices currently used, the species currently in place, the water-efficient species 
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designated for replacement, the time-frame over which the projects would take place, and 
success/failure rates. Published literature exists that can be used to estimate the difference in 
water use between the exotic and native grasses. Estimates of savings from irrigation efficiency 
also can be made depending on the nature of the irrigation improvement. 

Specific factors to consider when evaluating potential projects could include: location of the 
project on public or private lands; the water source currently used for irrigation; the potential for 
water savings; and public preference. A turf conversion or irrigation efficiency site that directly 
uses groundwater for irrigation provides a direct link to the injury.  However, projects that save 
water at sites irrigated with surface water may also conserve groundwater if they reduce the need 
for groundwater pumping in another location.  

2.7 Increased Industrial Cooling Tower Efficiency 

Substantial water savings can be achieved by increasing the efficiency of industrial cooling 
towers. These projects can involve implementation of best management practices (U.S. 
Department of Energy, 2008), minor upgrades (such as installing water meters to detect leaks), 
or replacement of old towers with more efficient equipment. These types of projects may provide 
the equivalent of the injured resource by saving water that would otherwise be lost through 
evaporation.  

Scaling a cooling tower efficiency program requires information about the expected water 
savings from the particular type of equipment to be replaced and the expected lifespan of the 
equipment. In addition, the Trustees should know if and when the equipment conversion would 
likely have occurred without NRD funding. 

Specific factors to consider when evaluating potential projects could include: ownership of 
the project by public or private entities; the water source currently used for the cooling tower; 
and the potential for water savings. An efficiency site that uses groundwater provides a direct 
link to the injury.  However, as discussed previously, in some instances surface water savings at 
one site can reduce groundwater pumping in another location.  

2.8 Removal of Invasive Species from Riparian Areas 

In certain situations, removal of invasive species from riparian areas can reduce 
evapotranspiration and result in water savings because they can use more water than native 
species for a given area. Extensive control programs for species such as salt cedar (Tamarisk 
spp) and Russian Olive (Elaeagnus angustifolia) have been undertaken in the hope of decreasing 
alluvial groundwater use by these plants and increasing surface water flow as a result. In many 
situations, however, the water savings have been less than expected. Recent studies of tamarisk 
along the Colorado River have demonstrated that exotic control programs can provide water 
savings only in specific situations  (Nagler et al., 2008).  Trustees can contact river or watershed 
management organizations or invasive species control programs to identify locations that have 
been impacted by invasive species. To provide long-term benefits, removal of invasive species 
needs to be followed with replanting of natives, if natural regeneration does not occur easily. 
Projects also require long-term monitoring and maintenance to prevent regrowth of the invasive 
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species (Tamarisk Coalition, 2008). These types of projects provide the equivalent of the injured 
resource by saving alluvial groundwater that would otherwise be lost to evapotranspiration by 
undesirable invasive species.   

Scaling an invasive species removal program requires information about the density of the 
invasion, the water use of the expected replacement species, the time period until exotics may 
grow back, and the area over which the control effort would take place. In addition, the Trustees 
should know if and when the invasive species control would have occurred without NRD 
funding. 

Specific factors to consider when evaluating potential projects could include: ownership of 
the adjacent land by public or private entities; long-term management plans for the project site; 
presence of the invasive species in nearby locations; and the potential for water savings. This 
type of project provides a water benefit on an annual basis (measured as acre-feet per year) and 
provides a closer link to injuries to alluvial groundwater that have been calculated on the basis of 
flux. 

2.9 Household Water Conservation 

Household water conservation is an example of a conservation project that reduces water 
waste but doesn’t focus specifically on evapotranspiration losses. These projects promote water 
efficiency through programs that result in upgrades to water fixtures such as toilets, faucets, 
showerheads, and washing machines. Water savings of 5,000  - 27,000 gallons per household per 
year have been measured for programs that replace old toilets with low-flow models and 
inefficient washing machines with efficient models (Little, 2005; Vickers, 2001; A&N Technical 
Services, 2000). These types of projects can be administered as replacement programs, where a 
crew will come to a participating household and replace the water fixture, or as incentive 
programs, where a municipality or water utility will provide a rebate to customers who undertake 
the improvement themselves. 

Scaling the benefits from these projects poses several issues that Trustees should address. 
One challenge is what is known as the “free rider problem”. A certain percentage of individuals 
who receive rebate payments may have undertaken the improvement even without the rebate 
(Whitcomb, 2002; A&N Technical Services, 2003). Since the actual water savings associated 
with a project should be calculated as the total water savings minus the estimate of savings that 
would have occurred without the incentive, the net gain in such instances could be minimal. 
Another challenge is that in many instances household water use (excluding irrigation) is 
returned to a waterway through a sewer system and water treatment plant. Thus, household water 
conservation programs reduce the use of treated water provided by a water utility but may not 
increase the total amount of water available in a watershed.  

In essence, household conservation projects prevent the degradation of high-quality water to 
lower-quality water released after sewage treatment. These types of projects provide a link to 
injuries where groundwater has been degraded below potable standards but may still be usable 
for some industrial or agricultural purposes.  
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2.10 Fixing Leaky Irrigation Systems and Lining Lakes or Ponds to Prevent Seepage 

Projects that fix leaky irrigation systems can target turf irrigation in public parks, agricultural 
irrigation, or other locations where there are large-scale irrigation systems with substantial leaks. 
These projects also can include lining man-made lakes or ponds (such as ornamental duck ponds 
in city parks) with impermeable liners to prevent seepage of lake water into the ground. 

Similar to household conservation projects, fixing leaky irrigation systems or ponds can pose 
a challenge to Trustees because leaked water generally enters alluvial groundwater. Thus, while 
there can be water savings for the individual water user, the water system as an integrated whole 
may not benefit from this type of project. In some locations, irrigation efficiency improvements 
may not be permitted under water law, because downstream users have vested rights in the 
“return flow” of the irrigation 

Trustees might want to take into account the characteristics of the aquifer or water source 
used for the irrigation water and the characteristics of the aquifer where the leaked water would 
enter.  For example, leaked high-quality irrigation water may infiltrate a shallow alluvial aquifer 
with poor water quality. Thus, a project to fix leaky irrigation prevents the degradation of high-
quality water to lower-quality water. 

Scaling the benefits from these types of projects involves quantifying the amount of water 
that currently leaks and estimating the improvements that would come from different types of 
projects. These types of projects provide benefits that are more easily scaled on a flux basis 
(acre-feet of savings per year). 

2.11 Storing Water for Times of Scarcity 

Storage of water for times of scarcity in above-ground or below-ground reservoirs could be 
considered as an NRD groundwater restoration project. In the projects discussed so far, the 
quality or quantity of clean groundwater would be increased, either directly or through reducing 
future threats to groundwater. In contrast, a water storage project does not increase the quantity 
of water, but rather increases the benefits provided by the water by making that water available 
during times of scarcity. In some situations, increasing storage of surface water also can save 
groundwater that would otherwise be pumped during a time of scarcity.  

The techniques used for storing water will depend on the climate and geography of a given 
area. For example, in locations where there is abundant water in the springtime after snowmelt, 
high spring flows are captured and then released in the summer or fall. Locations that are subject 
to periodic drought may store water during high water years and then release it during drought 
years.  Water can be stored behind dams, in off-channel aboveground storage reservoirs, and in 
belowground reservoirs that may require pumping to store or remove the water.  Trustees should 
be aware of the potential negative environmental consequences associated with some types of 
water storage (e.g., construction of dams) and should make sure that their projects would result 
in a net environmental benefit that is acceptable to the public. 
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Scaling a storage project can be challenging for Trustees. The stored water can be valued 
monetarily by considering the cost that would be required to provide water during the time of 
scarcity, in the absence of the storage project. Resource equivalency also could be made directly 
on a volume basis (acre-foot of stored water compared to acre-foot of injured water), especially 
where the injury was primarily to the “option” value for groundwater. For example, an injury 
that occurred to groundwater that was not being used as a drinking water source but had value 
because of its potential use in the future could be appropriately offset with a project that provides 
the option of additional water resources during times of scarcity. 

Trustees can take into account a variety of factors when evaluating potential water storage 
projects. Specific factors to consider could include: the potential for any collateral environmental 
harm and the expected water loss from evaporation for above-ground reservoirs. The Trustees 
also should closely examine the feasibility of any proposed water storage projects. Below-ground 
storage projects may have significant technical issues, depending on the hydrogeology of the 
site. Water rights administration also can pose significant complications in the West. Finally, the 
Trustees should consider whether the project is only benefiting one specific segment of the 
public. For example, a project that stores water to benefit agriculture but harms in-stream 
resources would not provide the best compensation for injured groundwater that migrates to 
surface water and injures the same in-stream resources.   

2.12 Accessing New Sources of Water that were Previously Inaccessible or Unusable  

To provide the equivalent of the injured resource, Trustees can identify projects that access 
new sources of water that were previously inaccessible or unusable. These projects could include 
techniques to extract water from aquifers with low flux rates (e.g., “hydrofracturing”; Ettling, 
2005)  and methods to treat water at a drinking water plant that allows use of aquifers that would 
otherwise not be potable. For example, advanced membrane filtration can create potable water 
from  aquifers that are high in nitrates, total dissolved solids, salt, or other constituents (e.g., 
Sutherland, 2001). Water treatment projects only restore the drinking-water services of 
groundwater which is only a portion of the total value of groundwater. Scaling can be based on 
the flux of water (acre-feet per year) made available by these projects.  

These projects require careful review and attention by Trustees to determine whether they are 
acceptable to the public as NRD groundwater restoration projects. For example, extraction of 
water from aquifers with low flux rates can result in water mining from aquifers that may take 
thousands of years to recharge. Advanced membrane filtration can be very energy-intensive and 
result in membrane residuals or concentrates that are difficult to dispose. These types of projects 
often seem to privilege current generations over future generations and may not be sustainable 
over the long-term.  

3. ANALYSIS 

The brief survey of potential groundwater restoration options given above shows some of the 
range of possibilities that exist for compensating for groundwater injuries. Identifying the most 
appropriate type of groundwater compensation project for a particular injury begins with 
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developing a thorough understanding of the injury. What aquifers have been injured? What are 
the characteristics of these aquifers, including volume, flux rate, water quality, nexus to surface 
water, current uses, and potential future uses? What is the time-frame of injury? Is the injury 
expected to recover naturally, is a treatment program underway, or is the injury expected to 
persist in perpetuity? Does the groundwater injury result in part from the imposition of 
institutional controls over groundwater use? Are the Trustees choosing to quantify injury as a 
static volume of injured groundwater, as an annual flux of injured groundwater, or both? 

Based on the answers to these questions, Trustees can identify specific projects that provide 
an appropriate match to the scale and type of groundwater injury. The nexus between injury and 
restoration may depend both on the availability of different groundwater restoration projects and 
whether the restoration project is being identified in anticipation of litigation, as part of a 
cooperative assessment, or during the post-award phase of a case.  

4.  CONCLUSION 

Identifying appropriate groundwater restoration projects can take substantial effort and 
outreach by the Trustees; these efforts should be started early in the assessment process. After 
projects are identified, developing the information that is necessary for evaluation and scaling 
also can be challenging and time-consuming. 

For evaluating different potential projects, Trustees may want to take into account a number 
of factors. As discussed previously, these factors include: proximity of the project to the injury; 
ownership of the project site by public or private entities; long-term maintenance and monitoring 
requirements; technical feasibility of the project and explicit quantification of success/failure 
rates; the likelihood the project would have occurred in the absence of NRD funding; the 
potential for any collateral environmental harm; public acceptance; and cost-effectiveness. This 
information is not always available and Trustees must use their best judgment to make decisions 
in the absence of complete information. 

Trustees that develop NRD groundwater restoration projects based on a clear understanding 
of the injury, a diligent investigation of a wide-range of potential projects, and a careful vetting 
of individual projects versus evaluation criteria stand a better chance of achieving an outcome 
that can “make the public whole” for groundwater injuries. 
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PART V: Heavy Metals 

Chapter 7 
 
THE RELATIONSHIP BETWEEN SOIL PARTICLE SIZE AND 
LEAD CONCENTRATION 

Abouelnasr, Dana M.§ 
American University of Sharjah, Department of Chemical Engineering, P.O. Box 26666, Sharjah, UAE   

ABSTRACT 

Many studies regarding heavy metal concentration in contaminated soils have observed 
increased concentrations in the smaller-sized particles.  This phenomenon has been attributed to 
differences in organic matter, contaminant source, and particle surface area.  The relationship 
between particle size and lead concentration in soils was explored. Data from four published 
studies were considered; the sources of lead contamination were lead smelting, metal 
manufacturing, and combustion of leaded automotive fuels.  These four studies reported lead 
concentrations in different soil fractions, separated by particle size, or diameter.  A total of 14 
soil samples were evaluated, with each having 3 to 6 different particle-size fractions.  The 
particle sizes ranged from less than 63 microns to between 850 to 2000 microns.  Lead 
concentrations were plotted versus mid-range diameters.  Data for each of the 14 soil samples 
were approximately linear on a log-log plot.  Trend lines for each soil sample revealed strikingly 
similar slopes for all 14.  The slopes ranged from -0.59 to -0.25, with a mean of -0.37.  
Correlation coefficients ranged from 0.75 to 0.999.  This relationship suggests that soil lead 
concentrations are nearly proportional to the diameter raised to the power -0.37.  Stated 
differently, soil lead concentrations within a given soil sample can be approximated as being 
inversely proportional to the cube-root of the particle diameter.  

Keywords: soil, particle size, lead, heavy metals 

1. INTRODUCTION 

Lead is ubiquitous within our environment.  Human activities have provided many sources of 
lead contamination, from the ancient art of lead smelting, to the more recent practice of adding 
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lead to automotive fuels.  The stable nature of lead ensures that it remains in the environment 
once it is emitted.   

Unfortunately, lead has very toxic properties, and can lead to developmental damage lasting 
for a lifetime.  Children are the most vulnerable group; their mental and behavioral development 
is irreversibly altered by exposure to lead.  The past use of lead in automotive fuels ensures that 
most of today’s adults have been significantly exposed to lead as children. 

Since smaller particles are more readily suspended in the atmosphere and dispersed by winds, 
studies have looked at the relationship between soil particle size and lead concentration.  The oft-
observed increase in concentration as the particle size decreases has summarily been explained 
by the increase in surface area on a per unit-mass basis.  However, this relationship has not been 
studied in detail, and consideration of data in the literature contradicts this theory.   

1.1 Studies Reported in the Literature  

Several studies have looked at lead concentration for a few ranges of particle sizes.  
Tawinteung, et al. (2005) studied soils in Thailand which had been contaminated by industrial 
sources during lead recycling and smelting.  They sieved five separate soil samples into three 
fractions by particle size, and analyzed each fraction for lead.  Weiss, et al. (2006) studied lead in 
a sample of roadside soil in the US, separated into five fractions by particle size.  Yarlagadda, et 
al. (1995) studied the lead concentration in three soil samples from the site of a metal 
manufacturing facility in New York City.  They separated the soil samples into six fractions by 
particle size.  Momani (2006) studied four soil samples from roadside soils in Jordan, where 
leaded gasoline was in continued use.  He separated each sample into four fractions by particle 
size.  In each of these four studies, the lead concentration increased with decreasing particle size.   

One additional study did find the opposite relation, exhibiting decreasing concentration with 
decreasing particle size (Bright, 2006).  However, this study analyzed soils that had been 
weathered for 70 years since the contamination source had ended.  These soils may have become 
dispersed and diluted by fresh soils transported by wind.  Therefore, this study has not been 
included in the current work. 

1.2 Theory 

Soil particle surfaces are highly reactive.  As a result, adsorption is considered to be the most 
significant process responsible for the uptake of lead by soil.  If soil contacts a liquid solution 
containing lead, the amount which is adsorbed is dependent upon the concentration of lead in the 
solution, the soil-solution contact time, and the amount of surface area of the soil.  Additional 
variables include the amount of mixing that occurs, and its effect on convection, or mass transfer 
through the boundary layer surrounding the soil particles.  For the current work, the rate of 
convection is considered to be very large relative to the rate of adsorption, so that convection 
does not impede adsorption.  Once convective resistance is ignored, the flux (rate of adsorption 
per unit surface area) is simply described as proportional to the difference between the lead 
concentrations in the solution and on the particle surface.   
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If the concentration on the surface is small relative to that of the solution, then this 
expression can be simplified even further. 
 
                  (2) 
 

Finally, if the volume of solution is very large relative to the amount of soil, then the solution 
concentration remains constant, making the flux constant as well.  The amount adsorbed can now 
be determined as the product of flux, surface area, and soil-solution contact time. 

 
 ( ) ( ) ( ) ( )timecontactareasurfacefluxadsorbedmass ××=    (3) 
 
For a given mass of soil, the concentration of lead in the soil can be calculated from the 

amount adsorbed. 
 

 
                                                                         (4) 
 
 
Stated differently, the concentration of lead in the soil is proportional to the specific surface 

area, or surface area per unit mass, Â . 
 
            (5) 
 
 Two types of surface area are considered, external and internal.  The external surface area 

of a single particle can be approximated as the surface area of a sphere.  The internal surface area 
is the area associated with pores and micropores throughout the soil particle.  Lead adsorbs to 
internal surface areas after diffusing through the pores; consequently, adsorption onto internal 
surface areas is slower than adsorption onto the external surface.  The total surface area (external 
+ internal) does not change with particle diameter.  Assuming a constant flux in this case, and 
applying equation 5, the concentration of lead in soil is predicted to be independent of particle 
diameter, since      (based on total surface area) is independent of particle diameter.  This model 
will not be used, because i) the assumption of constant flux is very poor with regard to internal 
surface area, and ii) evidence indicates that concentration of lead in soil is not independent of 
particle size. 

 The model used for the current work assumes spherical particles with no internal surface 
area and no convective resistance.  The specific surface area based on external area can be 
calculated by considering a single soil particle. 
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where Pρ and PV  are the density and volume of the particle, respectively.  Substituting for the 
surface area and volume of a sphere, the equation for the specific surface area is obtained. 
 

 
                (7) 
 
 

where Pd  is the diameter of the particle.  From this relation, it is clear that specific surface area 
is inversely proportional to the particle diameter.  Consequently, since the soil lead concentration 
is proportional to the specific surface area (equation 5), then it is also inversely proportional to 
the particle diameter. 

 
1−∝ PPb dC           (8) 

 

If this simple model is correct, then the log-log plot of PbC  vs Pd  will be linear, with a slope of 
-1. 

2. MATERIALS AND METHODS 

 Data from four published studies were considered; the sources of lead contamination were 
lead smelting, metal manufacturing, and combustion of leaded automotive fuels.  These four 
studies reported lead concentrations in different soil fractions, separated by particle size, or 
diameter.  A total of 14 soil samples were evaluated, with each having 3 to 6 different particle-
size fractions.  The particle sizes ranged from less than 63 microns to between 850 to 2000 
microns.  Lead concentrations were plotted versus mid-range diameters on log-log plots.  Linear 
regression was used to determine the slope of the best-fit line for each sample.  The mean and 
range of all 14 slopes were determined. 

3. RESULTS AND DISCUSSION 

Data from four literature studies are plotted in Figure 1.  Each soil sample in each study has 
been plotted separately on the log-log plot.  Trend lines have been added for each soil sample.  
The height of each line is an indication of the level of contamination of the soil.   
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Figure 1.  Lead concentration as a function of particle size or several soils reported in the 
literature. 

 
Data for each of the 14 soil samples are approximately linear in the log-log plots in Figure 1.  

This indicates that the data fit a power-law trend line.  Trend lines for each soil sample revealed 
strikingly similar slopes for all 14, regardless of the soil location, contamination source, or the 
study reporting it.  The slopes range from -0.59 to -0.25, with a mean of -0.37, and a  median  of 
-0.36.  The standard deviation is 0.10, and the 95% confidence interval on the slope  is  -0.43  to 
-0.31.  Correlation coefficients ranged from 0.75 to 0.999.  This relationship suggests that soil 
lead concentrations are nearly proportional to the diameter raised to the power -0.37.   

4. CONCLUSION 

 The striking similarity in the data from all four studies indicates that similar physical or 
chemical phenomena are responsible for the partitioning of lead preferentially onto smaller 
particles.  All samples also display a power-law relation of lead concentration to particle 
diameter.  However, since the exponent of the particle diameter is not 1.0, then the simplifying 
assumptions which were made to obtain this model are not valid.  The assumptions which are 
most likely to have caused this discrepancy are i) no internal surface area; and ii) no convective 
resistance.  Therefore, the phenomenon of increasing lead concentration with decreasing soil 
particle size cannot be simply explained by an increase in available surface area.  Further work 
must be done to characterize the effects of internal surface area and convective resistance to 
mass transfer. 
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Chapter 8 
 
NEW FIELD TEST FOR LEAD (PB2+) IN SOIL 

Ivars Jaunakais, Balaji Tatineni§, Maris Jaunakais 
Industrial Test Systems, Inc., 1875 Langston Street, Rock Hill, SC 29730.  

ABSTRACT 

Field tests for the detection of lead contamination in soil are not frequently accepted, since 
the tests are rather cumbersome to run or not reliable enough for screening determinations. We 
have developed a LEADQuick field test kit for the detection of lead in water with 3 µg/L 
sensitivity. This was modified to allow for the detection of lead in soil with sensitivity down to 
0.03 µg of lead. Using this field test, most organic and inorganic salt compounds of lead that can 
be readily extracted from the soil to Pb2+ state are detected. Since most lead salt compounds in 
soil are only slightly soluble in water (1 to 100 mg per liter), we have developed an extraction 
protocol with nitric acid and potassium nitrate. The solubility of the lead salts in the soil are 
adequate enough that a quick extraction procedure allows for soil lead levels to be determined 
without heated acid digestion. Experimental details, soil results testing data, and interference 
results will be presented that demonstrate the potential application of our extraction procedure 
and LEADQuick field test kit for soil lead monitoring. 

Keywords: Soil Reference Materials, Extraction, LEADQuick field test kit, Interference 
study, Standard addition method. 

1. INTRODUCTION 

Lead is a most troublesome environmental metal poison that has been responsible for large 
scale incidents of poisoning or potential poisoning in spite of many preventive steps that have 
been taken by governmental agencies. The principal target organ systems of lead poisoning are 
the blood, brain, nervous system, kidney and reproductive system. Acute exposure may result in 
shock, severe anemia, acute nervousness and irreversible brain damage. Lead poisoning may also 
cause a range of health effects, from behavioral problems and learning disabilities, to seizures 
and death. The lead is transferred into animals and human beings through the food chain systems 
of soil-plant-animal-human, causing severe contamination (Melaku et al., 2005; Prasad et al., 
2006). For many consumers lead is the first metal that comes to mind when metal poisoning is 
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mentioned. It was only reluctantly that government and industry accepted the dangers of lead in 
the 1900’s; and new laws and regulations were enacted to safeguard the consumer.   

In view of this, the extraction and detection of Pb2+ at very low concentration in the soil is 
critical for environmental monitoring. The extraction of lead from soil samples is most laborious 
and time consuming. Dry and wet ashing decomposition methods are the most common digestion 
procedures (Hoenig and Thomas, 2002) used for soil analysis. The dry ashing procedure requires 
very high temperature and is not suitable for field applications. In general, the wet digestion 
methods are the most common methods used for soil analysis. However, the selection of an acid 
or acid combination is very critical to obtain maximum extraction for the metal being analyzed 
(Hoenig and De Kersabiec, 1996). Among the acids, HCl alone can never used in soil analysis 
(Thompson and Nathanail, 2003), but HNO3 will digest many common metals either alone or in 
combination of some other acid. But some of these acids may interfere in the analysis of some 
metals. Gryschko et al., (2005) have studied the extraction efficiency of NH4NO3 and KNO3 on 
heavy metals and observed that the high ionic strength also decreases the activity of metal-OH+ 
species and the electrostatic potential of the particle surfaces, which in turn, increases the 
desorption of heavy metal cations from negatively charged soil surfaces. Basing on this result, 
we have used a mixture of HNO3 and KNO3 to study its effect on the extraction of lead from soil. 
We have observed that the extraction efficiency for lead is high when using HNO3 and KNO3 
and optimized its concentration for further studies. 

Although analytical techniques (Jones and Szutka, 1966; Li et al., 2004; Tarley and Arruda, 
2005; Ostrega and Piekarska, 2005) such as atomic absorption or atomic emission spectroscopy, 
voltametry etc., are currently used for the detection of Pb2+, there is still a significant need to 
provide inexpensive and remote monitoring methods for on-site detection of this highly 
deleterious element in the soil. In view of this, currently emphasis was placed on the 
development of field test kits for the detection of toxic ions which offer high sensitivity, short 
response time and selectivity for remote identification (Wang et al., 2002; Metivier et al., 2004). 
Among these, colorimetric test kits allowing onsite, real-time qualitative or semi-quantitative 
detection without the use of any complicated spectroscopic instrumentation are particularly 
attractive (Palomares et al., 2004; Liu and Lu, 2004). Recently, we have developed a field test kit 
for the detection of lead in water (Jaunakais and Anand, 2008) and applied it for the detection of 
extracted lead from the soil. 

2. MATERIALS AND METHODS 

2.1  Materials 

US-EPA Certified soil reference materials (RM) were collected from Resource Technology 
Corporation, WY, USA and used for detection of lead. The certified compositions of the various 
elements are given in Table 1. The 1000 and 10 ppm of lead standard solutions were procured 
from Ricca Chemical Company and Hach, USA. Nitric acid, Potassium Nitrate and Sodium 
Hydroxide chemicals were obtained from Sigma-Aldrich, USA. Stock solutions of various 
anions and cations were prepared by taking appropriate amounts of sodium salt of anions  
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Table 1. Certified values of the soil standard reference materials used in the analysis 
S. 

No 
 

SES 
Volume 
(S), µl 

SES (µl ) + 
spiked  Pb con. 

(ppb), (Sp)  

OD (S) 
Abs. 

OD (Sp) 
Abs. 

Con. 
of sample 
(mg/kg) 

Con. of  
spike sample 

(µg/l) 

Reference 
value 

(mg/kg) 

% 
recovery 

S1 
 

5 
10 
20 

100 

5+100 
 

100+100 

-.614 
-.870 
-1.44 
-1.72 

-.720 
 

-1.46 

24634
0 

17515
0 
High 
High 

510 
 

High 

144742 74 

S2 
 

100 
200 
500 
750 

1000 

100+100 
200+80 
500+80 
750+80 
1000+80 

-.039 
-.084 
-.231 
-.347 
-.462 

-.164 
-.181 
-.330 
-.472 
-.588 

762.7 
734.5 
875.7 
919.1 
926.6 

113 
130 
230 
331 
415 

1447 98 
98 

93.7 
108.7 
108.7 

S3  100 
200 
500 

1000 

100+100 
200+100 
500+100 
1000+80 

- 
- 
- 
- 

-.123 
-.101 
-.076 
-.068 

- 
- 
- 
- 

81 
63 
48 
42 

5194.8 81 
63 
48 
53 

S11  200 
500 

1000 
1500 
2000 

200+100 
500+100 

1000+100 
1500+100 
2000+100 

- 
- 
- 

-.003 
-.009 

-.120 
-.104 
-.108 
-.076 
-.090 

- 
- 
- 
- 

11.5 

75 
65 
67 
48 
56 

7.13 75 
65 
67 
45 
45 

S12  200 
500 
750 

1000 

200+100 
500+100 
750+100 

1000+100 

- 
-.007 
-.016 
-.022 

-.137 
-.134 
-.139 
-.142 

- 
33.5 
57.9 
56.8 

88 
86 
89 
91 

60.6 88 
81 
76 
74 

S13  100 
200 
300 
500 

100+100 
200+100 
300+100 
500+100 

- 
-.008 
-.027 
-.057 

-.135 
-.136 
-.159 
-.185 

- 
88.3 

235.4 
268.4 

88 
88 

105 
128 

132 88 
83 
85 
90 

SES = Soil Extracted Solution; OD = Optical Density. 

and chloride salt of cations. Unless indicated, analytical reagent grade chemicals and lead free 
water were used throughout the experiment. The extracting mixture (HNO3 and KNO3) used to 
extract lead from the soil is designated as Pb-1-P and NaOH is designated as Pb-2. 

The lead concentration in the soil extracted samples was measured in a 10 ml glass vial using 
Hach LeadTrakTM Pocket ColorimeterTM II. The pH of the samples was measured using Jenco 
model 6171 microcomputer based bench pH meter. Small size spatulas from Measurex, USA 
were used to collect the soil material for the extraction. Our results indicate that the weight of 
one scoop of soil varies from 0.14 to 0.2 grams. 

2.2  Extraction Method 

One level scoop (0.1 ml volume scoop, which holds approximately 0.14 grams) of soil 
sample was added to a 50 ml plastic graduated conical tube.  Twenty drops of reagent Pb-1-P 
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was added. The material was swirled for a few seconds or until all soil is suspended and mixed 
well.  After a five minute extraction, the volume of the sample was adjusted to 50 ml using lead 
free tap water; the tube was capped, mixed, and identified as the Soil Extracted Solution (SES). 
Analysis of the SES by the test method below was performed after a one minute wait to allow the 
soil to settle.  This methodology was followed for all soil materials. 

2.3  Test Method 

Standard test method is as follows 

1. Add 200 µl of SES to a clean glass 10 ml sample cell.   
2. Fifteen (15) drops of Pb-2*  are added to the 10 ml sample cell and the cell volume is 

adjusted to 10 ml using lead free tap water.  
3. The exterior of the sample cell is dried and cleaned with tissue paper. The sample cell is 

placed into the cell holder of the Hach LeadTrakTM Pocket ColorimeterTM II. The meter is 
turned on and the absorbance mode is selected.  

4. One eXact® Strip Pb-3 is dipped into the cell with gentle back and forth motion for 20 
sec. The strip is removed from the sample and discarded, followed by a 60 second wait.  

5. While waiting, the sample cell is covered with the instrument cap. At the end of 60 
second wait, the zero/scroll key is pressed to make the absorbance ‘Zero’.   

6. One eXact® Strip Pb-4 is dipped into the cell with gentle back and forth motion for 20 
sec. The strip is removed from the sample cell and discarded, followed by a 60 second 
wait.  

7. While waiting, the sample cell is covered with the instrument cap. At the end of 60 
second wait time, the read/enter key is pressed.  

8. The measured absorbance is recorded and from the conversion chart the concentration of 
the lead is determined and recorded.  If no lead is found then 1000 µl or 2000 µl of the 
SES is used for lower detection.  If the Lead level is above maximum detection range 
then the sample is retested using 5 or 10 µl sample.   In this case, the dilution factor is 
used when calculating the lead value.  

2.4  Spiked Recovery Test Method   

This is also referred to as the Standard Addition method and is used to verify the accuracy of 
the results. The percentage of recovery is calculated using the following formula: 

% Recovery = 100(Cs-Cu)/K 

Here: Cs = Concentration of the spiked sample found 
Cu = Concentration of the Un-spiked sample found 
K = Concentration of the spike added to the sample 

The results for the reference materials along with spiked data are given in table 2.  

 
* Note: For samples of 1000 µl or more, 20 drops of Pb-2 are used.  For samples less then 100 µl, 

10 drops of Pb-2 are used.  This adjustment difference is made to correct for pH effect in the 
sample cell solution. The final pH of the solutions varied from 9.2 to 10.4. 
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2.5 Interferences Study 

A study was performed to determine the interferences that may occur and the determinations 
were made with and without SES present. To summarize this interference study: 

2. First, the interference ion study used 200 µl of S2 SES. The S2 sample was used since the 
spiked recovery test method as seen in Table 2, gave 98% recovery when the 200 µl 
sample size is used.  Even when 1000 µl was used for this testing the recovery was 
108.7%, which would suggest only a small positive interference.  The addition of one 
interfering ion at a time was used.  

3. Deionized water was spiked with a lead level of 100 µg/L and was used for a second 
confirmation of the level of interfering ions.   

The ion interference level is identified where a positive or negative recovery above 120% or 
below 80% is confirmed, respectively. 

 

3.  RESULTS AND DISCUSSION 

The soil analysis results indicate that our extraction procedure was very simple and will be 
highly useful for field detection. Our extraction procedure has many advantages in terms of 
selectivity, simplicity, speed and cost effectiveness compared to other reported methods (Prasad 
et al., 2006; Gryschko et al., 2005; Chrastny, 2008; Tuzen, 2003) such as microwave, EDTA 
extraction, dry ash and wet ash digestion methods. In addition, our method uses less sample and 
reagent as compared to conventional digestion methods, thereby reducing waste and enhancing 
operator safety.  
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Table 2. Determination of lead in Soil Reference Materials along with lead % recovery results 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 

NR = Not Reported 
 

The analysis of soil RMs was carried using 10 µl to 2000 µl of SES following the test 
procedure. The data in Table 2 indicates that for high lead concentration of soil RM (ex – S1), 
we have to take very low volume (10 µl) of S1, where as for very low concentration of soil RM 
(ex- S11 and S12) we have to use 1000 to 2000 µl of SES. Very importantly, the data in Table 2 
and Figure 1 indicates that using our extraction procedure and field test strip kit, we can detect 
very low concentration of lead (7 mg/kg) in wide range of soil. The sensitivity of our method 
was very high, with a detection limit much below the permissible USEPA level of 400 mg/kg. 
The precision of our results was verified by analyzing replicate samples and found to be 
excellent. Basing on the data in Table 2, we have optimized to use 200 µl of SES for further 
studies. Lead was not detected for soil S3 and was detected for spiked samples (Table 2 and 

Ion Reference value (mg/kg) 
 S1 S2 S3 S11 S12 S13 

Al 2725 7637 1750 4811 10600 5320 
As 24.8 339 397.4 13.1 129 148 
Ba 586 1839 22.3 56.1 220 61.4 
Be 0.18 0.33 NR 5.97 2.55 5.38 
B 13.8 17.2 NR 5.29 48.4 67.8 
Ca 5426 28320 25584 14184 13500 14300 
Cd 1.19 369 20.8 58.4 89.2 254 
Co 2.7 4.07 7 NR 95.2 67.1 
Cr 10.7 441 13.2 43.8 105 41 
Cu 4792 7.76 753.3 5.68 95.5 66.4 
CN- NR NR NR 10.4 NR NR 
Fe 6481 9439 191645 8315 11800 8210 
F- NR NR NR 29.4 NR NR 
Pb 144742 1447 5194.8 7.13 60.6 132 
Hg 4.68 99.8 1.2 6.55 6.45 27.9 
Mg 2367 4376 2832.3 2466 4180 2590 
Mn 174 173 969.4 127 248 138 
Mo NR <0.8 NR 8.78 58.3 87.4 
Ni 12.6 12.2 15.9 6.63 56 119 
K 1006 1992 856.5 1476 3140 3558 
Se NR 518 NR 18.5 88.9 16.2 
Si NR 171 NR 169 NR NR 
Ag 6.52 132 34.2 0.04 0.78 0.335 
Na 380 313 75.9 997 109.9 1952 
Sr NR 408 24.7 54.4 NR NR 
Sn 304 NR NR NR 386 183 
Sb 4955 < 3.2 NR 2.32 79 1.59 
Th 0.6 < 4.8 NR NR 33.1 0.347 
V 8.66 19.3 NR 29 112 23.3 
Zn 546 51.8 3021.7 74.8 227 18.2 
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Figure 1). This shows that the high concentration of coexisting ions are not interfering in the 
spiked sample detection and indicates that our extraction protocol was not strong enough to 
break the lead complexes from the soil. 

The spiked recovery experimental results (Table 2) show that the percentage of recovery for 
S2, S12 and S13 varied from 74 to 108.7%. The percentage of recovery for the remaining 
samples in Table 2 indicates that using low volume of sample solution the percentage of 
recovery varied from 74 to 81%. The data also specifies that with the increase in the volume of 
SES, the percentage of recovery generally decreases. This is due to increasing the concentration 
of coexisting ions in the test solution, which affects on lead detection.  

The effect of diverse ions on lead detection was examined following the optimized protocol 
in Deionized water (DI) and for S2 SES. The results in table 3 show that no interference was 
found for sulfate and chloride. We have observed positive interference for Cd(II), Cu(II) and 
Hg(II) and negative interference for the remaining ions. For DI water testing, Sn(II), Cd(II), 
Hg(II), Fe, Mn(II) and Cr(VI) interfere at low concentration. The other studied ions interfere at 
high concentration only. The interference data for S2 SES shows that all of the studied ions 
interfere at low concentration compared to the same ions studied in DI water test solution. This is 
due to the presence of coexisting ions in the soil RMs.    
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Figure 1: Comparison of reported lead concentration with certified data using 200 µl 
of SES (Soil Extracted Solution) 
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4.  CONCLUSION 

In conclusion, these studies show that using 200 µl of soil test solution, we can detect as low 
as 132 mg/kg of lead with 83% of recovery. Using 500 and 2000 µl of Soil Extracted Solution, 
detection is lowered to 60 and 7 mg/kg of lead, respectively. This study has confirmed that the 
LEADQUICK field test kit can be successfully used for the on-site screening of lead in soil 
samples. The kit demonstrates high reliability, minimal interference, and detection limits well 
below the maximum levels permissible by the USEPA and WHO. Indications are that this type 
of extraction protocol and field test kit has potential application for the analysis of lead arsenate 
which, until 1988, was used as a pesticide in apple orchards to prevent ravages of insect damage 
(Environews, 2006). 

 
Table 3.  Dissolved ions that interfere with Lead detection 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 

 

 

 

 

 

 Soil S2 testing Drinking water testing 
Ion Interference 

level (mg/kg) 
Type of 

Interference 
Interference 

level (mg/L) 
Type of 

Interference 
Al(III) 2 Negative 6 Negative 

Cd(II) 0.006 Positive 0.02 Positive 

Co(II) 5 Negative 13 Negative 

Cr(VI) 0.2 Negative 0.6 Negative 

Cu(II) 5 Positive 10 Positive 

Cl- >500 None >500 None 

Fe(II) 0.1 Negative 0.5 Negative 

Fe(III) 0.2 Negative 0.2 Negative 

Hg(II) 0.05 Positive 0.02 Positive 

Mg(II) 150 Negative 200 Negative 

Mn(II) 0.35 Negative 0.45 Negative 

Mo(VI) 20 Negative 80 Negative 

Ni(II) 1 Negative 35 Negative 

PO4
3- 0.5 Negative 16 Negative 

Sn(II) 0.5 Negative 0.8 Negative 

SO2-
4 > 750 None >750 None 

V(V) 2 Negative 6 Negative 

Zn(II) 3 Negative 8.5 Negative 
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Chapter 9 
 
BACKGROUND VERSUS RISK-BASED SCREENING LEVELS - AN 
EXAMINATION OF ARSENIC BACKGROUND SOIL 
CONCENTRATIONS IN SEVEN STATES  

Kelly A.S. Vosnakis, M.S.1§, Elizabeth Perry, M.S., PG2, Karen Madsen, M.A., M.S.2, Lisa J.N. 
Bradley, Ph.D., DABT2  
1AECOM, 11 Phelp’s Way, Willington, CT  06279, 2AECOM, 2 Technology Park Drive, Westford MA,  01886 

ABSTRACT 

Arsenic is often present in soils naturally or from historical anthropogenic activities.  Arsenic 
is commonly a constituent of potential concern at environmental remediation sites, even where 
there is no reason to suspect a release.  Site risks are frequently driven by arsenic, and risk-based 
screening levels below background are not uncommon.  However, determining whether arsenic 
concentrations are consistent with background typically requires an extensive background data 
set.  The ability to gain access to representative background locations owned by third parties is 
problematic at best in any characterization study. Consequently, many sites undergo 
characterization and potentially remediation for arsenic concentrations in soil that may in reality 
be representative of background (natural or anthropogenic).  This study examines a large soil 
arsenic background data set to provide insight on typical concentrations of arsenic that are 
naturally occurring or represent anthropogenic background. 

Between 1995 and 2001, over 1,600 background soil samples were collected from 189 sites 
in Kentucky, Maryland, New York, Ohio, Pennsylvania, Virginia, and West Virginia.  Samples 
were collected using strict Quality Assurance/Quality Control procedures under a United States 
Environmental Protection Agency (USEPA) Superfund Administrative Order on Consent (AOC) 
and were analyzed by USEPA-approved laboratories.  All data were verified and 10% underwent 
detailed data validation.  Arsenic concentrations in samples retained for statistical analysis 
ranged from 1.1 mg/kg to 89 mg/kg.  Data are evaluated by state and by geology and are 
compared to USEPA and state risk-based screening levels (RBSLs).  Some standard background 
threshold values (BTVs) are derived for each state and distinct geology.  The BTVs are greater 
than RBSLs.  This extensive, regional data set should be considered by all stakeholders involved 
in relevant risk-based decisions related to arsenic in soils.  The consideration of this data set and 
the BTVs may aid in the appropriate identification of arsenic in soils below typical background 
concentrations.  In turn, the use of BTVs may aid in identifying where risks are truly elevated 
relative to background, and thus where remediation may or may not be appropriate.   

Keywords: arsenic, background, risk-based cleanup, statistics, remediation  
 

§ Corresponding Author: Kelly A.S. Vosnakis, M.S., AECOM, 11 Phelp's Way, P.O. Box 506, 
Willington, CT, 06279-0506. 860-429-5323 x 226, kelly.vosnakis@aecom.com. 
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1. INTRODUCTION 

Arsenic is present in soils across the United States at concentrations that may be natural or 
due to historical anthropogenic activities such as pesticide application or the use of pressure 
treated wood.  Regulatory or screening criteria for arsenic that are risk-based are often well 
below these background concentrations.  Many sites that are regulated under United States 
Environmental Protection Agency (USEPA) or state programs therefore undergo cleanup actions 
for arsenic in soil that may in fact be related to background rather than site-related activities.  
The Agency for Toxic Substances Disease Registry (ATSDR) reports that 1,149 out of 1,684 
sites on the National Priority List (NPL) contain arsenic (ATSDR, 2007).  It is possible that for 
many of these sites, arsenic concentrations are consistent with local background, which may be 
due to naturally occurring concentrations or anthropogenic activity not related to site operations.  

This study examines an existing large dataset containing over 1600 background soil samples 
that were collected and analyzed for arsenic under a USEPA Superfund Administrative Order on 
Consent (AOC).  The samples were collected between 1995 and 2001 from seven states 
(Kentucky, Maryland, New York, Ohio, Pennsylvania, Virginia, and West Virginia).  The results 
of the samples are evaluated statistically by state and by distinct geology.  Typical background 
threshold values (BTVs) were also derived for various sub-sets of the data.  The BTV is a 
concentration in soil that is representative of the sample results and may be used to describe the 
background conditions for a particular area or geologic characteristics.  The datasets and BTVs 
were compared to typical risk-based screening levels. 

2. MATERIALS AND METHODS 

Data collection and laboratory methods are discussed, followed by statistical methods. 

2.1 Data Collection and Laboratory Methods 

The data used for this evaluation were collected under a Superfund AOC between the 
USEPA and a confidential utility company from over 250 sites across seven states.  As part of 
the characterization effort, background soil samples were collected from the majority of sites 
from areas that were not impacted by site-related activities.  Background soil samples were 
collected using strict Quality Assurance/Quality Control (QA/QC) procedures under the AOC 
and were analyzed by USEPA-approved laboratories.  Data from 189 sites in seven states 
(Kentucky, Maryland, New York, Ohio, Pennsylvania, Virginia, and West Virginia) are included 
in this study.  Sites lacking background data were not included in this study.  Samples were 
collected between 1995 and 2001.  Figure 1 presents the locations of the 189 sites.  

Sampling was performed by USEPA-approved contractors in accordance with USEPA-
approved work plans under the AOC.  QA/QC samples (field duplicates, equipment blanks, trip 
blanks, matrix spikes, temperature blanks) were collected as required by the program. Samples 
were analyzed for arsenic using method SW 846-6010A/7000A by USEPA-approved 
laboratories.  Data verification was performed, and traditional data validation was also conducted 
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by a qualified consulting firm on 10% of the program’s data.  Data were qualified as necessary.  
Data were managed in a database by the validation consultant for reporting and statistical 
evaluations.  From this database, all analytical results for arsenic in soil samples that were 
collected at background locations were extracted for use in the evaluations described in this 
paper.  Background data were available from 189 sites in the seven states listed above. 

 

 

 

 

 
 

 

 

 

 

 

 

Figure 1. Site Locations 

2.2 Statistical Methods 

The data presented here were originally collected to achieve certain objectives under the 
AOC.  The sampling was not intended to provide a representative dataset characterizing arsenic 
in soils in a certain geographic or geologic province.  However, now that the data have been 
obtained, they do provide an opportunity to examine the patterns of occurrence of arsenic in 
background soils.  Over 1,600 background soil samples were collected and analyzed for arsenic.  
The evaluation presented here relies on statistical methods to examine this very large dataset.  
Detected concentrations ranged from 1.1 mg/kg to 418 mg/kg.  Few results (47 out of the 
dataset) were reported as not detected, with detection limits ranging from 1 mg/kg to 1.4 mg/kg.  
Where field duplicate samples were collected, the arithmetic average of the duplicates was used, 
except for locations where one result was reported as detected and the other not detected.  In this 
case, the detected result was used for the statistical evaluations. 
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2.2.1 Evaluation of Data Representativeness 

Prior to evaluating the entire dataset, the data were examined to identify any samples that 
might bias the results or might not be representative.  Arsenic concentrations in select samples 
from three sites appeared to be elevated in comparison with the rest of the dataset, based on a 
visual inspection of the data.  Based on the characterization reports for these three sites, it was 
suspected that the background samples in question may have been collected from areas impacted 
by pesticides, herbicides, or other non-utility operations.  Therefore, the samples in question 
(total of 14) were not included in the statistical analyses and were removed from this background 
dataset.  Background samples from the three sites that did not appear elevated in comparison 
with the rest of the data set were retained for statistical evaluation.  Detected concentrations of 
arsenic ranged from 1.1 mg/kg to 89 mg/kg in the samples retained for statistical evaluation.  

2.2.2 Datasets 

In addition to considering the entire dataset, several data subsets were assembled from the 
remaining 1,625 soil samples.  They included seven state-specific datasets, five geology-specific 
datasets, and the full dataset.  These thirteen datasets were further subdivided by sample depths 
as follows: a) all depths – compiled surface and subsurface soil samples; b) surface soil samples 
– samples from depths of 0 to 2 feet below ground surface; c) subsurface soil samples – samples 
from depths of greater than 2 feet below ground surface.  Table 1 lists the datasets. 

The geology at each of the 189 sites was determined based on regional (not site-specific) 
information.  The geology of the bedrock that lies at or near the land surface at each site was 
identified using the Generalized Geologic Map of the Conterminous United States, a map 
compiled by the United States Geologic Survey (USGS).  This map provides a wide range of 
geologic information, including bedrock and surficial geology, faults, major calderas, impact 
structures, and the limits of continental glaciation within the continental United States (Reed and 
Bush, 2005).  The geologic information represented in the map was downloaded as Geographic 
Information System (GIS) polygon shapefiles from the online USGS National Atlas 
(www.nationalatlas.gov).  The site locations, as point shapefiles, were overlain on these polygon 
shapefiles using ArcMapTM Software (ESRI®, 1999-2006).  The geology from the polygon 
shapefiles was then associated with each of the point shapefiles.  In this way, the map was used 
to assign the bedrock geology to each site.  The geology at most of the sites was mapped as 
Paleozoic sedimentary rocks, as expected based on their locations in the Valley and Ridge and 
Allegheny Plateau Physiographic Provinces.  Some of the other very infrequent bedrock types 
were combined based on geologic similarity, to eliminate datasets with only a few samples.  The 
following classes of bedrock geology were developed from the dataset:  

 Crystalline rocks (includes geology mapped as Late Proterozoic and lower Paleozoic mafic 
rocks, Lower Mesozoic mafic rocks, Middle Proterozoic gneiss) 

 Early Paleozoic and older sedimentary rocks (includes geology mapped as Late Proterozoic 
and lower Paleozoic sedimentary rocks, Late Proterozoic sedimentary rocks, and Lower 
Paleozoic (Cambrian and Ordovician) sedimentary rocks) 



Background Versus Risk-Based Cleanup Goals 101

 

101 

Middle Paleozoic (Silurian, Devonian, and Mississippian) sedimentary rocks 

 Late Paleozoic and Mesozoic sedimentary rock (includes geology mapped as Upper Paleozoic 
(Pennsylvanian and Permian) sedimentary rocks, and Lower Mesozoic (Triassic and Jurassic) 
sedimentary rocks) 

 Quaternary and other recent units (includes geology mapped as Neogene sedimentary rocks, 
and Quaternary deposits) 

2.2.3 Statistical Evaluation 

 Various statistics were calculated for each of the thirty-nine datasets, as presented in Table 1. 
The purpose of the statistics is to provide some characteristics and an overview of each dataset.  
This analysis included calculating summary statistics, the interquartile range (IQR), the 95th 
percentile, an upper tolerance limit (UTL), and a BTV.  In addition, histograms were generated 
for the full dataset as well as each state to provide a way to visualize the datasets and data ranges.  
The statistics and the histograms are described in more detail below. 

 Histograms – The compiled dataset, as well as the state-specific datasets, were plotted as 
histograms and are presented in Figure 2 (full dataset) and Figures 3 through 9 (for each state).  
Histograms were created using a proxy value of one-half the detection limit for non-detects.  
Consistent bin sizes were used for all histograms.  Analytical values of 0 to 36 mg/kg were 
divided into 18 bins, each spanning 2 mg/kg.  A final bin, representing values greater than 36 
mg/kg was also included.  On the state-specific datasets, state-specific RBSLs and the BTVs 
have been indicated on the histogram for reference.   

 Summary Statistics - Summary statistics included the number of samples (after averaging of 
duplicates), frequency of detection (FOD), minimum detected concentration, maximum detected 
concentration, and median.  The median was calculated using a proxy value of one-half the 
detection limit for non-detects using Intercooled Stata 8.1 Software (Stata Corporation, 2003). 

 The Interquartile Range (IQR) - The IQR describes the range of values between the 25th and 
75th percentile.  A binomial method was used to estimate confidence intervals that assumes no 
underlying distribution, as discussed in Statistical Methods for Environmental Pollution 
Monitoring by Richard O. Gilbert.  To calculate the percentiles, the data points (including both 
detected and not detected values) were ranked from smallest to largest, and the following 
formula was used to calculate the rank of each percentile (Gilbert, 1987): 
 

)1( += npk  
k = the rank of the percentile 
p = the percentile value (i.e. 0.99 for the ninety ninth 

percentile) 
n = the number of observations  
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Table 1.  Summary Statistics for Arsenic Background Concentrations in Soil 
 

Data Set FOD %  Detected 
Minimum 

Detect 
(mg/kg) 

Maximum 
Detect 

(mg/kg) 

Median 
(mg/kg) 

IQR 
(mg/kg) 

95th 
Percentile 
(mg/kg) (a) 

UTL 
(mg/kg) 

(b) 

Selected 
BTV 

(mg/kg) (c) 

RBSL 
(mg/kg) 

All Samples           
All samples 1578 : 1625 97% 1.1 89.0 7.6 7.3 21.4 21.8 21.4 0.39 (d) 
Surface samples 902 : 916 98% 1.1 67.7 7.3 6.3 19.3 19.8 19.3 0.39 (d) 
Subsurface samples 676 : 709 95% 1.3 89.0 8.4 8.7 23.7 24.5 23.7 0.39 (d) 

By State           
Kentucky, all 103 : 103 100% 1.6 32.3 6.0 3.7 15.9 20.7 15.9 0.39 (d) 
Kentucky, surface 57:57 100% 1.6 32.3 6.2 3.6 15.6 20.7 15.6 0.39 (d) 
Kentucky, subsurface 46:46 100% 2.4 31.5 5.7 3.6 16.8 17.2 16.8 0.39 (d) 
Maryland, all 33:42 79% 1.5 13.7 3.2 4.2 9.2 10.6 9.2 0.39 (d) 
Maryland, surface 28:32 88% 1.8 13.7 4.1 3.9 10.1 11.7 10.1 0.39 (d) 
Maryland, subsurface 5:10 50% 1.5 3.4 1.1 2.4 3.3 4.2 3.3 0.39 (d) 
New York, all 80 : 101 79% 1.1 40.3 8.9 10.3 24.2 24.8 24.2 13 (e) 
New York, surface 42:50 84% 1.1 40.3 7.6 10.8 22.8 23.4 22.8 13 (e) 
New York, subsurface 51:51 100% 2.2 25.4 10.1 10.1 24.7 24.8 24.7 13 (e) 
Ohio, all 304 : 313 97% 1.6 71.3 11.2 6.9 25.5 26.7 25.5 6.8 (f) 
Ohio, surface 94 : 143 66% 4.0 61.9 10.1 5.2 21.7 22.8 21.7 6.8 (f) 
Ohio, subsurface 161 : 170 95% 1.6 71.3 12.8 9.3 27.9 29.6 27.9 6.8 (f) 
Pennsylvania, all 405 : 408 99% 1.3 67.7 10.3 7.2 23.4 24.4 23.4 12 (g) 
Pennsylvania, surface 219 : 220 100% 2.3 67.7 9.3 6.3 23.7 25.1 23.7 12 (g) 
Pennsylvania, 
subsurface 

186 : 188 99% 1.3 34.6 11.4 8.6 23.0 24.4 23.0 12 (g) 

Virginia, all 129 : 144 90% 1.2 40.9 4.2 5.1 14.9 16.2 14.9 0.39 (h) 
Virginia, surface 91 : 98 93% 1.2 33.5 4.3 5.0 13.6 15.1 13.6 0.39 (h) 
Virginia, subsurface 38:46 83% 1.3 40.9 3.7 5.4 17.1 20.1 17.1 0.39 (h) 
W Virginia, all 503 : 514 98% 1.1 89.0 5.9 5.2 18.1 18.9 18.1 8.64 (i) 
W Virginia, surface 314 : 316 99% 1.1 40.5 5.8 5.4 15.0 15.7 15.0 8.64 (i) 
W Virginia, 
subsurface 

189 : 198 95% 1.3 89.0 5.9 5.2 21.9 23.5 21.9 8.64 (i) 
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Table 1 (continued).  Summary Statistics for Arsenic Background Concentrations in Soil 
 

Data Set FOD %  Detected 
Minimum 

Detect 
(mg/kg) 

Maximum 
Detect 

(mg/kg) 

Median 
(mg/kg) 

IQR 
(mg/kg) 

95th 
Percentile 
(mg/kg) (a) 

UTL 
(mg/kg) 

(b) 

Selected 
BTV 

(mg/kg) (c) 

RBSL 
(mg/kg) 

By Geology                   
Crystalline, all 17:19 89% 1.3 11.9 2.7 3.4 7.8 9.7 7.8 0.39 (d) 
Crystalline, surface 15:15 100% 1.3 11.9 4.2 3.3 11.9 11.9 11.9 0.39 (d) 
Crystalline, subsurface 2:04 50% 2.6 2.7 1.7 2.0 2.7 2.8 2.7 0.39 (d) 
Early Paleozoic and 
older Sedimentary, all 

138 : 147 94% 1.2 40.9 5.9 5.4 15.5 16.7 15.5 0.39 (d) 

Early Paleozoic and 
older Sedimentary, 
surface 

87 : 92 95% 1.2 22.7 5.9 5.1 13.1 14.3 13.1 0.39 (d) 

Early Paleozoic and 
older Sedimentary, 
subsurface 

51:55 93% 1.3 40.9 6.0 7.2 18.6 21.3 18.6 0.39 (d) 

Mid-Paleozoic 
Sedimentary, all 

414 : 421 98% 1.1 71.3 11.9 8.3 25.8 26.8 25.8 0.39 (d) 

Mid-Paleozoic 
Sedimentary, surface 

214 : 214 100% 1.1 61.9 10.6 6.9 23.4 30.0 23.4 0.39 (d) 

Mid-Paleozoic 
Sedimentary, 
subsurface 

200 : 207 97% 1.6 71.3 13.3 9.9 27.4 28.9 27.4 0.39 (d) 

Late-Paleozoic and 
Mesozoic 
Sedimentary, all 

966 : 983 98% 1.1 89.0 7.0 6.4 19.9 20.5 19.9 0.39 (d) 

Late-Paleozoic and 
Mesozoic 
Sedimentary, surface 

554 : 558 99% 1.1 67.7 6.9 5.7 18.2 18.8 18.2 0.39 (d) 

Late-Paleozoic and 
Mesozoic 
Sedimentary, 
subsurface 

412 : 425 97% 1.3 89.0 7.1 7.3 22.0 23.0 22.0 0.39 (d) 

Quaternary and other 
recent, all 

43:55 78% 1.4 11.9 3.0 3.6 8.0 9.0 8.0 0.39 (d) 

Quaternary and other 
recent, surface 

32:37 86% 1.4 10.5 3.2 3.0 7.1 8.2 7.1 0.39 (d) 

Quaternary and other 
recent, subsurface 

11:18 61% 1.9 11.9 2.7 6.4 9.4 12.0 9.4 0.39 (d) 
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Table 1 (continued). Summary Statistics for Arsenic Background Concentrations in Soil 
 

Notes:                       
BTV - Background Threshold Value.                       
FOD - Frequency of Detection = Number of detected samples: Number of total samples.    
RBSL – Risk-Based Screening Level.               
IQR - Interquartile range, the difference between the 75th and 25th percentiles.  Reflects the range and variability of 
the dataset.       
UTL - Upper Tolerance Limit.                         
Summary Statistics include detected value only.  All datasets tested for normality; none were normally distributed.  
             
(a) Calculated with ProUCL (USEPA, 2007a) using the 95% Percentile (z) if FOD<100% and the 95% percentile if 
FOD=100%.         
(b) Calculated with ProUCL (USEPA, 2007a) using nonparametric statistics: 95% KM UTL with 95% Coverage if 
FOD<100% and 95% UTL with 95% Coverage if FOD=100%. 
(c)  ProUCL (USEPA, 2007a) provides a number of statistical options for BTVs.  In this case, the 95th percentile is 
selected as an example of a BTV. 
(d) USEPA, 2008a.  Regional Screening Levels (SL) for Chemical Contaminants at Superfund Sites.  September 12, 
2008.  http://www.epa.gov/region09/superfund/prg/index.html.  SL for residential soil, based on incidental 
ingestion, inhalation, and dermal contact and a target risk level of 10-6.  Selected for Kentucky based on state 
guidance, which referred to the former USEPA Region 9 Preliminary Remediation Goals.  Selected for geology and 
all soil because these data sets are not state-specific and the SL is a generic risk-based value. 
(e) NYSDEC, 2006.  New York State Regulations.  Subpart 375-6: Remedial Program Soil Cleanup Objectives 
(SCO).  §375-6.8 Soil Cleanup Objective Tables.  http://www.dec.ny.gov/regs/15507.html.  SCO for unrestricted 
use property.  Based on rural background because the calculated SCO is lower than background.  
http://www.epa.state.oh.us/derr/vap/rules/vaprules.html. 
(f) OEPA, 2009.  Ohio Voluntary Action Program Generic Numerical Standard (GNS), March 2009.  Ohio 
Administrative Code Rule 3745-300-08.  Table 1.  
http://www.epa.state.oh.us/derr/vap/rules/vaprules.html.  GNS for residential soil, based on incidental ingestion, 
inhalation, and dermal contact and a target risk level of 10-5. 
(g) PADEP, 2001.  Pennsylvania Code Title 25, Chapter 250. Table 4a - Medium Specific Concentrations (MSCs) 
for Inorganic Regulated Substances in Soil: Direct Contact Values. 
http://www.depweb.state.pa.us/ocrlgs/cwp/view.asp?A=1459&Q=518871.  MSC for residential soil, based on the 
lower of calculated values for incidental ingestion and inhalation and a target risk level of 10-5 or a leaching to 
groundwater value.  The ingestion calculated value is the lower value and is therefore the selected value. 
(h) VDEQ, 2009.  Virginia Voluntary Remediation Program Risk Assessment Guidance, Table 2.5. January 21, 
2009. http://www.deq.state.va.us/vrprisk/.  Tier 2 value for residential soil, based on incidental ingestion and 
inhalation and a target risk level of 10-6.           
(i) WVDEP.  West Virginia Voluntary Remediation and Redevelopment Act Guidance Manual.  Version 2.1.  
http://www.wvdep.org/item.cfm?ssid=18&ss1id=33.   DeMinimis Residential Standard is the higher of the 
background concentration (8.64 mg/kg) and the risk-based concentration (0.39 mg/kg). 
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Figure 2.  Arsenic Concentrations in Soil Samples 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.  Arsenic Concentrations in New York Soil Samples Compared to BTV and RBSL 
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Figure 4.  Arsenic Concentrations in Ohio Soil Samples Compared to BTV and RBSL 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Arsenic Concentrations in Pennsylvania Soil Samples Compared to BTV and RBSL 
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Figure 6. Arsenic Concentrations in Kentucky Soil Samples Compared to BTV and RBSL 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Arsenic Concentrations in Maryland Soil Samples Compared to BTV and RBSL 
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Figure 8. Arsenic Concentrations in Virginia Soil Samples Compared to BTV and RBSL 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Arsenic Concentrations in WV Soil Samples Compared to BTV and RBSL 
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 A linear interpolation was performed between ranked values to achieve the background 
statistic, as the k value resulting from this calculation is not usually an integer.  The IQR was 
calculated using a proxy value of one-half the detection limit for non-detects using Intercooled 
Stata 8.1 Software (Stata Corporation, 2003). 

 95th Percentile – The non-parametric 95th percentile was calculated using ProUCL (USEPA, 
2007a).  One of two different methods was used depending on the FOD.  When the FOD was 
equal to 100%, the 95th percentile was calculated using the non-parametric percentile calculation, 
k=p (n+1), as described in the preceding section (USEPA, 2007b).  When the FOD was less than 
100%, the Kaplan-Meier method was used to calculate the 95th percentile (USEPA, 2007b).   

 Upper Tolerance Limit (UTL) – The UTL is the upper bound on the tolerance interval, an 
interval generated to provide a predictive framework for future observations.  Like the prediction 
interval, the tolerance interval spans the range of values within which future observations are 
predicted to occur with a confidence of (1-α)*100%.  However, the tolerance interval differs 
from the prediction interval in that it includes a coverage of P (100%) of all potential future 
measurements (while the prediction interval is based on a coverage of 100% of a fixed and finite 
number of future measurements).  The tolerance interval is more appropriate than the prediction 
interval for situations where the potential number of future observations is large or unknown, and 
achieving 100% coverage may not be possible (Gibbons, 1994).  The UTL values presented in 
Table 1 describe an interval with a coverage of 95% and a confidence of 95% calculated using 
ProUCL (USEPA, 2007b).  A nonparametric UTL cannot exactly achieve a specified confidence 
(1-α).  Instead, the nonparametric UTL attempts to select a value of r such that the following 
expression gets as close as possible to (1-α).  
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p = probability of success 

n = sample size 

 The rth ordered statistic represents the value of the UTL.  This method is only applicable to 
data sets with FOD = 100% (USEPA, 2007b).  For datasets with FOD less than 100%, the UTL 
is calculated from the statistics generated from the Kaplan-Meier method as follows (USEPA, 
2007b): 

2*ˆ σμ KUTL +=  

K = the tolerance factor K (n, α, p), which is based 
on the non-central t-distribution. 

 Background Threshold Value (BTV) – The BTV is a value that characterizes the background 
dataset, and can be used instead of population comparisons for background evaluations, for 
example, for screening purposes.  Values that are below the BTV would be considered 
representative of background; values above might be above background.  There are numerous 
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statistics that can be used to calculate an appropriate BTV.  For the sake of simplicity, the 95th 
percentile has been selected for this evaluation to serve as the BTV. However, it should be 
recognized that by definition, 5% of all true background samples would be interpreted as above 
background using this statistic, so this is conservative for a risk-based approach. 

 Hypothesis Testing – Because a number of differences between data subsets are readily 
observed in the summary statistics, selected hypothesis testing was performed to evaluate 
whether these observed differences are significant.  However, the soil sampling program was not 
designed for the purposes of conducting hypothesis testing, so a number of adjustments were 
made to the dataset to remove obvious biases and interferences.  For example, only surface soil 
samples were collected at some stations; only subsurface at others.  The number of samples 
collected at each station varied from one up to 38.  In addition, at the scale of this study (7 
states), multiple samples collected at a single station are not necessarily independent with respect 
to hypothesis testing.  These interferences were controlled by selecting data only from stations 
where both surface and subsurface samples are available, and by selecting a single representative 
value (the median was selected) for each depth (surface, subsurface) at these stations.  This 
operation reduces the dataset to a total of 117 stations (out of 189) with a representative 
concentration for both surface and subsurface arsenic.   

 Because the datasets were typically not normally distributed, non-parametric methods were 
used for hypothesis testing.  The Wilcoxon Rank Sum test (WRS, also known as the Mann-
Whitney U) was used to compare two groups of data; the Wilcoxon Signed-Rank Test (WSRS) 
was used for paired data, such as the surface and subsurface sample pairs (Gilbert, 1987).  The 
software Stata 8.1 (Stata Corporation, 2003) was used for these calculations.  The null hypothesis 
for all these tests is that the two groups being compared are similar.  If the null hypothesis is 
rejected (at a significance level of approximately 0.05), it is assumed that the differences 
between the groups are statistically significant. 

 Risk Based Screening Level (RBSL) - RBSLs have been compiled from applicable state or 
federal guidance for the various datasets from the following sources: 

 The United States Environmental Protection Agency. Regional Screening Levels (SL) 
(USEPA, 2008a).  The screening level for arsenic in residential soil of 0.39 mg/kg, based on 
incidental ingestion, inhalation, and dermal contact and a target risk level of 10-6 was selected as 
the screening level for the full dataset and the geology-based datasets because these are non-state 
specific.  This screening level is a generic risk-based value.  It was also selected as the screening 
level for the Kentucky and Maryland datasets because state values are not available.  State 
guidance references USEPA for screening levels. 

 New York State Regulations: New York Department of Environmental Conservation 
(NYSDEC) Remedial Program Soil Cleanup Objectives (NYSDEC, 2006).  The soil cleanup 
objective (SCO) for arsenic of 13 mg/kg for unrestricted property was used as the screening level 
for the New York datasets.  The SCO for arsenic is based on rural New York background 
concentrations. 

 Ohio Environmental Protection Agency (OEPA) Voluntary Action Program Generic 
Numerical Standard (OEPA, 2009).  The generic numerical standard for arsenic in residential 
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soil of 6.8 mg/kg, based on incidental ingestion, inhalation, and dermal contact and a target risk 
level of 10-5 was used as the screening level for the Ohio datasets. 

 Pennsylvania Department of Environmental Protection (PADEP) Medium Specific 
Concentrations (MSC) for Inorganic Regulated Substances in Soil: Direct Contact Values 
(PADEP, 2001).  The MSC for arsenic in residential soil of 12 mg/kg was used as the screening 
level for the Pennsylvania datasets.  The MSC is based on the lower of calculated values for 
incidental ingestion and inhalation and a target risk level of 10-5 or a leaching to groundwater 
value.  The ingestion calculated value is the lower value and is therefore the selected MSC. 

 Virginia Department of Environmental Quality (VDEQ) Voluntary Remediation Program Risk 
Assessment Guidance (VDEQ, 2009).  The Tier 2 value for arsenic in residential soil of 0.39 
mg/kg, based on incidental ingestion and inhalation and a target risk level of 10-6 was used as the 
screening level for the Virginia datasets.  Note that the Tier 2 values are based on the USEPA 
SLs (USEPA, 2008a). 

 West Virginia Department of Environmental Protection (WVDEP).  Voluntary Remediation 
and Redevelopment Act Guidance Manual.  Version 2.1 (undated) and West Virginia Legislative 
Rule §60-3 (Voluntary Remediation and Redevelopment Rule), dated June 1, 2008.  Per the 
guidance manual, the DeMinimis standard for arsenic is the higher of the risk-based screening 
level in the regulations (0.39 mg/kg, based on USEPA, 2008a) and the natural background 
concentration presented in the guidance manual (8.64 mg/kg).  Therefore, the natural background 
concentration of 8.64 mg/kg was used as the screening level for the West Virginia datasets. 

3. RESULTS AND DISCUSSION 

 Table 1 presents the calculated statistics, including summary statistics (sample number, FOD, 
minimum detected concentration, maximum detected concentration, median), IQR, 95th 
percentile, and UTL for the datasets listed above.  The FOD was high for the majority of 
datasets; only four datasets had fewer than 70% of arsenic results reported as detected.  With the 
exception of one dataset (crystalline, subsurface, with only 4 results) all datasets contained at 
least 10 samples and at least 5 detected results.  Figure 2 presents a histogram for the full dataset.  

 Some general observations can be made from the various statistics calculated.  Where these 
observations are supported by hypothesis testing to evaluate their significance, this is noted.  
Where hypothesis testing has not been performed, care should be taken in the use and 
interpretation of these observations as they are simple observations only, not based on formal 
testing to determine their statistical significance.   

 Over the entire dataset, the arsenic concentrations in subsurface samples tend to be greater 
than in surface samples (median of 8.4 mg/kg for subsurface compared to 7.3 mg/kg for surface; 
BTV of 23.7 compared to 19.3, respectively).  The same pattern is present for most individual 
states, but not for Kentucky or Maryland.  Hypothesis testing suggests these differences are not 
significant (WRS p=0.8787; WSRS p=0.2766; null hypothesis not rejected). 
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Figure 10. Side-by-side box plots showing the variation in arsenic concentrations over the 
different states (above, Figure 10a) and geologic classifications (below, Figure 10b) (results 
beyond the limits of the whiskers (“outside values”) not shown). 
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 BTVs range quite a bit across the different states, from a minimum of 9.2 mg/kg in Maryland 
to a maximum of 25.5 mg/kg in Ohio (all depths combined).  BTVs are similar for Ohio, 
Pennsylvania, and New York (23.4 to 25.5 mg/kg); BTVs are also similar for Kentucky, 
Virginia, and West Virginia (14.9 to 18.1 mg/kg).  The BTV for Maryland is lower, but 
Maryland is also the state with the fewest samples collected.  Side-by-side box plots in Figure 
10a show the ranges in arsenic concentrations between states (for the full dataset of 1625 
results).  The most obvious reason for the variations in arsenic concentrations is due to 
differences in the underlying geology.  Spearman rank correlation tests indicate that there is 
interdependence among arsenic concentration, bedrock geology, and state (p values ranging from 
0.0000 to 0.0062).   

 While the regional nature of the geologic evaluation does not allow for the identification of 
specific lithology or mineralogy, nor the distinction between glaciated vs. non-glaciated areas, all 
of which will influence soil chemistry, it does show distinct differences.  BTVs for the different 
geologic groupings range from 7.8 mg/kg for crystalline rocks to 25.8 mg/kg for Mid-Paleozoic 
sedimentary rocks (all depths combined).  The higher BTVs are associated with Paleozoic 
sedimentary rocks, reflecting the presence of arsenic in these depositional environments  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Geologic map showing median arsenic concentration at each station 
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(including coal deposits).  However, it should also be recognized that the datasets for the other 
geologies are smaller (n=19 for crystalline rocks, n=55 for Quaternary/recent units), so the 
differences may also reflect a lack of a representative dataset.  Side-by-side box plots in Figure 
10b show the ranges of arsenic concentrations for each geologic classification (for the full 
dataset of 1625 results).  Hypothesis testing indicates that arsenic concentrations are different in 
each geologic region (WRS p values ranging from 0.0000 to 0.0527), except that the Lower and 
Upper Paleozoic regions are similar (p=0.2615), and the Crystalline and Quaternary are similar 
(p=0.6689).  In the case of the latter, it is more likely the test has insufficient power due to the 
small numbers of samples.  Figure 11 shows the median concentration of arsenic at each station, 
overlain on the GIS-based geologic classifications. 

Of the seven states included in this study, two have background-based screening levels for 
arsenic (New York, 13 mg/kg; West Virginia, 8.64 mg/kg).  The remaining five states use 
RBSLs for arsenic.  The RBSLs range widely; Kentucky, Maryland, and Virginia use the 
USEPA SL of 0.39 mg/kg (USEPA, 2008a), Ohio (OEPA, 2009) uses a value of 6.8 mg/kg, and 
Pennsylvania uses a value of 12 mg/kg (PADEP, 2001).  The RBSLs are all based on the cancer 
slope factor of 7.3 (mg/kg-day)-1.  The cancer slope factor is based on an epidemiological study 
of a Taiwanese population that was exposed to high levels of arsenic in drinking water (USEPA, 
2008b).  Use of a cancer slope factor based on high level exposure in drinking water may be 
overly conservative for low-level exposure to arsenic in soil, which is also likely to be less 
bioavailable than arsenic in drinking water.  The wide variation in the RBSLs is due mainly to 
the target risk level, with the USEPA values based on 10-6 and the Ohio and Pennsylvania 
values based on 10-5.  Exposure assumptions also vary; the USEPA values are based on a 350 
day per year exposure and account for soil ingestion, dermal contact, and inhalation, while the 
Ohio value is based on the same pathways but at a lower exposure frequency of 250 days per 
year.  The Pennsylvania value is based on the ingestion pathway alone (a separate inhalation-
based value is calculated and the lower is selected as the MSC, with ingestion representing the 
lower value for arsenic) at an exposure frequency of 250 days per year.  The wide variation in 
RBSLs, along with the conservative cancer slope factor, highlights the importance of considering 
background when setting cleanup objectives for a site.  The comparison of BTVs to RBSLs 
presented on Table 1 and Figures 3 through 9 shows that the selected BTVs are higher than the 
applicable RBSL for each of the seven state datasets, again, highlighting the importance of 
background. 

The findings presented here are consistent with several other national or regional studies 
which show background arsenic concentrations in soils commonly to be greater than RBSLs.  
Several national and regional soil background studies conducted by the USGS have shown 
similar results.  Perhaps the most widely used database is that of Shacklette and Boerngen 
(1984), which reported data for over 1,200 soil samples from across the country, with results 
ranging from non-detect to 97 mg/kg.  The USGS began the Geochemical Landscapes Project 
(http://minerals.cr.usgs.gov/projects/geochemical_landscapes/index.html) in 2003 to expand the 
Shacklette and Boerngen (1984) database.   To date, two pilot studies have been conducted under 
this project, a regional scale study and a national scale study.  The regional pilot study focused 
on a transect in northern California from Marin County (north of San Francisco) to the Nevada 
border (Goldhaber et al., 2005).  The national pilot study included the collection of soil samples 
along two continental transects in North America: a north-south transect extending from the US-
Mexico border near El Paso, Texas into northern Manitoba, Canada which included 105 
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sampling sites; and an east-west transect extending from the Maryland coast to near San 
Francisco, CA which included 160 sampling sites.  At each site, a sample was collected from a 
depth of 0 to 5 centimeters as well as from the O, A, and C soil horizons.  Arsenic concentrations 
in the 0 to 5 centimeter samples ranged from not detected to 20 mg/kg (Smith et al., 2005).  
Other national studies include the USGS’s National Geochemical Survey (USGS, 2007), and a 
survey of 34 states conducted by the Association for the Environmental Health of Soil (AEHS, 
1998).  There are also likely to be other studies conducted on a state or regional basis (e.g., 
MDEQ, 2005). 

Based on these national studies and the regional data presented here, it is apparent that 
arsenic concentrations across much of the United States are elevated with respect to residential 
RBSLs.  Several states have recognized the importance of background with regards to 
remediation involving arsenic in soil.  Some of these include: 

California Environmental Protection Agency (CalEPA) Department of Toxic Substances Control 
(DTSC) has set an arsenic background concentration of 6 mg/kg to be used at Los Angeles 
Unified District school sites (CalEPA, 2005). 

Illinois Environmental Protection Agency (IEPA) defaults to a background concentration for 
arsenic of 13 mg/kg for metropolitan areas or 11.3 mg/kg for non-metropolitan areas in its Tiered 
Approach to Corrective Action Objectives (IEPA, 2007). 

Massachusetts Department of Environmental Protection (MADEP) has established a direct 
contact soil standard of 20 mg/kg for arsenic for several scenarios based on background 
(MADEP, 2008). 

New Jersey Department of Environmental Protection (NJDEP) via the New Jersey 
Administrative Code (N.J.A.C.) has established a residential direct contact soil remediation 
standard of 19 mg/kg for arsenic, based on natural background (N.J.A.C, 2008). 

NYSDEC has set an arsenic SCO of 13 mg/kg, based on rural background concentrations, 
because the calculated residential risk-based screening level for arsenic is lower than the 
background concentration (NYSDEC, 2006).   

WVDEP (Voluntary Remediation and Redevelopment Act Guidance Manual.  Version 2.1) uses 
a background concentration of 8.64 mg/kg as the residential DeMinimis Standard for arsenic.   

4. CONCLUSIONS 

 The database of soil background concentrations of arsenic and the statistical evaluation 
presented in this paper show that for this study, background concentrations of arsenic in 
Kentucky, Maryland, New York, Ohio, Pennsylvania, Virginia, and West Virginia soils are 
greater than typical residential RBSLs for soil.   

 Clearly many sites undergoing cleanup under state or USEPA programs have arsenic as a 
primary or secondary constituent of concern.  The number of on-going arsenic background 
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studies and the number of states defaulting to arsenic screening levels based on background 
rather than risk highlights the importance of understanding background concentrations when 
considering arsenic remediation.  The results of the analysis performed in this paper, combined 
with the body of literature regarding arsenic in soil, should be reviewed by stakeholders at sites 
involving arsenic remediation.  Remediation to RBSLs can be costly and may not be warranted 
where site concentrations are similar to background levels. 
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Chapter 10 
 
BERRY’S CREEK: A GLANCE BACKWARD AND A LOOK 
FORWARD 

Victoria Wright1§, Robert P. Blauvelt2  
1EWMA, 100 Misty Lane, Parsippany, NJ 07054, 2EWMA, 100 Misty Lane, Parsippany, NJ 07054 

ABSTRACT 

Berry’s Creek is a tidal tributary in Bergen County, NJ between the Hackensack and Passaic 
Rivers, which extends almost seven miles from its discharge into the Hackensack River upstream 
towards its origins just south of Teterboro Airport.  The approximately 12 square miles of the 
Berry’s Creek water shed (about 8% of the total Hackensack River watershed) includes 
numerous marshes, channels, wetlands, and drainage ditches that serve as habitat to hundreds of 
plant and animal species (USEPA et al., 2005). Widely recognized as one of the keys to the 
sustained ecological viability of the Meadowlands, Berry’s Creek and its associated canals also 
hold the distinction of being one of the most contaminated waterways in northeastern U.S 
(USEPA, 2008a). 

In 1929 the F.W. Berk Company (later known as the Wood-Ridge Chemical Company) 
opened its doors as a mercury reclamation and recovery center. This facility would process spent 
or off-spec fungicides, pesticides, batteries, thermometers, dental amalgams, and other mercury 
containing wastes and remove or recover the mercury for re-sale or reformulation into new 
products (USEPA, 2006). By 1974, when operations at its 40-acre site ceased, the plant had 
changed owners and names several times and had discharged an estimated 270 tons of mercury 
into a 2,000 foot long stretch of Berry’s Creek. At its peak operation, between two to four 
pounds of mercury were being released into Berry’s Creek every day (NJDEP, 1992).  

USEPA recently has completed its Framework Document for Berry’s Creek (USEPA et al., 
2005), which attempts to establish the guidelines for the characterization and investigation of the 
mercury and other heavy metal contamination present in Berry’s Creek sediments. Critical to the 
success and effectiveness of these upcoming characterization activities is an understanding of not 
only how the contaminants were released but also the most probable (and implementable) 
remedial alternatives available for the waterway. Our presentation provides both a historical 
perspective on the discharges into Berry’s Creek and establishes an ecological construct in which 
to consider and carryout future cleanup actions.  

Keywords: Berry’s Creek, Superfund, mercury, sediment remediation 
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1. INTRODUCTION 

 In 1929, the F.W. Berk Co. began operations in a newly constructed warehouse in the 
boroughs of Wood-Ridge and Carlstadt, NJ. The business grew quickly, capitalizing on its 
location close to the industrial centers of both New York City and New Jersey. F.W. Berk Co. 
provided a needed service: it recovered and re-processed mercury from batteries, medical 
instruments, thermometers, electrical switches and numerous types of industrial equipment 
(Exponent, 2004). This heavily industrialized area of southern Bergen County (Figure 1) was a 
perfect setting for a dirty business. And for the next 45 years, F.W. Berk Co. and its successors 
would discharge their mercury laden wastewater into Berry’s Creek, a tributary of the 
Hackensack River. F.W. Berk Co. also would discard unwanted or unrecoverable mercury 
residues onto the land surrounding its warehouse (NJDEP, 1992). Eventually, many tons of 
mercury would flow into Berry’s Creek and over 160 tons of mercury would be dumped onto the 
soil at the site (USEPA, 2008a).  

 As economic conditions changed, the property would be split in two and F.W. Berk Co. would 
be bought and sold, passing through several different owners and finally be closed by its last 
corporate proprietor Ventron in 1974 (Exponent, 2004).  By then the damage was done and the 
Ventron/Velsicol site and the entire length of Berry’s Creek were added to the National Priorities 
List (i.e., designated as a Superfund site) in 1984 (USEPA, 2006).  The majority of cleanup 
activities at Ventron’s real property parcel was accomplished fairly quickly, although some 
remedial actions are still ongoing.  Addressing the environmental and ecological issues 
associated with Berry’s Creek has been slower and much more problematic.  

 
 

 

 

 

 

 

 

 

 

Figure 1.  Aerial view of the Berry’s Creek watershed as shown on NJDEP’s iMapNJ. 
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2. HISTORY AND SETTING OF BERRY’S CREEK 

 Located within the Hackensack Meadowlands, Berry’s Creek is a 6.5 mile long (10.5 km), 
stream that divides this mostly industrialized area of Bergen County roughly along a north-south 
line that is sub parallel to the New Jersey Turnpike (USEPA et al., 2005).  According to the 
Rutgers University Engineering Soil Survey of New Jersey for Bergen County (Report No. 4), 
Berry’s Creek lies within the Piedmont physiographic province.  The survey shows that the area 
is underlain with an organic layer, locally called meadow-mat, followed by stratified silty-clays 
and clays.  Bedrock in the area has been identified as being from the Passaic Formation at depths 
ranging from 250 to 300 feet bgs.  The natural drainage pattern of the watershed has been greatly 
affected by the over development (urbanization) of the marsh land.  The majority of water is now 
diverted through Berry’s Creek Canal to the Hackensack River, with the widest part of the creek 
measured at 200 feet (USEPA et al., 2005).          

 Berry’s Creek two branches (locally called East Branch and West Branch) drain a 12 square 
mile watershed that contains approximately 20 NJDEP identified known contaminated sites and 
three Federal Superfund sites (USEPA, 2008b and NJDEP, 2008a).  USEPA’s Berry’s Creek 
Study Area is comprised of Berry’s Creek, the Berry’s Creek Canal, all tributaries to Berry’s 
Creek from its headwaters to the Hackensack River, and its associated wetlands.  Its also 
includes upland properties in the watershed and some tidal portions of the Hackensack River 
(USEPA et al., 2005).  

3. CURRENT REMEDIAL PHASE 

 Currently the Berry’s Creek Study Area is undergoing a Remedial Investigation/Feasibility 
Study (RI/FS).  The EPA recently signed a settlement agreement with 98 potentially responsible 
parties (PRPs) to conduct a comprehensive investigation of the waterway’s sediment, water, and 
biota.  The study, which will be detailed in a work plan scheduled for release in September 2008, 
will include sample collection and assessment as well as an examination of potential cleanup 
alternatives.  Data collected during scoping activities initiated in 2007 will be used in the 
preparation of the RI/FS, as well as the collection of new data slated to begin in 2009.   
Following the data collection and feasibility study, a Proposed Plan will be prepared and 
published for public comment.  Potential remediation alternatives of the Berry’s Creek watershed 
will be derived from previously successful remediations at other watersheds.  The most common 
cleanup activities include dredging and capping of contaminated sediment. The RI/FS will 
evaluate the potential effectiveness of these techniques.  Final decisions will be detailed in a 
Record of Decision (USEPA, 2008c).   

4. COMPARISON TO OTHER CONTAMINATED WATERSHEDS 

 The situation at Berry’s Creek certainly is not unique to either New Jersey or the rest of the 
Country.  A 1992 nationwide study by USEPA identified almost 100 watersheds whose 
sediments had been significantly impacted by industrial discharges and contained an estimated 
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1.2 billion cubic yards of contaminated silt, sand, and clay residues that require remediation 
(Deason, 2001).  In order to place Berry’s Creek within an environmental context, we have 
compared it to four watersheds.  

 The Tittabawassee River (TR), located near the eastern coast of Michigan, is a tributary of the 
Saginaw River (SR) which flows into Saginaw Bay in Lake Huron.  The TR drains 
approximately 2600 square miles of land in the SR watershed.  Contamination has been 
identified as being pervasive through 24 miles of TR and floodplain as well as up to 25 miles of 
the SR due to the operations of Dow Chemical Corporation.  Dow, a chemical manufacturing 
plant, began operations in 1897 at their 1,900 acre facility in Midland, Michigan, which abuts the 
eastern side of the TR.  Due to brine electrolysis of chlorine manufacturing, byproducts including 
dioxins, chlorobenzene, heavy metals and furans were released into the river (USEPA, 2008d).   

 USEPA ordered Dow to begin cleanup of three hot-spots on the TR and one hot-spot on the 
SR at Wickes Park, which began in 2007.  Approximately 54,000 cu yds of soil, bottom deposit, 
sediment, submerged sediment, riverbank, and floodplain have been dredged and excavated from 
the TR and SR.  Water was treated in Dow’s waste water treatment plant and discharged to the 
river. The river banks were cutback and stabilized and the floodplains were re-vegetated.  Dioxin 
contaminated material was capped in a landfill on the Dow site (USEPA, 2008d).  

 The Hudson River drains approximately 13,400 square miles of watershed into the Atlantic 
Ocean.  Its main channel is over 315 miles long and the watershed is a National Heritage Area.  
The river is divided into two sections known as the upper Hudson and the lower Hudson.   The 
upper Hudson is between Hudson Falls and the Federal Dam (Lock) at Troy, NY, which was 
constructed in 1916 to improve access between the Hudson and the Erie Canal.  The stretch is 
approximately 40 miles long, is separated into sections or pools by eight smaller dams and locks, 
and provides navigational control for the Champlain Canal.  Currently, there is a commercial 
fishing ban; however sport fishing is allowed, with consumption restrictions.  The lower Hudson 
is a tidal estuary that stretches approximately 153 miles between the Battery in Manhattan and 
the Federal Dam (USEPA, 2008e).   

 General Electric (GE) operated facilities in Ft. Edward and Hudson Falls, NY.  In 1940 GE 
started using polychlorinated biphenyls (PCBs) for the fabrication, repair, and refurbishing of 
capacitors.  GE legally discharged PCB-laden water into Hudson River from 1947 to 1977.  
Approximately one million pounds of PCBs was discharged, with an estimated 500,000 to 
660,000 pounds remaining in the river.  The sediment originally accumulated downstream from 
the plants behind a rock-filled, timber crib dam at Ft. Edward.  The dam was removed between 
July and October 1973 and upon dam removal and several subsequent flood events PCBs spread 
along entire length of the lower Hudson River (USEPA, 2002). 

 Remedial actions began in the mid-1970s, with the removal of over 770,000 tons of PCB 
sediment from the navigational channel of Champlain Canal.  Contaminated material was either 
buried or capped along the river banks and breaks and fractures in the bedrock were grouted.  A 
ground water collection system was installed to capture PCB contaminated ground water that 
was leaking into the river.  By mid 2001, more than 3,000 gallons of PCB liquids had been 
recovered and shipped offsite for disposal.  Over 230 ground-water recovery and monitoring 
wells were installed to create a hydraulic barrier between the Hudson Falls site and the river.  
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Future remedial actions include the removal of grossly contaminated sediment.  Contaminated 
dredge spoils are to be de-watered and stabilized at a special processing facility and shipped to a 
designated disposal site (USEPA, 2008e).  

 The Savannah River forms most of the border between Georgia and South Carolina.  It is 
approximately 350 miles in length, where it begins in Lake Hartwell and ends in the Atlantic 
Ocean near Savannah, Georgia.  The Savannah River watershed is approximately 10,500 square 
miles and drains areas in North Carolina, South Carolina, and Georgia.  The Savannah River 
flows through four physiographic provinces which include the Blue Ridge Mountains, the 
Piedmont, the Upper Coastal Plain, and the Lower Coastal Plain.  The river is bounded by 
agricultural land and industrial properties, including a current nuclear power plant and a former 
nuclear weapons facility.  The river has been an integral part of life in the bordering areas, as it 
supplies water to cities including Augusta and Savannah.  It also provides water to two nuclear 
reactors and an electric-generating plant (Savannah Riverkeeper, 2008).        

 The U.S. Department of Energy (DOE) and the Atomic Energy Commission (AEC) operated a 
310 square miles (192,000 sq acres) facility known as the Savannah River Site (SRS) adjacent to 
the Savannah River in Aiken and Barnwell Counties, South Carolina.  It is a secure government 
facility 25 miles south-east of Augusta, Georgia, that was constructed during the 1950s to 
produce basic material’s used in fabrication of nuclear weapons, primarily tritium and 
plutonium-239.  The facility maintained five reactors, two chemical separation plants, heavy 
water extraction plant, a nuclear fuel and target fabrication facility, and a waste management 
facility.  Production was discontinued in 1988 and since then it has been identified that past 
disposal practices have lead to soil and groundwater contamination.  With 515 inactive waste 
units identified, the site was added to the NPL in 1989 (USEPA, 2008f).  These waste sites 
directly impacted the Savannah River and associated wetlands.  However, after the discharges 
were controlled, natural processes isolated the contamination and clay mats were installed to 
cover radiological hot spots. 

 The Passaic River, which forms the boundaries between several counties in northeastern New 
Jersey, is a tributary of Newark Bay.  The river is approximately 80 miles long and drains an 835 
square mile watershed (Passaic River Coalition, 2008).  The lower Passaic River is 
approximately 17 miles long, is tidally influenced, and runs from the Dundee Dam in Garfield to 
Newark Bay.  This portion of the river has been industrialized for over a century and 
investigations have shown the river to have severely degraded water quality and sediment 
contamination (USEPA, 2007).  Studies conducted by USEPA and other regulatory agencies 
have identified contaminants including dioxin, PCBs, pesticides, and heavy metals.  In the mid-
1940s pesticide manufacturing began in Newark, which included the production of DDT, 
phenoxy herbicides, and chemicals used in Agent Orange.  From 1951 to 1969 the Diamond 
Alkali Company, predecessor to the Diamond Shamrock Chemical Company, operated a 
pesticides manufacturing company adjacent to the Passaic River.  This site was added to the NPL 
in 1984 and is divided into three operable units which include the former pesticides plant and 
surrounding areas, the lower Passaic River, and the Newark Bay Study Area (USEPA, 2008g).  
Occidental Chemical Corporation (f/k/a Diamond Shamrock Chemical Company) is responsible 
for remedial actions at the property and the Newark Bay Study Area.  Cleanup of the Lower 
Passaic River is being assessed by a partnership of various federal and state agencies and is being 
funded by 73 PRPs.    
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 In December 1995, pilot studies were conducted to evaluate environmental dredging and 
sediment decontamination technologies.  The sediment was treated with sediment washing 
technology, which would used for upland remediation or landscaping, and by Cement-lock 
thermal destruction technology, which would be blended with Portland cement to make 
industrial grade blended cement (USEPA, 2005).  Currently six alternatives have been 
considered for remediation of the lower eight miles of the river including: (1) dredging of fine 
grained sediment; (2) capping the sediments with clean materials; (3) reconstructing a Federally-
recognized navigation channel with a combination of capping and backfilling; (4) construction of 
a new navigation channel for current use and capping; (5) constructing a new navigational 
channel for future uses once the river is restored and capping; or (6) constructing new navigation 
channel for future use, dredging fine-grained material from one mile stretch with highest 
concentrations and one mile stretch where most erosion takes place, then capping (USEPA, 
2007). 

These other river basins are compared to Berry’s Creek in the following table: 
 
 

Comparison of Selected Contaminated Surface Water Bodies 
No. Name Location Watershed 

Size (mi2) 
Hydrologic 
Connection 

Contaminant Use 
Restrictions 

Planned/Actual 
Remediation 

1 TR and SR MI 2,600 sq 
miles 

Saginaw Bay 
– Lake Huron 

Dioxin Fish and 
Game 
consumption 
advisory 

Dredging and 
encapsulation of 
material 

No. Name Location Watershed 
Size (mi2) 

Hydrologic 
Connection 

Contaminant Use 
Restrictions 

Planned/Actual 
Remediation 

2 Hudson 
River 

NY 13,400 sq 
miles 

New York 
Harbor 

PCBs Fish consumption 
advisory 

Dredging and 
encapsulation of 
material 

3 Savannah 
River 

SC 10,500 sq 
miles 

Atlantic 
Ocean 

Radio-
nuclides 

Fish consumption 
advisory 

Encapsulation of 
material 

4 Passaic 
River 

NJ 935 sq miles Hackensack 
River – 
Newark Bay 

Dioxin, 
Mercury, 
PCBs 

Fish and Shellfish 
consumption 
advisory 

Dredging and/or 
encapsulation of 
material 

5 Berry’s 
Creek 

NJ 12 sq miles Hackensack 
River 

Mercury Fish consumption 
advisory 

Yet To Be 
Determined 

5. PATH FORWARD 

 The ecological, contaminant, and risk/exposure conditions compelling sediment cleanup at the 
Savannah River Site in western South Carolina, along the Hudson River in New York, within the 
banks and channels of the Tittabawassee and Saginaw Rivers in Michigan, and (planned) for 
New Jersey’s Passaic River, are very different (Table 1). 
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 Yet despite the geographic, hydrologic, and demographic diversities of these watercourses, 
there are a series of fundamental factors that are driving the remedial program at each of these 
sites, except at Berry’s Creek. These include: 

•   The contaminants are mobile in surface water and have been detected in benthonic and other 
higher levels species in the food web.  In places, contaminant impacts have curtailed either 
recreational or commercial fishing. 
 

•   Each watercourse is a major surface water body in itself, or enters other surface water bodies 
within its drainage basin.  Usually, these water bodies serve as important sources of drinking 
water, or scenic or recreational resources.  

 

•   The potential for human or other high level species exposure is high. In many cases, farms 
and residential areas are immediately adjacent to the stream or along its major tributaries and 
local land users come into direct contact with the contamination.  
But these conditions are not within the Berry’s Creek watershed, or are present at much 

reduced or restricted intensities.   

 Mercury within Berry’s Creek sediment is relatively stable and is not often detected in surface 
water samples of the Creek. While sediment concentrations are high, those elevated values 
presumably now are present under a layer of stream sediment (feet to inches below the channel 
bottom) and are isolated, to a least a certain extent, from the ecosystem and direct contact with 
people. Throughout its history Berry’s Creek was never an important fishery and served 
primarily as a “working river” used in transportation of goods and as a quick and easy way to 
dispose of unwanted waste products (NJSEA, 2005).   

 Today, while some recreational fishing is done, the heavily industrial character of most of the 
Creek, except for a short stretch near its southern terminus with Hackensack River is not 
conducive to waterborne sports, apart from perhaps the occasional canoeist or kayaker.  Those 
industrial land uses adjacent to the Creek are unlikely to change in the mid to long term.  The 
redevelopment of Giant’s Stadium, expansion of Teterboro Airport, and construction of the 
Xanadu Mall all re-enforce the urban/commercial nature that Berry’s Creek is and will continued 
to be surrounded by.  

 The remediation of Berry’s Creek marks the beginning of a series of cleanup activities related 
to the major surface watersheds across New Jersey. NJDEP, with support from USEPA, 
currently is in the planning stage for the Passaic River and Newark Bay cleanup to be followed 
shortly by a similar effort for the Raritan River and Raritan Bay. The PCB dredging project 
within the Hudson River, although largely performed in New York but whose lower reach forms 
a portion of the approximately 20 mile border between New York and New Jersey, also serves to 
highlight the new emphasis placed on watershed ecological restoration by both New Jersey and 
Federal regulatory agencies.  However, is the enormous cost and technical risks (i.e., potential 
contaminant re-mobilization) associated with the dredging projects commensurate with the 
ecological and public health threat posed by Berry’s Creek and other, similar watershed 
contamination?  The answer is far from unequivocal.  
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 As seen in the Hudson River case, PCB levels in striped bass and other aquatic species have 
been decreasing steadily since the completion of remedial actions focused on the control and 
removal of upland sources (USDOI et al., 2001).  The EPA’s order to remove, process, and 
dispose of (on land) large amounts of Hudson River sediments was and remains scientifically 
controversial and may not have been made solely on the basis of environmental or ecological 
risk mitigation factors.  

 Similarly, at the Savannah River Site, once discharges to the wetlands were controlled, local 
ecosystem processes were able to effectively isolate the contaminant mass fairly quickly. These 
naturally driven in situ mechanisms were helped dramatically through the addition of special 
clay mats that were applied over radiological hot spots.  From a remedial selection standpoint, 
SRS had the advantage of being a large, government controlled tract of land where radiological 
impacts largely were contained within the boundaries of the facility.   

 Within the Tittabawassee River, Michigan Department of Environmental Quality has taken an 
approach that involves stabilization of stream banks and adjoining floodplains to reduce the 
potential for remobilization of dioxin impacted sediments. Dredging of Tittabawassee River 
sediments is planned for only local hot spots that may represent acute toxicity threats to 
indigenous aquatic and benthonic species (USEPA, 2008d).  While private party class action 
lawsuits continue, these are economic recovery actions for perceived diminution of property 
values and seem unlikely to influence short-term remedial actions for the Tittabawassee River or 
its adjacent, dioxin impacted floodplain areas. 

 Berry’s Creek is far from an ecological dead zone.  Instead it is an important part of the 
surface water drainage system for the Meadowlands as well as a vital and functioning eco-
system.  Planned remedial actions must be considered however, in light of the land use reality 
that surrounds Berry’s Creek. This area of New Jersey is one of the most densely populated in 
the State and development pressure on the Meadowlands and its supporting tributaries will only 
continue to increase as New Jersey “smart growth” initiatives strive to re-invigorate Brownfield 
redevelopment.  Therefore, the remedial goal for Berry’s Creek cannot be one that seeks to 
return its 12 square mile drainage area to pristine and unspoiled conditions.  Rather than seek to 
dredge every mercury ion from its bottom sediments for processing and on-shore disposal, 
presumably at a nearby disposal site, a more balanced way to address the ecological and public 
health risks that Berry’s Creek sediments pose would be to develop a series of cleanup objectives 
that are consistent with likely exposure scenarios.  

 For those areas of the Creek where public access is likely to be encouraged and controlled, 
like DeKorte State Park near the Creek’s southern terminus, and the area with some of the lowest 
mercury levels, conduct remedial actions consistent with Clean Water Act goals – make these 
waters “fishable and swimmable”. If this involves dredging to remove mercury or other 
contaminant hot spots, then this should be done in the least ecologically disruptive manner 
possible. Of course, ongoing leachate discharges from the half-dozen or so former solid waste 
landfills that dot this part of the Meadowlands also will need to be addressed before 
fishable/swimmable water quality can be achieved.  

 In the more industrial parts of Berry’s Creek, that two mile stretch north of Route 3 and south 
of Teterboro Airport, the development of less ambitious cleanup goals are called for.  A remedial 
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approach focused on reducing the potential for adverse public health effects from exposure to 
bottom sediments as well as preventing existing sediment contamination from serving as a 
source for downstream pollution are ones that should be considered.  Berry’s Creek receives 
parking lot, roof drainage, non-contact cooling water, and storm water runoff from hundreds of 
acres of industrial and municipal properties. It also is likely that there are numerous unpermitted 
(illegal) discharges of sanitary and industrial wastewater from many of these same sources.  It is 
unlikely and unrealistic to think that the Creek will ever be anything more than an imperfectly 
functioning, although basically ecologically sound, waterway that will always be limited by the 
impacts of the highly developed and urbanized area that surrounds it.  

 For this part of the Creek alternatives to dredging, including in situ stabilization, need to be 
considered.  Isolating the mercury from what functioning ecosystem is present in this area is one 
very practical way to achieve those goals, without destroying those fragile ecosystems that have 
managed to develop and sustain themselves in this challenging environmental setting. 
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PART VI: Radionuclides 

Chapter 11 
 
EVALUATION OF INDOOR RADON POTENTIAL IN NORTHERN 
VIRGINIA USING SPACIAL AUTOCORRELATION, GIS APPLICATION 
AND 3-D VISUALIZATION 

 

George Siaway, Douglas Mose§, and Jim Metcalf 
George Mason University, 4400 University Drive, Fairfax, VA 22020 

ABSTRACT  

It would be extremely useful to determine if, on a county-size scale, there might be some 
predictability to indoor radon. One approach is to make an application of gis and 3d visualization 
to explore the radon problem in Fairfax county in northern Virginia, to evaluate correlations 
between indoor radon and geology, elevation, slope, and aeroradioactivity. It was found that there 
is a tendency for indoor radon to be greater in some parts of fairfax county in homes on some 
geological units, in homes constructed on lower slopes, on sites at lower elevations, and in areas 
of higher aeroradioactivity. However, none of these physical variables exhibits a strong enough 
control on indoor radon to be used to construct radon potential maps that carry a high confidence 
of accuracy.  

1. INTRODUCTION 

Exposure to natural sources of radon has become a significant issue in terms of radiological 
protection. The United Nations Scientific Committee on the Effects of Atomic Radiation 
(UNSCEAR, 2000) reports that nearly half of the total natural background dose received from 
natural sources can be attributed to inhaling radon and its progenies present in dwellings. It is 
estimated that nearly 1 out of every 15 homes in the U.S. has excessive elevated radon levels 
(USEPA, 2007). Moreover, it is recognized that very significant amounts of radon accumulates in 
some homes in the Appalachian Mountain System (Mose et al., 1992).  

The American Association of Radon Scientists and Technologists (AARST) estimates 10 
million homes in America have indoor radon in excess of 4 pCi/L, the USEPA’s recommended 
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maximum when buying a home. This estimate is growing by about 75,000 homes per year, since 
new homes are built constantly. Concerns about indoor radon emanation from soil have led to an 
increased focus on comparisons between radon concentrations in the soil and in dwellings 
constructed on these soils (Buttafucco et al., 2007; USEPA, 2007; Synnott and Fenton, 2007). 
Soil-to-indoor comparisons have been made in attempts to create radon potential maps. These 
maps seek to reduce the lung cancer hazard by alerting concerned homeowners. Some radon 
potential maps show that very high indoor radon concentrations may be correlated with uranium 
found in soil over uranium enriched crystalline rock units or over locally fractured rocks (Oliver 
and Kharyat, 1999, 2001; Swako et al., 2004; Krivoruchko, 2005; Mose et al., 1992), but 
sometimes the high radon homes are simply over soils that have higher permeability. To verify 
these determinations, GIS comparisons of geotechnical factors with the spatial variation of 
indoor radon is essential (Oliver et al., 1999; Lacan et al., 2006).  

The primary goal of the following study was to evaluate the radon risk potential of all of 
Fairfax County in northern Virginia. Fairfax County has a large land area (over 250,000 acres) 
and a large number of homes (population is over 1,000,000 people), and over 1,000 homes have 
already been sampled for indoor radon, using a series of four 3-month measurement intervals.  

2. CAUSES OF INDOOR RADON  

Many regional studies have examined the temporal variation of indoor radon (Denman et al., 
2007; McNeary and Baskaran, 2007; Magalhaes et al., 2003). Studies have addressed the 
decreased health risk obtained from using radon reduction methods (Kitto, 2007). Others 
examined the association between some geological units and indoor radon (Mose et al., 2006b; 
Siaway et al., 2006), and the association between indoor radon and surficial gamma radiation 
(Kline et al., 1990; Mose et al., 2005). 

Other recent studies have successfully quantified radon levels in dwellings (Al-Jarallah and 
Mahur et al., 2006; Ioannides et al., 2000). Others have focused on the spatial distribution of 
residential radon (Franco-Marina et al., 2003; Lacan et al., 2006; Buttafuoco et al., 2007), on the 
exhalation rates of radon levels in prevailing building materials (de Jong and van der Graaf, 
2006), and on quantifying seasonal variations and depth dependence of soil radon concentration 
levels in different geological formations (Al-Shereideh, 2006; Lu and Zhang, 2006; Brown et al., 
2005; Magalhaes et al., 2003). Some investigators have focused on quantifying the amount of 
natural radioactivity in building materials (Ahmad, 2007), on evaluating radon emanation from 
soil gas (Malczewski and Zaba, 2007; Zunic et al., 2006), and on assessing factors that underlie 
radon emission (Barros-Dios et al., 2002). Still other investigators have evaluated radon 
concentrations in soil and groundwater (Mose et al., 2006a), examined seasonal indoor radon 
variations related to precipitation (Mose, et al., 2006b), and assessed differences in indoor radon 
emanation due to soil chemistry, home heating systems and precipitation (Siaway et al., 2006; 
McNeary and Baskaran, 2007).    
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3. RESEARCH OVERVIEW 

Hypotheses to Test: 

3.1 Radon verses Geology 

Geostatistical techniques are commonly used to map a range of environmental variables, 
particularly to generate probability maps that delineate areas that exceed a health-based threshold 
value. However, very few case studies in which indoor radon measurements have been 
investigated using geostatistical techniques have been published (Dubois et al., 2007). In northen 
Virginia, due to the numerous universities and to the numerous state and federal geological 
survey scientists in the area, abundant geotechnical data and radon data are available, and might 
be used to make radon potential maps. It has been suggested that soils above some particular 
geologic units in northern Virginia may be associated with elevated indoor radon concentrations 
(Mose and Mushrush, 1997; Mose et al., 2005; Saiway et al., 2006; Mose et al., 2006a, b, c).  

3.2  Radon verses Slope and Elevation 

The location of a home may also be important. It seems likely that homes constructed on 
hillsides (homes on greater slopes) and hilltops (homes with higher elevations) might tend to 
have more indoor radon because these soils are more permeable, allowing greater movement of 
radon in soil gas (Mose and Mushrush, 1997; Siaway et al., 2006). This could be attributed to the 
permeability of the soils.  Factors that could contribute to high radon concentrations in high slope 
and high elevation areas include the possibility that uranium-rich rocks underlie these areas. It 
may also be that these areas have thin soils and bedrock close to the surface, and may have 
permeable fractured rocks (Otton and Gunderson, 1991).  Shashikumar et al. (2008) found 
variations of radon concentrations in the soil-gas under dry and wet conditions at different 
depths, so perhaps high slope and high elevation homes more often have dry-soil conditions 
which could allow greater and faster transport of soil-gas radon into homes. 

3.3 Radon verses Soil Radioactivity 

Appleton (2007) suggested that on-the-ground direct sampling of soil radioactivity (as 
opposed to airplane measured radioactivity) could be used to map radon potential maps. 
However, on-the-ground sampling of soil and making radioactivity measurements of each 
sample is expensive, so the measurements are often not numerous. Aerial radiometric data have 
been used to quickly quantify the radioactivity of large areas of rocks and soils (Schumann, 
1995; Appleton, 2007). Uranium and radon soil measurements are estimated by measuring the 
gamma-ray emission of Bi214, a radioactive decay product of radon. Consequently, it seems 
reasonable that an aeroradioactivity map could be a good indicator for homes with radon.  
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4. RADON MEASUREMENTS AND GEOTECHNICAL DATABASE 

Most new homes in Fairfax County have no pre-occupancy radon test, and most older homes 
have never been tested. For this investigation, data were obtained from over 1,000 homes that 
were tested for indoor radon using winter, spring, summer and fall 3-month intervals. The 
measurements were examined to see if they exhibit a non-homogeneous pattern. If they did, this 
pattern could possibly be related to non-homogeneous geotechnical parameters, such as the 
distribution of geological units, the slope under homes, the elevation of homesites, and the 
distribution of high- and low-aeroradioactivity soil. 

The variation in indoor radon was visually examined, and from this examination a non-
homogeneous pattern appeared likely, so a hypothesis was advanced that indoor radon in the 
central part of Fairfax County is higher than indoor radon in the western and eastern sides. To 
evaluate this hypothesis, indoor radon data were subjected to a directional distribution analysis 
(i.e., standard deviational ellipse and trend tools).  

A standard deviational ellipse was calculated, which describes the distribution of the indoor 
radon measurements in homes in northern Virginia. It measures the distribution of data values 
around the statistical mean. The ellipse method allows one to see if the distribution of indoor 
radon measurements is not uniform throughout Fairfax County, but instead, if contoured as in 
topographic mapping, has a particular orientation.   

A trend analysis was also used to provide a three-dimensional perspective of the data. In the 
case of this radon study, home locations were plotted on an x, y plane. Above each home 
location, the indoor radon measurement was given by the height of a “stick” in the z dimension. 
In this fashion, new data were created, which are points above a plot of the study site, at a height 
of the z values. The tops of the "sticks" are then projected onto the x, z plane and the y, z plane to 
form scatter plots. If the surface defined by the projected points is flat, no trend exists. If the 
curve through the projected points is not flat, it suggests a trend in the data. In this fashion, the 
standard deviational ellipse (also referred to as a “directional distribution”) measures whether a 
distribution of features exhibits a directional trend. In Fairfax County, the ellipse showed that 
indoor radon decreases from the center of the county to the northeast and to the southwest.  

5.  SPACIAL AUTOCORRELATION 

Spatial autocorrelation is a method that can be used to measure the magnitude of trends. 
Spatial autocorrelation can show the extent to which the value of one attribute (i.e., indoor radon 
measurements) changes when the value of another attribute (i.e., slope, elevation, 
aeroradioactivity) changes. If we can correctly identify some attribute that influences indoor 
radon, we might get a better understanding of how to predict indoor radon. This might be done 
by using the null hypothesis method for spatial autocorrelation analysis. For example, we can use 
a null hypothesis which states that comparisons we can measure occur randomly across the study 
area. 
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It also allows for the detection of clusters of similar radon measurements and quantifies the 
extent to which clusters are clustered. In this case, a cluster refers to a grouping of similar indoor 
radon at homesites that are close together. A “cluster of clusters” could come from a study area 
which has clusters of radon measurements, and many similar clusters occur near each other. 
Departures from randomness happen when clusters have geographic trends. If we are studying 
the distribution patterns for indoor radon at homesites, groups of similar clusters (“clustering of 
clusters”) in the distribution pattern occur when there is some broad area that has higher than 
average seasonal indoor radon and some other area with lower than average radon. This is called 
a positive spatial autocorrelation. That is, positive spatial autocorrelation has similar radon 
values appearing together, while negative spatial autocorrelation has dissimilar radon values 
appearing in close association. 

The special autocorrelation investigation using special autocorrelation on winter indoor radon 
measurements showed that with 99 percent certainty, the clustered distribution pattern for indoor 
radon at homesites could not be the result of random chance. This means there is less than one 
percent likelihood that the cluster pattern could be the result of a random chance. Said still 
another way, based on the pattern of winter indoor radon measurements, it is possible to reject 
the null hypothesis that winter indoor radon measurements are evenly distributed and have a 
random pattern across the study area. A similar conclusion was found for the spring, summer and 
fall indoor radon measurements. By inference, there must be some cause for this trend. To make 
predictive maps, tests were made to determine if indoor radon concentrations are dependent on 
any or all of these four available and well documented geotechnical factors: geology, slope, 
elevation and aeroradioactivity. 

6.  INDOOR RADON VERSUS GEOLOGY 

The first goal of the research was to compare, by using a Geographic Information System 
(GIS), the distribution patterns of indoor radon verses geology.  In nature, some geological units 
and the soils produced over these units are richer than others in uranium, which produces the 
radon. Similarly, the soils of some types of rocks are more permeable (more sandy) and allow 
more rapid radon movement through soil and facilitate faster and greater entry into homes. 
Therefore, it was hypothesized that the homes constructed over some geological units would 
have significantly higher indoor radon than homes over other units.  

Most of the rock units present in Fairfax County are also found in counties north and south of 
this area. They often have different names, but they are geologic units of similar age and 
composition, found from Maine to Georgia, much like the sand of the modern Coastal Plain. A 
digitized geologic map of Fairfax County was used because the precise locations of homes could 
be placed on this map. 

The eastern part of the study area is called the Coastal Plain, and the dominant geologic unit 
is a thick and wide series of sedimentary strata. The central portion of the study area is part of the 
Appalachian Piedmont Province. These rocks are part of the ancient Appalachain Mountains. 
Piedmont rocks are recrystallized sedimentary and volcanic rocks, plus large now-crystallized 
chambers of formerly molten rock. They were uplifted and subsequently worn down, and are 
now covered along the east side of the Piedmont by the modern beach sands of the Coastal Plain 
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and the Atlantic Ocean. The Piedmont extends far west of Fairfax County, and as with the 
Coastal Plain, extends from New England to Georgia. Several chambers of formerly molten rock 
are in the Piedmont in Fairfax County, the largest of which is the Occoquan granite. One of the 
widespread now-recrystallized but formerly sedimentary rock layers in the Piedmont Terrane is 
the Sykesville Formation, a metamorphic rock that formed from a small-to-medium grained 
mixture of clay and sand layers, and now has a quartzofeldspathic matrix that contains quartz 
“eyes” and a heterogeneous suite of pebble-to-boulder size fragments. Another large Piedmont 
unit is the Pope’s Head Formation, a metamorphosed light-gray to pinkish- and greenish-gray 
fine-to-coarse quartzo-feldspathic sandstone. A third major metasedimentary unit, only slightly 
different from the Popes Head Formaaion, is the Mather Gorge Formation. The other units in the 
Piedmont are much less widespread and have fewer measurements. In the western part of the 
Fairfax County Piedmont, there is a fault bounded valley called the Culpeper Basin. It contains 
unmetarmophosed sedimentary strata that were deposited after the metamorphic events that 
shaped the Piedmont. Also present in the Culpeper Basin are unmetamorphosed volcanic strata.  

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 

 
 

Figure 1. Histogram of Winter Indoor Radon in the Sykesville Formation Homes 
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Figure 2. Histogram of Spring Indoor Radon in the Sykesville Formation Homes 

7.  DISTRIBUTION OF INDOOR RADON MEASUREMENTS FOR THE 
GEOLOGICAL UNITS 

The following sections examine the indoor radon measurements in homes that are built in the 
soil of the three geological units with the largest number of measured homes. These are homes 
over the Sykesville Formation (143 measured homes), the Pope’s Head Formation (135 
measured homes), and the Mather Gorge Formation (372 measured homes). Figures 1-4 are the 
radon measurements in the Sykesville Formation as histograms, 5-8 are the Pope's Head 
Formation histograms, and 9-12 are the Mather Gorge Formation histograms.  
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Figure 3.  Histogram of Summer Indoor Radon in the Sykesville Formation Homes 
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Figure 4. Histogram of Fall Indoor Radon in the Sykesville Formation Homes 
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Figure 5. Histogram of Winter Indoor Radon in the Pope’s Head Formation Homes 
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Figure 6. Histogram of Spring Indoor Radon in the Pope’s Head Formation Homes 
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Figure 7. Histogram of Summer Indoor Radon in the Pope’s Head Formation Homes 
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Figure 8. Histogram of Fall Indoor Radon in the Pope’s Head Formation Homes 
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Figure 9. Histogram of Winter Indoor Radon in the Mather Gorge Formation Homes 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Figure 10. Histogram of Spring Indoor Radon in the Mather Gorge Formation Homes 
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Figure 11. Histogram of Summer Indoor Radon in the Mather Gorge Formation Homes 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 

 
Figure 12. Histogram of Fall Indoor Radon in the Mather Gorge Formation Homes 
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8.    STATISTICAL ANALYSIS OF INDOOR RADON IN HOMES ON 
DIFFERENT GEOLOGICAL UNITS 

Summaries by season of the three geological units for which many measurements of indoor 
radon are available are shown in Tables 1-4. The radon values (mean, median and trimmed 
mean) when evaluated (standard deviation, 95% C.I., 5% trimmed mean and IQR) were found to 
be so close as to be essentially identical (all are about 3 pCi/L at the 95% C.L.). It can be 
concluded that indoor radon risk maps that carry a high confidence level cannot be created based 
on the delineation of these particular geological units. This seems to contrast with studies that 
suggest that geological knowledge is useful in predicting and mapping residential radon 
concentrations (Shi et al., 2006), and that sound predictions can be made with a reasonable level 
of uncertainty (Andersen et al., 2007). 

  It is anticipated that when more measurements become available, it may be found that some 
geological units for which we now have few data might be found to have very high or very low 
indoor radon.  Unfortunately, at this time, many of these units have only a few available 
measurements. It is important that additional work be done on this possibility, because if units 
making high indoor radon exist, it could encourage the constructor using high-risk soils to use 
radon-gas resistant construction methods. 

Table 1. Winter Indoor Radon 

Geologic Unit # of 
Homes 

Mean 
Radon 
(pCi/L) 

Median 
Radon 
(pCi/L) 

Standard 
Deviation 
(pCi/L) 

95% 
C.L. 

5% 
Trimmed 
Mean. 

IQR 

Sykesville 
Formation 143 3.2 3.0 3.7 

2.5 – 
3.8 2.7 

 
3 

Pope’s Head 
Formation 133 3.1 3.0 2.8 2.6 -3.6 2.9 

 
5 

Mather Gorge 
Formation 372 3.8 3.0 4.8 

3.4 – 
4.3 2.3 

 
5 

 

Table 2. Spring Indoor Radon 

Geologic Unit # of 
Homes 

Mean 
Radon 
(pCi/L) 

Median 
Radon 
(pCi/L) 

Standard 
Deviation 
(pCi/L) 

95% 
C.L. 

5% 
Trimmed 
Mean. 

IQR 

Sykesville 
Formation 143 2.4 2.0 2.4 

1.9 – 
2.1 2.1 

 
4 

Pope’s Head 
Formation 133 3.4 3.0 4.9 

2.6 – 
4.3 2.8 

 
3 

Mather Gorge 
Formation 372 3.5 2.0 4.5 

3.1 – 
4.0 2.9 

 
5 
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Table 3. Summer Indoor Radon 

Geologic Unit # of 
Homes 

Mean 
Radon 
(pCi/L) 

Median 
Radon 
(pCi/L) 

Standard 
Deviation 
(pCi/L) 

95% 
C.L. 

5% 
Trimmed 
Mean. 

IQR 

Sykesville 
Formation 143 2.5 2.0 2.2 

2.5 – 
2.9 2.3 

 
2 

Pope’s Head 
Formation 133 3.1 2.0 3.7 

2.5 – 
3.7 2.6 

 
3 

Mather Gorge 
Formation 372 2.7 2.0 2.8 

2.4 – 
3.0 2.4 

 
4 

 

Table 4. Fall Indoor Radon 

Geologic Unit # of 
Homes 

Mean 
Radon 
(pCi/L) 

Median 
Radon 
(pCi/L) 

Standard 
Deviation 
(pCi/L) 

95% 
C.L. 

5% 
Trimmed 
Mean. 

IQR 

Sykesville 
Formation 143 3.0 3.0 2.5 

2.6 – 
3.4 2.8 

 
2 

Pope’s Head 
Formation 133 3.5 3.0 3.6 

2.9 – 
4.2 3.1 

 
4 

Mather Gorge 
Formation 372 3.6 3.0 4.2 

3.2 – 
4.0 3.1 

 
5 

9. INDOOR RADON COMPARED TO SLOPE  

Soils on land in northern Virginia with greater slope tend to be more permeable because they 
have a higher sand content, and therefore might have a higher probability of greater gas flow 
(Fairfax County GIS, 2006). Consequently, the second hypothesis was advanced, that homes 
with more indoor radon are those that are constructed on land with greater slope. In order to 
investigate this hypothesis, a three-dimensional visualization was prepared of seasonal indoor 
radon and slope. Since it was found the variation in the distributions of indoor radon is about the 
same for all four seasons, the winter indoor radon values are used to visualize the relationship 
(Figure 13). All the comparisons seasonal show that there is a weak tendency for indoor radon to 
be less in areas with higher slope. Consequently, based on these comparisons, the hypothesis that 
homes with more indoor radon are on a surface with higher slope is rejected. In fact, lower 
indoor radon levels tend to occur more often in areas with higher slopes.This “tendency” is not 
strong enough correlation to use in making a high confidence radon potential map, but could be 
used to make a low confidence map.  
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Figure 13. Scatter Plot of Slope and Winter Indoor Radon Measurements 

10.  INDOOR RADON COMPARED TO ELEVATION 

Areas of high elevation also tend to have more permeable and sandier soils, and gas and 
liquids move faster through such soils (mose et al., 2006c; shi et al., 2006) consequently, the 
third hypothesis was advanced, that homes with more indoor radon tend to be on land of higher 
elevation. 

This observation was tested with data from all four seasons, and as an example the 
comparison between elevation and winter indoor radon is shown in Figure 14. This comparison, 
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and all the other comparisons show that there is a tendency for indoor radon to be less in areas 
with higher elevation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 14. Scatter Plot of Elevation and Winter Indoor Radon Measurements 
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higher elevation can only be used to create a low confidence radon potential map. 
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11. INDOOR RADON COMPARED TO  

11.1 Aeroradioactivity  

It has been theorized that aeroradioactivity (i.e. airplane measured soil aeroradioactivity) 
maps might be a useful way to create indoor radon potential maps (Li et al., 1995; Smith and 
Cowles, 2007; Mose et al., 1992). During the 1970s, airborne gamma-ray spectral data were 
collected throughout the United States along a grid of east-west and north-south flight lines as 
part of the National Uranium Resource Evaluation project (NURE) (Duval et al., 1989). Because 
radon-222 is followed closely in the decay path by bismuth-214, NURE data are also useful in 
identifying areas more likely to have elevated radon levels in soil and rock. 

To collect the NURE aeroradioactivity data, the east-west flight lines were typically 3-6 
miles apart and north-south lines were typically 12 miles apart. The NURE project used low and 
slow flying aircraft with special analytical equipment to detect and record the intensity of 
gamma-ray energy from the decay of bismuth-214 from the uppermost 20 to 30 cm of the surface 
of soil and rocks at regular locations along each flight line. The aircraft flew several hundred feet 
above the surface and measurements were collected, on average, a little more than 100 feet apart 
along the flight lines. Estimates of the soil and rock uranium content at each location, in parts per 
million, were calculated using the gamma-ray data that were collected. This technique assumes 
that uranium and its decay products are in secular equilibrium. These estimates are designated by 
the abbreviation eU (equivalent uranium) to distinguish them from a conventional chemical 
analysis of uranium. The estimates are possible because bismuth-214 is one of the radioactive 
decay products for uranium-238, and the amount of bismuth-214 is proportional to the amount of 
uranium-238 (and total uranium) present in the rock or soil. Detailed compilation of 
aeroradioactivity data is addressed in USGS Open File Report/OFR 02-0361 (USGS, 2001). 

As the aircraft flew over the initial checkpoint, the Doppler navigation system recorded the 
aircraft positions in terms of along-track and across-track distances relative to the initial 
checkpoint and the predetermined heading. The ground data consisted of longitude and latitude 
of initial checkpoint, longitude and latitude of the end or the closure point, and the recorded 
across-track values associated with each point. The ground data (radiation-channel observation) 
was then associated with its measurement site (longitude and latitude) so they can be plotted 
together on a map. In theory, areas with soils showing above average radioactivity will probably 
be areas with above average indoor radon (Mose, 2005). The fourth hypothesis was advanced, 
that high aeroradioactivity could be used to locate homes with high indoor radon. The homesites 
where seasonal indoor radon was measured were plotted on an aeroradioactivity map to test this 
hypothesis. 

The pattern of comparisons between aeroradioactivity and indoor radon for all of the three 
geological units was similar for all four seasons, so only comparisons for the winter data are 
shown. Figure 15 presents the comparison for the Sykesville Formation homes, Figure 16 is for 
the Pope’s Head Formation homes, and  Figures 17 is for the for Mather Gorge Formation 
homes. All show that in homes located where the aeroradioactivity is between about 200-350 
cps, indoor radon was usually less than 5 pCi/L in all the measured homes. However, between 
about 350-600 cps, some radon measurements exceeded 5 pCi/L.  
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In summary, these comparisons all suggest that indoor radon tends slightly to increase with 
aeroradioactivity. However, aeroradioactivity cannot be used to identify areas of high (or low) 
indoor radon potential sufficiently well to be used to create high confidence radon potential 
maps. It could, at best, be used as a trend in predicting indoor radon. 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 15.    Scatter Plot of Indoor Winter Radon and Aeroradioactivity for Sykesville Formation 
Homes 
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Figure 16.   Scatter Plot of Indoor Winter Radon and Aeroradioactivity for Pope’s Head 
Formation Homes 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 17.  Scatter Plot of Indoor Winter Radon and Aeroradioactivity for Mather Gorge 
Formation Homes 
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12.  DISCUSSION 

GIS is used to digitize, process and integrate a variety of data, such as geological maps, 
radon concentrations and aeroradioactivity values associated with house locations. Geostatistical 
techniques are commonly used to map a range of environmental variables, particularly to 
generate probability maps that show where variables exceed a given threshold. The approach 
taken in this research was to examine comparisons between indoor radon data and location, and 
with geotechnical data. The results were used to determine if there is a relationship between 
indoor radon and geology, slope, elevation, and aeroradioactivity, and to determine if these 
geotechnical data could be used to create indoor risk maps.  

A standard ellipse and trend analysis of all the measured homes in Fairfax County revealed a 
trend in indoor radon measurements, best described as a tendency for indoor radon 
measurements to be highest in the center of the county (the Piedmont area). This tendency for 
indoor radon to be greater in the center of Fairfax County was investigated by comparing indoor 
radon in homes on three different geological units in the Piedmont, on different slopes, at 
different elevations, and over areas of different aeroradioactivity.   

The radon verses geology study focused on examining the indoor radon concentrations in 
homes constructed over the Piedmont’s Sykesville Formation, Pope’s Head Formation and 
Mather Gorge Formation, selected because they have many indoor radon measurements. A 
statistical analysis of the distribution of measurements in these units showed that there is 
considerable overlap, and that a radon risk map of high confidence could not be based on the 
location of these geological units.  

The next study was made to evaluate the possibility that slope and elevation influence indoor 
radon. It was found that indoor radon levels tend to be higher in homes built on lower slope and 
in homes at lower elevations. Unfortunately, these were weak correlations and a radon risk map 
of high confidence could not be based on the homesite slope or elevation.  

 The fourth study was made to evaluate the possibility that aeroradioactivity could be 
correlated with indoor radon. It was found that aeroradioactivity tends to be only slightly greater 
in areas with greater indoor radon, so a radon risk map of high confidence could not be based on 
aeroradioactivity. Indoor radon only has a weak positive correlation with aeroradioactivity.  

13.  CONCLUSION 

The relationships between indoor radon concentrations and geology, slope, elevation and 
aeroradioactivity were made to target resources into high-risk areas and to encourage builders of 
new homes to avoid areas with high radon potential. Conversely, if it is necessary to build new 
homes in areas of high indoor radon potential, it is hoped that the results of this study would 
encourage builders to use radon resistant building methods. This is becoming an established 
practice in many countries (Synnott and Fenton, 2005).  
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The body of techniques embodied in geostatistics (Johnston et al., 2001, Mitchell, 2005) that 
were used in this study provided the tools requisite to determining the structure of the spatial 
variation and to evaluate geotechnical information to estimate indoor radon concentrations. This 
research sought to evaluate the possibility that on a county-size scale, there might be some 
predictability to indoor radon. In northern Virginia, Fairfax County was used, because there are 
more radon measurements available for one county than in any other county in North America. 

Exposure to indoor radon as a result of soil gas ingress into buildings is the most significant 
contributor of radiation dose to members of the public (Baixeras et al., 2001). Many countries 
have carried out radon surveys to establish the extent of this problem. In some cases, these 
resulted in radon potential maps, but in the present study, it did not.  

The investigation showed that there is only a tendency for indoor radon to be greater in some 
parts of Fairfax County in homes on some geological units, in homes constructed on lower 
slopes, on sites at lower elevations, and in areas of higher aeroradioactivity. However, none of 
these physical variables exhibits a strong enough control on indoor radon to be used to construct 
radon potential maps that carry a high confidence of accuracy. That is, results showed that indoor 
radon only has a weak positive correlation with geology, slope, elevation and aeroradioactivity. 
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PART VII: Regulatory 

Chapter 12 
 
AAI COMPLIANT REGULATORY DATABASE SEARCHES: SOME 
ARE MORE EQUAL THAN OTHERS 

David Fullmer§ and Robert P. Blauvelt, Environmental Waste Management Associates, LLC 
100 Misty Lane, Parsippany, New Jersey 07054 

ABSTRACT 

The 2002 Brownfields Revitalization and Environmental Restoration Act or BRERA 
curtailed the Federal government’s ability to seek damages and recover costs from property 
owners under certain sections of CERCLA.  These enforcement bars against innocent 
landowners, contiguous property owners, and prospective purchasers were promulgated to 
encourage Brownfields redevelopment.  However, as a condition of the liability protections 
offered under BRERA, a prospective purchaser must perform All Appropriate Inquiry (AAI) in 
accordance with rules developed by USEPA (40CFR Part 312) and commercialized by ASTM in 
its E1527-05 Standard Practice for Environmental Site Assessments: Phase I Environmental Site 
Assessment Process (ESA). 

A major component of the AAI due diligence process is compliance with 40CFR Part 
312.26: Review of Federal, State, Tribal and local government records.  EPA requires that a long 
list of permit records and spill records be examined for the subject parcel and other sites within 
defined radii.  Given the extensive and complex nature of both Federal and state record-keeping 
systems, a number of data management companies have emerged that specialize in assembling 
and summarizing publicly available environmental information.  Usually combining these 
records within a GIS format, these companies are able to quickly and cost-effectively provide 
very useful maps and data tables, often combining them with other required components of Part 
312 (aerial photographs, historical topographic maps, etc.). 

In order to compare the completeness of these data base searches, we selected a well known 
Superfund site in the northeastern US and ordered regulatory database searches from three 
specialty providers: Environmental Data Resources, Inc (EDR); BBL Environmental; and 
Environmental FirstSearch (FirstSearch, InfoMap).  While each company offered a package that 
claimed to meet 40CFR Part 312.26 requirements, there were some disparities in quality, format 
and timeliness of deliverables, responsiveness to follow-up questions, and available geographic 
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coverage.  Our comparison of each data package is summarized and validated against a search of 
the same EPA records.  Recommendations are provided for those environmental professionals 
that frequently depend on data base service companies to help ensure that they are using the most 
current and reliable information available.  

 
Keywords: All Appropriate Inquiry, database report, Industri-plex 

1. INTRODUCTION 

 Nearly all environmental consulting firms rely on the assistance of environmental regulatory 
database reports in the process of conducting an ESA.  Being able to assess a subject property 
and surrounding sites without having to research each one individually is incredibly important 
and time-saving.  Companies such as EDR, FirstSearch, and BBL have been providing this 
service since performing environmental assessments became an essential part of property 
transfers.  While these companies may seem identical, they are different in ways that help serve 
client specific needs.  All three attempt to make the process as easy and as cost effective as 
possible while providing reliable customer service.  Whether the property being assessed is large 
or small, there are many ways to determine which provider will best serve the needs of the 
consultant. 

1.1 Industri-Plex Superfund Site History 

Tanning, the conversion of any animal hyde into a useful, long-lasting article of clothing, 
involves the use of numerous types of chemical compounds.  In Massachusetts, just 10 miles (16 
km) north of downtown Boston, the City of Woburn seemed an ideal place for a tannery, as well 
as other types of industrial manufacturing activities.  

Woburn (2000 population of about 37,000) is an industrial center in central Massachusetts 
that sits astride the Aberjona River – a six mile (9.7 km) long watercourse that has been 
described as one of the most heavily urbanized in the Northeast. Largely channelized, the 
Aberjona River flows southward from Reading through Woburn and discharges into the Mystic 
Lakes, a one-time public water supply. Close to the major markets of Boston and with plenty of 
fresh water available, by the middle of the 1860s there were over 20 tanneries and currying 
(leather treating) facilities operating in Woburn, all of them using the Aberjona as a water supply 
and sewer. By the 1870s water quality in the River had deteriorated to the point that the 
Massachusetts Legislature banned the discharge of wastes into one of its major tributaries (Horn 
Pond Brook) and by 1911 outlawed discharges of wastes into the Aberjona itself - a hundred 
years before the Federal Clean Water Act! 

Despite these early attempts to improve Aberjona River water quality, local businesses and 
the City of Woburn continued to use the River both as a water supply and to dispose of sanitary 
and industrial wastewater, albeit in a much more controlled manner. In the mid-1960s, in an 
attempt to re-invigorate its declining industrial base, the City designated a 245 acre tract of land 
on its northern side, near the intersection of Routes I-93 and I-95, as an Industri-plex: a specially 
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zoned industrial area where manufacturing and other heavy industry would be encouraged to 
move and expand. With a long history of prior chemical and glue manufacturing (in support of 
the local leather industry), the Industri-plex site was gradually redeveloped throughout the 1970s 
and into the early 1980s and became home to paper, textile, pesticide (lead arsenate), and 
expanded leather-goods industries. 

As development of the Industri-plex went forward, the City of Woburn installed two 
additional water supply wells: Well G (1964) and Well H (1967).  These wells tapped ground 
water present in the interconnected fractures and joints present in the bedrock beneath the 
Aberjona River Valley and could yield up to two million gallons per day.  Periodically tested for 
bacteria and other basic quality indicators, criteria it regularly met, water from Wells G and H 
was piped into the municipal supply system without treatment.  By the late 1970s, these two 
wells was supplying up to 30% of the City’s water. In 1979, while on routine patrol, police found 
200 drums of waste solvent abandoned on a vacant lot near Wells G and H.  To their credit, they 
quickly realized that the presence of these drums might have adversely affected the ground water 
(Love Canal had exploded onto the national scene only a year earlier) and they notified local 
health officials. Water samples were taken quickly and laboratory results indicated that well 
water contained elevated levels of volatile organic compounds, most notable TCE.  

Later that same year, two requests for assistance were made to the Federal Government’s 
Centers for Disease Control (CDC): an official of the Massachusetts Department of Public 
Health had noticed an increase in mortality rates from various cancers in Woburn and thought 
that they might be related to pollution from the facilities at the Industri-plex. The second request 
came from a pediatric hematologist at Massachusetts General Hospital in nearby Boston. This 
doctor advised the CDC that he had evaluated six children with acute lymphocytic leukemia 
from Woburn, all living within a six block radius of each other. A local clergyman later 
announced to the mayor and press that he had uncovered ten childhood leukemia cases in one 
part of town that had developed over the past 15 years.  The CDC would eventually conclude 
that death rates in Woburn between 1969 and 1978 were statistically higher than would have 
been expected for a community of this type, when compared to others statewide and that cancer 
mortality was significantly greater, by 13%, for similar populations.  

As the health studies were being done, the City of Woburn arranged for an alternate water 
supply and the Massachusetts Department of Environmental Protection and USEPA began the 
laborious process of determining where the contamination had come from and who was 
responsible for it. They focused their attention on the Industri-plex and found that six separate 
properties on the site were contributing contamination to the aquifer that supplied Wells G and 
H.  

The Industri-plex site and several surrounding areas were added to the NPL on September 8, 
1983. The now 330-acre site includes former and more recent waste disposal areas as well as 
adjacent wetlands and the Aberjona River.  Runoff from contaminated areas would flow through 
wetlands and accumulate in Aberjona River bottom sediment, which are contaminated with 
PAHs and heavy metals (arsenic, chromium, and mercury). The pollution was caused by a 
combination of accidental discharges and intentional disposal of waste materials on the property 
now or formerly owned by the responsible parties: W.R. Grace, Unifirst Corporation, New 
England Plastics, Olympia Nominee Trust, Beatrice Foods, and Wildwood Conservation 
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Corporation.  Although initially reluctant to assume responsibility for the cleanup, these 
companies have entered into a negotiated settlement with USEPA for $70 million to fund 
cleanup activities. These include: 

• Removal of above ground waste materials that included drums of spent solvent and 
PCBs, as well as “hide piles” – unprocessed or off-spec animal skins and other debris 
present on the site often for decades as well as securing the site (fences, security 
patrols) from public access. 

• Excavating and removing over 200 tons (180 tonnes) of soil for off-site disposal and 
treating other soil in place with chemical oxidation and vapor extraction technologies.  

• Dredging and restoration of ponds and wetlands that became contaminated from 
overland flow of surface runoff and capping of certain impacted areas to reduce the 
amount of contaminated runoff entering the ecosystem.  

Ground water is being collected and treated from each of the source area properties to reduce 
its potential to migrate into the Aberjona River aquifer system. As of 2006, over 300 million 
gallons (1,134 million liters) of contaminated ground water have been withdrawn from the 
bedrock aquifer, treated to remove or reduce contaminant levels, and discharged into the 
Aberjona River.  An aerial view of the current conditions is referenced as Figure 1 (Google 
Maps, 2008).  Remedial activities at this Superfund Site are expected to continue for many years.  
(USEPA et al., 2007) 

 In what is one of the most tragic footnotes in the history of U.S. environmental pollution, in 
1982 eight Woburn families whose children had died from leukemia filed a very highly 
publicized lawsuit against several of the companies they considered responsible for the 
contamination of Wells G and H. One of the main issues under dispute was whether drinking 
TCE and the levels found in the Woburn well water could have resulted in childhood leukemia. 
While there was some evidence of a connection, there was no broad scientific consensus that 
such a link could be made authoritatively. After protracted litigation, including a jury trial, they 
were awarded a modest financial settlement, one that could never replace or make up for the 
suffering and loss of their children.  This lawsuit and the events leading up to it were popularized 
in both a book and movie entitled A Civil Action.  (A Civil Action, 1995)  Because of the 
complex nature of this well known Superfund site, we chose it to be the test case for our 
comparison of database reporting companies. 
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Figure 1. 2007 Aerial Photograph of the Industri-plex Site. 

2. MATERIALS AND PROCEDURE 

 The main priority for environmental professionals conducting an ESA is to find a company 
that can rapidly and cost-effectively provide all the information needed for site assessments and 
other related projects.  One of the first steps in assessing a property is ordering the regulatory 
database report.  Methods for the ordering and delivery of reports vary by provider.  Each 
provider can cater to client specific needs, whether it be electronic delivery or by regular mail.  
Deciding on what resources are needed to complete the environmental assessment is essential to 
the finished product.  Sanborn Maps, historical topographic maps, city directories and historical 
aerial photographs are just a few of the many resources offered by the selected providers.  As 
part of our investigation on this topic, a regulatory database report, Sanborn Maps, historical 
topographic maps, and historical aerial photographs were ordered from each data base company.  
Pricing, ease of use, data quality, presentation, and service basis were the five categories selected 
for comparison.  

 Initiating contact with each individual provider proved a simple task as each was more than 
happy to accept new business.  EDR and FirstSearch assigned a regional representative that 
assisted in the ordering process.  Having a regional representative is advantageous as they can 
help with specific regulations that may be applicable to a particular geographic region.  The 
regional representative also serves as an aid in setting up account information and helps in 
answering questions during the ordering process.  A challenge often faced by environmental 



160 Contaminated Soils, Sediments and Water - Regulatory
 

 

consultants during the assessment process is having a subject site in a State where the regulations 
are not well known or understood.  Account representatives serve as a good source of knowledge 
of regional regulations put forth by the EPA and respective State governing bodies.  EDR and 
FirstSearch had very knowledgeable representatives who created an easy environment for asking 
questions.  Questions to BBL were answered in a timely manner by their representative, but they 
were at a disadvantage by only having full coverage in California. 

 Ordering methods differed only slightly, as FirstSearch has desktop software making the 
database reports fully customizable and interactive.  EDR and BBL offered online ordering as 
their main method.   During the ordering process, a choice between a radius search and an area 
search are offered.  Radius searches define a specific area that can be extended from a 
centralized point within the property boundary.  An area search is one that is able to be extending 
from the boundary of the subject property.  FirstSearch offered an area search in which 
properties of any size or shape can be searched.  EDR offered area searches for properties less 
than 64 acres in size.  Properties over 64 acres in size, regardless of shape, have to be ordered 
using the extended radius search method.  BBL offered only radius searches. 

3. DATA AND ANALYSIS 

 Report delivery methods were similar between the providers as they were sent electronically.  
All providers electronically delivered the regulatory database report the same day it was ordered.  
Additionally, EDR delivered historical topographic maps and aerial photographs the same day 
they were ordered.  First Search delivered the Sanborn Maps the same day they were ordered, but 
the historical topographic maps and aerial photographs were delayed in arriving.  Table 1 
summarizes delivery times for each provider: 

 
 

Table 1. Summary of Delivery Times 
 EDR FirstSearch BBL 
Regulatory Report Same Day Same Day Same Day 
Sanborn Maps N/A Same Day N/A 
Historical 
Topographic Maps Same Day 1 business day N/A 

Aerial 
Photographs Same Day 6 business days N/A 

   *N/A – Not available  
 

A review of the regulatory reports revealed the quality of the data was consistent among the 
providers.  The data in the report was validated against our own search of the same EPA records, 
where available.  Format of the reports also were consistent from each provider, with EDR 
getting a slight edge by having a report that, in our opinion, was better organized and easier to 
read.  EDR and FirstSearch offered fully interactive reports which had several features assisting 
in summarizing the data.  Links to government websites and other pertinent information were 
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provided within the EDR and FirstSearch reports.  These links offered very valuable information 
as the websites sometimes contain contact information for the incident in question.   

Surprisingly, with the information given to each provider, only FirstSearch was able to 
provide Sanborn Maps for the property we were assessing.  The Sanborn maps sent by 
FirstSearch arrived the next business day and were of good quality.  EDR included a “No 
Coverage” letter indicating Sanborn maps were not available for the property, or were not 
available due to insufficient or inaccurate information given during the ordering process.  EDR’s 
statement that Sanborn Maps were not available, when in fact they were (and First Search 
apparently had no trouble finding them with the location information provided), was troubling 
and raises issues regarding the reliability of EDR’s “No Coverage” letter.  Review of the 
historical topographic maps and aerial photos found that EDR and FirstSearch provided diagrams 
that were equal in quality.  Both EDR and FirstSearch provided clear aerial photographs and 
historical topographic maps that covered the entire site. 

4. CONCLUSION 

 EDR is the first choice for Phase I data base services by most environmental consultants for 
good reason.  The information they provide is reliable, comprehensive, and fairly economic to 
obtain.  Account service is solid and coverage is nationwide and expanding.  However, with a 
smaller customer base, FirstSearch offers a viable alternative to EDR with its interactive and 
customizable reports.  Its user interface is more sophisticated and FirstSearch’s coverage and 
data quality are equivalent to EDR.  FirstSearch is at somewhat of a disadvantage as it must 
obtain Sanborn Maps from EDR, although in our case, FirstSearch did a better job in searching 
and delivering the Sanborn Maps than EDR.  BBL also is an alternative data base source to 
consider, especially for site along the west coast, in and around California.  The following 
summarizes our evaluation of the database companies: 

Pricing: All essentially the same.  Variation less than $10-$20 per package 

Ease of Use: FirstSearch Software allowed area searches for properties of any size and  

Orphan Sites were more easily evaluated with FirstSearch’s interactive software. 

Data Quality: Consistent between vendors.  Same databases (with updates) accessed and  
 presented. 

Presentation: EDR reports are more user friendly, easier to read and better formatted. 

Service Basis: EDR responsive and worked with us to resolve “issues”. 

FirstSearch provided excellent, personalized service, but was too account driven. 

BBL’s coverage was restricted to California. 

EDR easiest to use, fastest, most comprehensive coverage. 
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FirstSearch went extra mile during ordering, ensured Sanborn Map delivery. 

 Due to time and budget constraints, the comparison of these providers was limited to the 
assessment of one site and a sample size of one may not be large enough to extrapolate the 
findings presented in this paper to a larger universe of sites.  The environmental consultant 
performing the ESA  should take into consideration the complexity of the site being assessed 
when choosing which provider will best fit their needs. 

 EDR is in the enviable position of being the dominant provider of data base services in the 
United States and it treats its market-position with respect.  Despite its dominance, prices are still 
reasonable and service strong.  As any well-run business would, EDR continually seeks to 
expand its service lines and anticipate the needs of its customers.  However, it is in the interests 
of all environmental professionals to encourage and support supplier diversity – imagine what 
pricing would look like if there was only one laboratory that could analyze soil and ground water 
for VOCs.  FirstSearch, BBL and probably others not evaluated here are practical alternatives to 
EDR, each with their own advantages and disadvantages.  Competition keeps all of us sharp and 
attentive to the marketplace and is the technical whetstone of any service or technology business.  
Provision of data base services should be no exception.  
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ABSTRACT 

 Over the last decade data have been published that demonstrate that natural attenuation of 
hydrocarbons in the subsurface is dominated by anaerobic processes.  Some data have indicated 
that benzene is recalcitrant; some have shown it degrades but at a slower rate than alkyl benzenes 
(primarily TEX) under anaerobic conditions.  Many natural attenuation studies have pointed to 
the sequential order of attenuation.  This paper evaluated data from four sites in the Midwestern 
U.S. (Illinois, Indiana, Michigan, and Missouri) that explain and contrast existing impressions.  
Although the actual attenuation rates varied from site to site, primarily dependent upon the 
relative availability of electron acceptors, data from these sites indicated that attenuation of 
BTEX compounds under anaerobic conditions is concurrent. The benzene attenuation rate 
appeared to be a function of the relative abundance of TEX.  The ratios of attenuation rates 
between the compounds, however, appear to be relatively constant within certain brackets.  For 
example, of the BTEX compounds, at the four sites in this study, toluene attenuated at the 
highest rate followed by benzene which attenuated at average rates between 70 and 80% of 
toluene, xylenes which attenuated at average rates between 60 and 70% of toluene (which may 
be dependent upon which xylenes are most abundant), and lastly ethylbenzene which attenuated 
at average rates 50 to 60% as high as toluene.  These were observed at both natural and sulfate-
enhanced attenuation sites. 

Keywords:  attenuation rate, BTEX, hydrocarbon, petroleum, contamination, groundwater 
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1.           INTRODUCTION 

 Over the last decade, numerous publications have demonstrated that natural attenuation of 
hydrocarbons in the subsurface is dominated by anaerobic processes (Kolhatkar, et al., 2000; 
Wiedemeier et al., 1999; Wilson et al., 2002).  Some, however have indicated that benzene is 
either recalcitrant or that it attenuates at a slower rate than toluene, ethylbenzene, and xylenes 
(TEX) (Cunningham et al., 2001; Suarez et al., 1999).  In this paper we compare the ratio of 
attenuation rates of each of the BTEX compounds to the rate for toluene in multiple wells at four 
field sites.  Because toluene usually had the highest attenuation rate, it was used as a basis for 
comparison for the other compounds at each monitoring point. 

This paper describes and compares the attenuation rate, not specifically the biodegradation rate.  
The attenuation rate also includes physical parameters such as dispersion, dilution, sorption, and 
retardation that will affect concentrations of individual compounds at different magnitudes 
downgradient of a contaminant source. 

2.           MATERIALS AND METHODS 

 This study evaluated the relative rates of attenuation of BTEX components under anaerobic 
conditions at four sites.  Actual first order attenuation rates at any given site vary according to 
the geologic conditions and the availability of electron acceptors.  The goal of this study was to 
determine if B, T, E, and X compounds degraded concurrently in field anaerobic conditions, and 
if so, if there was a general ratio or order of fastest to slowest.  Because the sites studied are 
actual field sites and not controlled laboratory tests or pilots, we cannot say that any one process 
such as iron reduction, nitrate reduction, sulfate reduction or methanogenesis is exclusive at any 
site.  However, based on the consumption of available electron acceptors in the plume, 
geochemical data indicated that sulfate reduction is a prominent process at each site. 

 The four sites in the Midwestern United States chosen for this study were Antioch, Illinois, 
Clio, Michigan, Indianapolis, Indiana, and St Clair, Missouri.  All four sites had reported leaking 
underground storage tank incidents.  The sites had all undergone routine assessment under state 
and federal regulations.  Three of the sites had had some form of remediation such as UST 
excavation or pump and treat followed by enhanced monitored natural attenuation (MNA) 
through the addition of an electron acceptor (sulfate).  The fourth site had only undergone natural 
attenuation.  On sites where electron acceptors had been added, attenuation rates before and after 
the applications were reviewed.   

The following criteria were used for site selection and subsequent monitor point screening: 

Each site had a stable or decreasing plume. 

Each site was in a stage of monitored natural attenuation or enhanced monitored natural 
attenuation with the addition of an electron acceptor as the only enhancement. 
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 Geochemical profiles from background across the plume indicated the dominance of anaerobic 
processes in the zone of attenuation. 

 Attenuation rate calculations were based on at least 2 years of decreasing concentrations over 
time for B, T, E, and X  

 Regression analysis for each compound at a monitoring point had a statistically significant 
slope within at least a 90% confidence limit with a p value <0.05. 

2.1         Site Data                

2.1.1      Antioch, Illinois 

 The Antioch, Illinois, site (Figure 1) had a reported LUST incident in 1991.  The source at the 
time included a long linear LNAPL plume that extended from near the current eastern dispensers 
south off the property line.  The course of remediation included pulling the old USTs, over 
excavating, and installing LNAPL recovery trenches.  By 2004, there was no longer any 
measurable LNAPL.  BTEX concentrations, however, were stable but not declining.  The 
geology was permeable sand and the groundwater gradient was to the south.  Through both 
geochemical and biological analyses (plate counts and PLFA), the plume was determined to be 
anaerobic with a strong component of sulfate reduction.  In late 2005 a series of sulfate injections 
were begun to provide electron acceptors to the sulfate reducing bacteria.  Subsequently BTEX 
concentrations in most wells began to decline with statistically significant slopes in concentration 
vs. time plots. 

2.1.2      Clio, Michigan 

 The Clio, Michigan site (Figure 2) had a reported LUST incident in 1980.  The source at the 
time included a LNAPL plume that extended from near the UST cavity and the former western 
dispensers and northerly towards the property line.  Remediation included pulling the old USTs 
and implementation of Mobile Multi-Phase Extraction events.  Measurable LNAPL thicknesses 
were periodically encountered at OW-9R and OW-23.  The geology in the aquifer is 
predominately silty sand and the groundwater gradient is to the northeast.  Through geochemical 
analyses, the plume was determined to be anaerobic predominantly under sulfate reduction.   
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Figure 1.  Site map of Antioch, Illinois with benzene concentration contours.  The outer contour 
is 5 ppb.  The contours increase in value inward. 

 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.  Site map of Clio, Michigan with benzene concentration contours.  The outer contour is 
5 ppb.  The contours increase in value inward. 
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2.1.3      Indianapolis, Indiana 

 This site was a candidate for enhanced attenuation via addition of sulfate and was the focus of 
a prior paper (Bruce, 2007).  At this Central Indiana site (Figure 3), dissolved BTEX levels were 
relatively high fifteen years after the service station closed.  The geology was a sandy zone 
overlain by silty clay.  The groundwater gradient was toward the west-northwest.  Although the 
UST source area had been over excavated and a pump and treat system had operated for a period 
of time after the facility closed, concentrations were still too high to qualify for remediation by 
MNA under state guidelines.  The remaining source zone lies on the west side of the former UST 
pit.  In 2004, dissolved benzene levels near the source area hovered near 1,000 ppb.  The 
dissolved plume was neither growing nor shrinking.  If the source area could be addressed, the 
plume should shrink.  Excavating again was not an option because the site had already been 
redeveloped.  Inorganic analyses showed that dissolved sulfate was present naturally in the 
aquifer outside the hydrocarbon plume with a mean concentration of 78 mg/l.  In the dissolved 
phase BTEX plume area, however, sulfate concentrations were substantially reduced to 
concentrations less than 10 mg/l.  Additionally, a shadow of reduced sulfate concentration 
extended downgradient of the plume area.  This was a very strong indicator that the hydrocarbon 
plume had gone anaerobic and was under sulfate reducing conditions.  In 2004, high 
concentration sulfate solutions were added to the source area through an infiltration trench three 
times over a five month period.  

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 3.  Site map of Indianapolis, Indiana with benzene concentration contours.  The outer 
contour is 5 ppb.  The contours increase in value inward. 
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2.1.4      St. Clair, Missouri 

This location was described in a paper by Bruce, Kolhatkar and others, 2007.  This site in central 
Missouri (Figure 4) is underlain by fractured bedrock.  Groundwater flow in the area is affected 
both by northwest-southeast and northeast-southwest fracture orientations and by a north-south 
trending groundwater divide that caused dissolved phase to move both east and west of the 
source area.  The primary aquifer is the Jefferson City Dolomite with a water table at about 60 
feet below ground surface.  However, relatively persistent shallow perched zones exist.  Two 
adjacent service stations (one former) appear to have commingled plumes.  A pump and treat 
system was implemented and then shut down on the southern property.  The northern property 
had been undergoing monitored natural attenuation since contamination was discovered in 1990.  
The data used here was from the northern property only. 

 

Figure 4.  Site map of St. Clair, Missouri with benzene concentration contours.  The outer 
contour is 5 ppb.  The contours increased in value inward 
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2.2         Geochemical Profiles                

 Field measurements and laboratory analyses of groundwater are relatively easy to perform and 
inexpensive.  Observing simple groundwater geochemical parameters, such as the change in 
concentration of electron acceptors across a plume, can provide definitive evidence of microbial 
degradation of contaminants, and provide quantitative data regarding rates of degradation and the 
contribution of different processes (Chapelle, 2001).  Bruce et al. (2007) also provides a detailed 
guidance on use of geochemistry to define the terminal electron-accepting zones (aerobic, or 
iron-reducing, nitrate-reducing, sulfate-reducing, or methanogenesis) in which attenuation is 
occurring.  A brief list of parameters that help define the anaerobic zone is given below. 

 Decrease in dissolved oxygen (field measure) from several mg/l background to less than 1 
mg/l in the plume.  Caution: Many DO measurements have historically been inaccurate and have 
given false positives.  Use of appropriate and calibrated instruments to ensure correct DO 
measurements is highly recommended. 

 Change in redox potential in millivolts (field measure) from positive outside the plume to 
negative in the plume, preferably with -100 millivolts or lower in the plume. 

 Decrease in nitrate concentration, if present outside the plume, should decrease significantly in 
the plume. 

 Increase in dissolved iron concentration (Fe II only from filtered samples) from very low or 
near non-detect in the background to several mg/l in the plume. 

 Decrease in sulfate concentration in the plume as compared to natural background 
concentration.  

 Optional: increase in dissolved CO2, dissolved methane, and/or dissolved hydrogen in the 
plume as compared to background. 

 These parameters should be viewed as a profile from background across the plume.  However, 
not every parameter is required.  Only some of these parameters had been measured historically 
at each site.  Therefore if at least three of these criteria were met, with no significant conflicting 
data, the attenuation areas were deemed anaerobic. 

2.3 BTEX Attenuation Rates 

2.3.1 Graphical Estimation 

 This paper estimated attenuation rates for each BTEX compound in groundwater at monitoring 
points in or downgradient of a source. The first order attenuation rates were calculated by linear 
regression analysis of time profiles of the natural logarithm of the concentration of contaminant 
of concern [i.e. ln(CoC) vs time].  Methods of calculating attenuation rates and first order rate 
constants are discussed by Newell, et al. 2002.  Figures 5, 7, 8 show the concentration profile of 
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BTEX in each chosen well at 3 of the sites (Antioch, Indianapolis, St. Clair).  The lines in these 
graphs display least squares exponential fits of the data to show the trends that correspond to the 
measured concentrations. Ln(CoC) vs time was used in the linear regression and statistical 
calculations.  Figure 6 (Clio) provides an example graph of ln(CoC) vs time illustrating the 
graphs used for estimations of the attenuation rates and for statistical analyses.    

 The slope of the graph of natural log of concentration of contaminant of concern (CoC) versus 
time (t) was estimated graphically by applying the "least squares" best fit method over the time 
of interest.  This slope is the attenuation rate (k day-1) of each component and is illustrated in  
equation 2. 
 

(CoC)t = e–kt(CoC)o   -------------------------------------------------(1) 
 
ln(CoC) t =–k t * ln(CoC) o              -------------------------------------------------(2) 
 
where   (CoC)t = concentration of contaminant of concern at some time t after time zero 
            (CoC)o = concentration of contaminant of concern at time zero 
                       k= attenuation rate (day-1) = slope of ln(CoC) t vs time, t 
                  t = time in days after time zero   
 

 

half-life (days) = ln(2) / k (day-1)         -------------------------------------------------(3) 
 

Equation 3 can be used to calculate the half-life of a CoC.  For example, a “k” equal to -0.001 
day-1 is equal to a half life of approximately 693 days or about 1.9 years.   

2.3.2 Statistical Analyses: 

 Excel®’s regression data analysis tool was used to calculate the confidence level at which the 
slope of B, T, E, or X attenuation was statistically significant.  Wells with slopes (of ln(CoC) vs 
time) that were statistically significant at less than 90% confidence level were not selected for 
this paper.  Another statistical parameter, which we used as the 2nd selection sieve, was the p-
value.  A threshold of 0.05 was used for the p value (p<0.05) to demonstrate that for a given 
compound in the selected well there was less than 5% chance that ln(CoC) was unrelated to the 
independent variable, time (t).   

 Hence, wells that had statistically significant slopes at ≥ 90% confidence levels and had p-
values <0.05 for slope of ln(CoC) vs time for each contaminant, were chosen for this study. Two 
wells with < 90% confidence limits for ethylbenzene were exceptions.  At the Indianapolis site, 
the slope for ethylbenzene in wells OW-3R and OW-23 fell below the 90% confidence limit 
because of scatter in the data for that compound.  However the slopes for the other compounds in 
those wells were statistically significant at 95% confidence limits and we chose to include these 
wells in the study.    
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2.3.3 Correlation of CoC Concentration with Groundwater Elevation 

 A similar statistical analysis was carried out to evaluate the relationship between CoC 
concentration and groundwater elevation.  This is illustrated in the lower left graph of Figure 5.  
No statistically significant correlation was observed between the concentration of CoCs and 
groundwater elevation in any well at any site.  This proved that the attenuation of BTEX 
compounds at these sites was not due to fluctuations in groundwater levels. 

3.  RESULTS AND DISCUSSION 

 Attenuation rates for B, T, E, X were calculated by plotting the concentration profiles of each 
of these compounds for each well at the four sites (Figures 5, 6, 7, 8).  The choice of wells was 
based on the criteria discussed in Section 2.  Attenuation rate calculation was based on at least 2 
years of decreasing concentrations over time for B, T, E, and X.   Regression analysis for each 
compound at a monitoring point was performed and wells that had a statistically significant slope  

 
Table 1.  Site : Antioch, Illinois: Rates of attenuation (k, day-1) of each of the CoCs 

calculated and compared to that of toluene (kCoC/kT).  At this site, attenuation was enhanced 
through addition of sulfate as an electron acceptor.  Before enhancement, concentrations 

were stable but not declining.  The top rows show benzene and TEX concentrations at the 
beginning of the time of interest.  The initial benzene/ TEX ratio is also shown. 

 
 
ANTI

OCH 

 
MW-2 

 

 
MW-7 

 
MW-17 

B ppm 
(initial) 0.25 0.45 5 

TEX 
ppm 
(initial) 0.4 2.94 5.42 

B/TEX 0.6 0.15 0.92 
 k 

(day-1) 
kCoC/

kT 
k (day-

1) 
kCoC/kT k (day-1) kCoC/kT 

B 
0.00

09 0.4 0.0008 0.6 0.0024 0.7 

T 
0.00

21 1.0 0.0012 1.0 0.0036 1.0 

E 
0.00

09 0.4 0.0021 1.7 0.0032 0.9 

X 
0.00

11 0.5 0.0021 1.7 0.0034 0.9 
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of at least 90% confidence limit with a p value <0.05 were used for estimation of attenuation rate 
k(day-1). The ratio of attenuation rate of benzene, ethylbenzene, and xylenes to the attenuation 
rate of toluene (kCoC/kT) was also calculated.  These are shown in tables 1 through 4.  This ratio 
qualitatively serves as an indicator for the hierarchy of attenuation.  Toluene had the highest rate 
of attenuation in about 80% of the wells in this 4-site data set and was chosen as a basis for 
comparison.   

 In addition to concentration profiles of B, T, E, X, Figure 5 also displayed a graph in the lower 
left showing the relationship between benzene concentration and groundwater elevation for all 
three wells at Antioch.  Regression and statistical analyses were also performed on this data.  As 
seen from the graph, there was no significant correlation between the benzene concentration and 
groundwater elevation.  Similar graphs were plotted and analyses performed for each of the other 
3 sites and no correlation was observed between contaminant concentration and the groundwater 
elevation (data not shown).  This demonstrated that the decrease in concentration of contaminant 
was not due to groundwater fluctuation. 

 
  
Table 2.  Site : Clio, Michigan: Rates of attenuation (k day-1) of each of the CoCs calculated 

and compared to that of toluene (kCoC/kT).  The top rows show benzene and TEX concentrations 
at the beginning of the time of interest.  The initial benzene/ TEX ratio is also shown. 

 
 
 
 
 
 
 
 
 
 
 

 
CLIO 

 
OW-19 

 
OW-21 

 
OW-22 

 
B ppm 

(initial) 1.8 0.6 0.9 
TEX 

ppm 
(initial) 46.6 31.4 1.9 
B/TEX 0.04 0.02 1.9 

 k (day-1) kCoC/kT k (day-1) kCoC/kT k (day-1) kCoC/kT 
B 0.0012 1.3 0.0010 0.9 0.0024 0.7 
T 0.0009 1.0 0.0011 1.0 0.0036 1.0 
E 0.0005 0.6 0.0002 0.2 0.0018 0.5 
X 0.0003 0.3 0.0002 0.2 0.0023 0.6 
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Figure 5. Site: Antioch, Illinois: Profiles of CoCs in wells 2, 7, 17 used to calculate 
attenuation rate (-k day-1);  The graph in the lower left, benzene vs groundwater in the 3 wells, 
showed that there was no correlation between CoC concentration and groundwater fluctuation. 
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Figure 6. Site: Clio, Michigan: The left hand column of graphs are profiles of CoCs in wells 
19, 21, and 22.  The right hand column of graphs are ln(CoC) vs time.  The natural log data were 
used to calculate regression statistics and attenuation rate (-k day-1).  Rate constants obtained for 

this site are in Table 2. 
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Table 3.  Site : Indianapolis, Indiana: Rates of attenuation (k day-1) of each of the CoCs 
calculated and compared to that of toluene (kCoC/kT).  Attenuation was enhanced through 

addition of sulfate as an electron acceptor.  Before enhancement, concentrations were stable but 
not declining.  The top rows show benzene and TEX concentrations at the beginning of the time 
of interest.  The initial benzene/ TEX ratio is also shown.  *Note the attenuation rate for toluene 
from OW-3R was used at OW-17R because at the beginning of the time of interest toluene was 

practically depleted in OW-17R. 
 
 
 

INDIANAPOLIS  
OW-3R 

 
OW-10R 

 
OW-17R 

 

 
 

OW-23 
  

B ppm 
(initial) 0.3 0.73 0.12 

0.33 

TEX ppm 
(initial) 11.9 16.5 1.02 

17.4 

B/TEX 0.03 0.04 0.12 0.02 
 k (day-1) kCoC/kT k (day-1) kCoC/kT k (day-1) kCoC/kT k (day-1) kCoC/kT 

B 
0.0044

6 0.78 
0.0010

6 0.34 
0.0041
3 0.73 

0.001
50 0.54 

T 
0.0056

9 1.00 
0.0031

3 1.00 
0.0056
9* 1.00 

0.002
80 1.00 

E 
0.0006

6 0.12 
0.0013

3 0.42 
0.0047
1 0.83 

0.001
00 0.36 

X 
0.0023

4 0.41 
0.0028

0 0.89 
0.0027
7 0.49 

0.001
60 0.57 
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Figure 7. Site: Indianapolis, Indiana: Profiles of CoCs in wells 3R, 10R, 17R, and 23 used to 
calculate attenuation rate (-k day-1).  Rate constants obtained for this site are in Table 3. 

 
 

Table 4.  Site : St. Clair, Missouri: Rates of attenuation (k day-1) of each of the CoCs 
calculated and compared to that of toluene (kCoC/kT).  The top rows show benzene and TEX 

concentrations at the beginning of the time of interest.  The initial benzene/ TEX ratio is also 
shown. 

 
 
ST. 

CLAIR 

 
MW-2 

 
MW-3 

 
MW-6 

 
B ppm 

(initial) 0.8 1.25 1.10 
TEX ppm 

(initial) 8.78 8.47 11.70 
B/TEX 0.09 0.15 0.09 
 k (day-1) kCoC/kT k (day-1) kCoC/kT k (day-1) kCoC/kT 
B 0.0002 0.67 0.0004 0.50 0.0007 0.64 
T 0.0003 1.00 0.0008 1.00 0.0011 1.00 
E 0.0001 0.33 0.0004 0.50 0.0006 0.55 
X 0.0004 1.33 0.0008 1.00 0.0009 0.82 
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Figure 8. Site: St. Clair, Missouri: Profiles of CoCs in wells 2, 3, and 6 used to calculate 
attenuation rate (-k day-1).); Rate constants obtained for this site are in Table 4. 

 Although some individual wells had some wide ranges, on average the ratios of attenuation 
rates between the compounds were relatively constant within certain brackets from site to site.  
In this study involving four sites, toluene attenuated at the highest rate followed by benzene 
which attenuated at rates roughly between 50 and 80% of toluene (average of 70 - 80%), xylenes 
attenuated at rates roughly between 50 and 95% (average of 60 – 70%) of toluene (which may be 
dependent upon which xylenes are most abundant), and lastly ethylbenzene attenuated at rates 
roughly between approximately 45 and 90% (average 50 – 60%) of toluene.  These ratios were 
observed at both natural and sulfate-enhanced attenuation sites and tended to be relatively 
consistent on a site wide average basis whether natural attenuation was occurring rapidly or 
slowly.  Table 5 shows the average attenuation rates for each compound at each site and the 
corresponding ratios of attenuation rates.  Table 6 illustrates the difference between natural and 
enhanced and shows the average attenuation rates and ratio of rates (kCoC/kT) from wells under 
similar conditions.    

 The rate of attenuation of each compound under enhanced attenuation conditions (by 
providing electron acceptors like sulfate) is greater than the rates observed under natural 
conditions.  This has been observed in past studies and has been a focus of many publications 
(Bruce, 2007 and Kolhatkar, 2008).  However, regardless of the conditions, the ratio of 
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attenuation rate of B, E, or X to that of T does not differ significantly from site to site.  The 
consistent nature of these ratios indicate that attenuation of B, T, E, and X is taking place 
concurrently at all of these anaerobic sites.  The attenuation rate of benzene in the range of 50 to 
80% of that of toluene clearly indicates that it is attenuating simultaneously.   

 This paper also looked at the relationship of benzene attenuation rate with the concentration of 
B with respect to TEX.  Under both natural and sulfate-reducing conditions, qualitatively there 
was an inverse relationship between benzene attenuation rate and the ratio of the concentration of 
benzene to that of TEX.  However, statistical calculations of this data set did not fall within our 
defined range for significance.  Therefore further research is required to determine if this 
relationship is valid. 

 
Table 5.  Site wide average attenuation rates and their ratios compared to toluene 

 

 Average Attenuation Rates at Each Site 

 Antioch (enhanced) 
Indianapolis 

(enhanced) 
Clio  

(natural) 
St Clair  
(natural)  

 -k day-1 kCoC/kT -k day-1 kCoC/kT -k day-1 kCoC/kT -k day-1 kCoC/kT 

B 0.00135 0.59 0.00279 0.72 0.00153 0.82 0.00043 0.59 

T 0.00229 1.00 0.00387 1.00 0.00187 1.00 0.00073 1.00 

E 0.00202 0.88 0.00193 0.50 0.00083 0.45 0.00037 0.50 

X 0.00218 0.95 0.00238 0.61 0.00093 0.50 0.00070 0.95 
 

Table 6.  Average attenuation rate for 6 wells under natural attenuation and 7 wells under 
enhanced attenuation conditions.  kCoC/kT gives the ratio of attenuation rate of B, E, or X to that 

of toluene 
 

  

average 
k (day-1) 
enhanced 

average k 
(day-1) 
natural  

kCoC/kT 
enhanced 

kCoC/kT 
natural 

B 0.0021 0.0010 0.7 0.8 

T 0.0031 0.0013 1.0 1.0 

E 0.0020 0.0006 0.6 0.5 

X 0.0023 0.0008 0.7 0.6 

4.          CONCLUSION 

 This study demonstrated that under anaerobic conditions there is a hierarchy of attenuation 
rates for B, T, E, and X independent of whether a site is degrading rapidly or slowly or whether 
attenuation is natural or enhanced via a supply of electron acceptors.  At the four Midwestern 
sites in this study, toluene attenuated at the highest rate followed by benzene which attenuated at 
average rates of 70 - 80% of toluene, xylenes which attenuated at average rates of 60 - 70% of 
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toluene (which may be dependent upon which xylenes are most abundant), and lastly 
ethylbenzene which attenuated at average rates of 50 - 60% as high as toluene. The consistent 
nature of these ratios demonstrated that attenuation of B, T, E, and X took place concurrently at 
all of these anaerobic sites, and that benzene was not recalcitrant.  The addition of electron 
acceptors, such as sulfate, increased the overall attenuation rates, but did not affect the order or 
ratios in the hierarchy. 

 Qualitatively there was an inverse correlation between the benzene attenuation rate and the 
ratio of benzene concentration to the combined concentration of toluene, ethylbenzene, xylenes 
(B/TEX).  But this correlation was not statistically significant in this data set and will be the 
focus of a future study.   
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FULL SCALE IMPLEMENTATION OF SULFATE ENHANCED 
BIODEGRADATION TO REMEDIATE PETROLEUM IMPACTED 
GROUNDWATER 

James Cuthbertson1§, Mark Schumacher2 
1Delta Consultants, 39810 Grand River, Suite C-100, Novi, Michigan USA 48375, 2 Delta Consultants, 104 Jamesville Road, 
Syracuse, New York USA 13214  

ABSTRACT 

 Anaerobic degradation is the dominant driving force in natural attenuation of petroleum 
contamination in the subsurface. The contribution to natural attenuation by electron acceptors 
other than oxygen, such as nitrate, iron III, manganese IV, sulfate, and even carbon dioxide, has 
been the subject of considerable research in recent years.  The addition of these alternative 
electron acceptors has been shown to have many potential advantages over the traditional 
approach of attempting to add dissolved oxygen to the plume.  Kolhatkar et al. (2000), 
Wiedemeier et al. (1999), and Wilson et al. (2002) have shown that of these natural anaerobic 
processes, sulfate reduction accounts for most of the degradation.  Cuthbertson et al. (2006) 
presented case studies that demonstrated the benefits of using Magnesium Sulfate solution to 
stimulate the biodegradation of petroleum contaminants in groundwater under field conditions at 
various sites.   

 Following a successful on site treatability study in 2006, full scale groundwater remediation 
using Delta’s Patented Sulfate Enhanced Biodegradation (SEB) process was initiated in 2006 at a 
large former service station and bulk storage facility in Upstate New York.  Applications of a 
concentrated solution of magnesium sulfate (Epsom Salt) in water were made in 2006 and 2007.  
The applications were highly successful for remediation of MTBE, as well as, other petroleum 
constituents.  The results obtained from this site represent the first field scale demonstration of 
MTBE remediation utilizing this technique.   

 
Keywords:  BTEX, MTBE, sulfate, hydrocarbon, petroleum, contamination, groundwater 

1.            INTRODUCTION 

 Over the last decade, numerous publications have demonstrated that natural attenuation of 
hydrocarbons in the subsurface is dominated by anaerobic processes (Kolhatkar, et al., 2000; 
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Wiedemeier et al., 1999; Wilson et al., 2002).  Biological degradation involves the creation of 
biochemical energy through microbial respiratory metabolism, which couples the oxidation of an 
organic compound (petroleum hydrocarbons in this case) with the terminal reduction of an 
inorganic compound (electron acceptor).  Aerobic respiration utilizes oxygen as the terminal 
electron acceptor, while anaerobic respiration utilizes nitrate, sulfate, ferric iron, manganese 
oxide, and/or carbonate as the terminal electron acceptor. 

 The distribution and availability of electron acceptors control the rate of in-situ 
biodegradation.  Other factors (microbial population, pH, temperature, nutrients, etc.) rarely limit 
the amount and rate of biodegradation.  In the presence of organic contaminants, such as 
petroleum hydrocarbons, terminal electron acceptors are depleted at a rate significantly higher 
than can be naturally replenished, thus inhibiting biological degradation.  The introduction of 
additional electron acceptors to the subsurface can accelerate the rate of biological degradation. 

 There are many benefits of providing sulfate as the terminal electron acceptor to the 
subsurface environment.  As anaerobic conditions naturally prevail under petroleum-impacted 
sites, there is less acclimation time necessary for microbial populations, thus sulfate injection 
stimulates processes that are already occurring.  The high solubility and stability of sulfate 
solutions relative to traditional electron acceptors allows for improved subsurface delivery and 
coverage, and higher concentrations of sulfate can be added to groundwater due to its high 
solubility (as compared to oxygen).  One mole of sulfate also has twice the oxidizing or electron-
accepting capacity of oxygen.  The lower energy reactions of sulfate reduction require less 
nutrient supplementation and produces less biomass and secondary precipitates, which can plug 
an aquifer.  There is less non-target demand on sulfate when compared to oxygen, which 
provides better utilization efficiencies. 

 This paper describes the implementation and results of a full scale implementation of 
anaerobic biodegradation at a site in Ogdensburg, New York, USA.  In addition, this paper 
demonstrates that SEB is a viable technique for remediation of MTBE.   

2.            MATERIALS AND METHODS 

 The subject site consists of approximately 7.0 acres of commercial property occupied by three 
vacant buildings which include an office, a former restaurant, and another outbuilding.  Prior to 
2006, the site had also been occupied by a retail fueling facility (including a service kiosk, 
underground fuel lines, pump islands and a canopy) that had been located on the eastern side of 
the site, and also a petroleum bulk storage plant (including a loading rack, pump island, 
aboveground storage tanks, and containment structure) that had been located on the western side 
of the site.  Spill incident numbers were assigned to the former retail facility area in 2004 and to 
the bulk storage area in 2006. 

2.1  Soil Impact 

 Site assessment activities identified three areas of soil impact described as follows:   
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• AREA -1:  Soil impacts were defined in the eastern area of the site in the area surrounding 
the former retail fueling facility.  Investigation findings indicated that petroleum-impacted 
soils were located in areas around the former pump islands and along the numerous 
product lines that were encountered in the area.  The vertical extent of impacts in this area 
generally appeared to extend from between 0.5 feet and 8 feet below grade.  Soils in 
isolated areas were impacted to greater depths; however, those areas appeared to be limited 
in extent.  Petroleum impacts were also present in saturated soils beyond the immediate 
area of the fueling facility, with impacts appearing to be related to migration of petroleum 
products via the groundwater pathway. 

• AREA-2:  Soil impacts were defined in the central area of the site in an area located 
between the office building and former restaurant, where product lines and the remnants of 
a suspected fuel island were encountered during line removal activities.  The horizontal 
extent of the impacts appeared to be limited to an area that was located along the former 
supply lines and the area of the suspected pump island.  Vertical impacts were observed to 
extend to depths of 3 feet to 5 feet in the area along the former supply lines.  In the area 
surrounding the suspected pump island, impacts extended to between 5 feet and 6 feet in 
depth. 

• AREA-3:  Soil impacts were encountered in the western area of the site in the area located 
beneath the former bulk storage plant.  The horizontal extent of impacts appeared to be 
limited to the area located beneath the footprint of the former bulk plant, with the greatest 
impacts in the area of the former fuel rack and beneath the older sections of the former 
containment area.  The vertical extent of impacts was variable across the area and extended 
from near grade to depths of up to approximately 5 feet below grade. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Estimated Areas of Impacted Soils Prior to Excavation 
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 The remedial approach selected for the soils at the site consisted of excavation of shallow 
unsaturated soils.  Soil excavation from the three previously described soil impact areas was 
conducted between 30 October and 28 November 2006 with subsequent offsite disposal of 
petroleum-impacted soils.  During excavation activities, subsurface soil samples were collected 
from the excavations at varying depths and locations and screened for the presence of volatile 
organic compounds (VOCs) using a photoionization detector (PID).  PID readings and field 
observations (i.e., staining, odor, etc.) were used to evaluate whether or not soil was considered 
as clean or impacted.  Generally, when PID readings were either at or below 10 ppm the area was 
considered to be clean.  Following completion of excavation activities, confirmation soil samples 
were collected from the limits of the excavated areas to verify the adequate removal of 
petroleum-impacted soils.  Overall, 4,682.49 tons of petroleum-impacted soil was removed from 
the site during excavation activities.   

2.2  Groundwater Impact 

 Assessment of the extent of dissolved phase groundwater impact identified two distinct areas 
of concern described as follows: 

• The first area (East Area) is located in the eastern portion of the site in the area 
surrounding the former retail fueling facility.  The extent of impacts in groundwater 
generally mirrored those encountered in soils and was limited to the area between the 
entrance driveways and the former restaurant building. 

• The second area (West Area) is located in the western portion of the site and centered on 
monitoring well MW, which is located to the immediate east of the former bulk storage 
plant.  Groundwater impacts in this area of the site were limited to MTBE in 
groundwater. 

 Historic groundwater elevation measurements indicate that groundwater flow is generally to 
the east to northeast across the site.  Analytical data indicate that the limits of affected 
groundwater onsite are generally defined.  Based on the available data, it does not appear that 
petroleum-impacted groundwater has migrated offsite. 

2.3  Remedial Design 

 Between May and August 2006, a pilot test consisting of a limited application of a 20% by 
weight magnesium sulfate solution was conducted in an impacted area of the eastern site (near 
the former retail facility pump islands) to assess the effectiveness of the SEB remedial 
alternative.  Following the collection of baseline groundwater samples on May 18, 2006, the 
pilot test was initiated by applying approximately 100 gallons of magnesium sulfate solution.  
Following application of the magnesium sulfate, aquifer conditions in the pilot test area were 
monitored during three monthly monitoring events (20 June, 17 July and 10 August 2006) to 
assess the effectiveness of the remedial technology.  Monitoring included sampling of 
groundwater and analysis for VOCs and MTBE (EPA Method 8021), ferrous iron, nitrate, sulfate 
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and magnesium.    Samples were also analyzed in the field for dissolved oxygen, pH and ORP.  
Water levels and groundwater flow direction were also evaluated during the monitoring events.   

 Following a review of the pilot test data, it was determined that the magnesium sulfate 
application was effective in reducing VOC concentrations and increasing sulfate concentrations 
in test wells at least 20 feet away from the application well over the three month study period.  
Based on the reductions in VOC’s observed during the three month post application monitoring 
period, it was determined that the magnesium sulfate technology would be an effective remedial 
alternative for treating petroleum-impacted groundwater at the site.   

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Estimated Areas of Impacted Groundwater 

 

 The remedial approach selected to remediate groundwater and petroleum impacted soils below 
the groundwater at the site after the completion of soil excavation was SEB.   

 Based on the 2006 pilot test data, a final remedial design was developed for application of 
SEB in the eastern and western areas of groundwater impacts at the site.  The remedial design 
provided estimated application quantities, system infrastructure requirements, and monitoring 
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frequency.  A series of vertical two-inch-diameter wells were installed by hollow stem auger 
drilling techniques to depths that screened the saturated treatment zone in each area of concern 
(15 feet in depth).  Wells were installed on approximately 30-foot centers in a distribution pattern 
that allowed for coverage of the area of impacted groundwater in both affected portions of the 
site.  Twenty seven wells were installed in the eastern area of concern and eight wells were 
installed in the western area of concern (Figure 3).  Following installation, each was developed 
by purging a minimum of ten well volumes and until waters were visibly sediment free. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Injection & Monitoring Well Location Map 
 

3.  SEB IMPLEMENTATION 

 The initial application was performed on December 5 and 6, 2006.  Approximately 3,800 
gallons of 20% by weight magnesium sulfate solution supplied by Livingston Fluid Service of 
Howell, Michigan was equally distributed across 35 wells, located in the eastern and western 
areas of concern, with approximately 108 gallons of solution being gravity fed to each well. 

 Based on evaluation of post application monitoring results, a subsequent application was made 
on August 13, 2007.  Approximately, 1,165 gallons of 20% by weight magnesium sulfate 
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solution supplied by PQ Corporation of Utica, Illinois was applied to the site.  A total of 
approximately 180 gallons of solution was applied to nine wells in the eastern area of concern 
and a total of approximately 985 gallons was applied to 32 wells located in the western area of 
concern.   

 On November 28, 2007, approximately 850 gallons of 20% by weight magnesium sulfate 
solution supplied by PQ Corporation of Utica, Illinois was applied across 32 wells located within 
the eastern area of concern.  No application was made to the western area of concern because 
remedial objectives had been achieved.   

4. RESULTS AND DISCUSSION 

Subsequent to the soil excavation activities and the initial application of SEB solution ten of the 
sixteen performance monitoring points were demonstrated to have been remediated to below 
target remedial goals prior to the first or second sampling event.   There were five wells (IJ-12, 
IJ-16, IJ-18, IJ-24, and MW-E4) located in the eastern area of concern and one well (IJ-30) 
located in the western area of concern that had residual impacts that were sampled four to seven 
times over an approximately 22 month period (Figure 4).  In these six wells, Ethylbenzene, 
Xylene, and MTBE were the compounds with the highest residual concentrations.  The highest 
concentrations of these three compounds after vadose zone soil excavation and prior to 
implementation of SEB were Ethylbenzene of 1,900 microgram per liter (ug/l) at IJ-16, Xylene 
of 750 ug/l at IJ-12, and MTBE of 140 ug/l at IJ-18.   

 

 
Figure 4. Residual Impact Well Location Map 

 
Graphs depicting the Ethylbenzene, Xylene and MTBE concentrations in these six wells are 

presented below.  In addition, Total VOC concentrations reported are presented on the graphs. 
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Figure 5. Six Graphs Depicting Concentrations of Selected Contaminants over Time 
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 The following table presents the percentage reductions in Ethylbenzene, Xylene, MTBE and 
Total VOC concentrations after implementation of SEB for groundwater remediation.   

Table 1. Contaminant Reduction Percentages 
Well Ethylbenzene Xylenes MTBE Total VOCs 
IJ-12 92.8 >99 98 96.3
IJ-16 36.8 96.6 79.3 57.1
IJ-18 >99 >99 >99 >99
IJ-24 61.9 92.1 >99 82.9
IJ-30 >99 >99 97.1 98

MW-E4 78.1 98.4 79.2 81.4

 

 Overall, the groundwater contaminant concentrations have been significantly reduced due to 
the remedial efforts and the majority of performance monitoring locations met remedial 
objectives within two years of implementation.  Ethylbenzene was surprisingly recalcitrant in 
wells MW-E4, IJ-24 and especially IJ-16, but an average reduction of 77.9% was observed in 
these six wells.  Xylenes and MTBE were observed to have average concentration reductions of 
97.3% and 91.9%, respectively. 

 Potential causes for the recalcitrance of Ethylbenzene are currently being evaluated along with 
other remedial alternatives for the remaining residual impact. 

4.          CONCLUSION 

 SEB was demonstrated to be an effective technique for the remediation of petroleum impacted 
groundwater including MTBE.  However, Ethylbenzene was somewhat recalcitrant in three of 
the sixteen performance monitoring wells. 
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AN INTEGRATED SITE WIDE APPROACH TO CHLORINATED 
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ABSTRACT 

The discovery of chlorinated volatile organic compounds (CVOCs) in the aquifer underlying 
a manufacturing facility prompted the initiation of an aggressive voluntary site wide soil and 
groundwater cleanup. Given a large number of potential source areas within the plant, 
delineation of CVOC impacts to the unsaturated zone was performed by the installation of an 
innovative soil vapor extraction system, rather than performing extensive soil sampling within 
the operating manufacturing facility.  The system was designed with a pneumatically actuated 
valve manifold system to cycle the 120 extraction points which allowed for delineation of 
impacts, targeting hot spot source area removal, and overall contaminant reduction while 
remaining below regulatory discharge requirements, thereby eliminating the need for more costly 
air treatment.  The innovative system design reduced equipment size by 80% while improving 
system recovery by operating in the most productive range of the removal curve.  The 
groundwater remediation system, consisting of 6 extraction wells and 7 injection wells, is 
capable of extracting up to 600 gallons per minute (gpm) of groundwater.  Up to 200 gpm of the 
extracted groundwater is treated by shallow tray air strippers with subsequent discharge via 
NPDES permitted outfall and re-injection of up to 400 gpm of substrate augmented groundwater 
into the upgradient portion of the plume.  The net loss from the NPDES discharge provides 
capture and treatment of offsite groundwater downgradient of the site.  The groundwater 
remediation system operates as a closed loop bioreactor allowing downgradient microbial seed to 
be recycled into the up gradient heart of the plume to increase the rate and effectiveness of 
CVOC removal via reductive dechlorination.  Operations have so far have removed over 900 
pounds of CVOCs from the unsaturated zone and over 1500 pounds CVOCs from the 
groundwater within the treatment zone.  Groundwater treatment is ongoing. 

Keywords: soil, groundwater, remediation, bioremediation, SVE. 
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1. INTRODUCTION 

 The site is an anonymous active manufacturing facility located above a buried valley sole 
source aquifer in the Midwest consisting primarily of sand and gravel with a glacial till lower 
confining layer at about 80 feet below ground surface (BGS).  The groundwater at the site is 20 
feet BGS resulting in 60 feet of saturated thickness. The groundwater flow at the site is 
controlled by the surrounding rivers flood control structures and lakes. The flow is generally 
from the impoundment located north and west of the site and from the lakes located east and 
southeast of the site to the common regional discharge area near the confluence of the two rivers.  
The site layout is shown in Figure 1. 

Figure 1.  Site location and basin layout map looking from the southwest with ten times (10x) 
vertical exaggeration. 

 During original design, the groundwater flow direction was thought to have varied up to 90 
degrees, either from the west or from the north.  The typical flow was believed to be from the 
northwest to the southeast.  This required a flexible design for the remediation system to allow 
for capture at the site boundary.  The actual groundwater flow direction was later determined to 
be relatively constant and the historical interpretation was found to be an error caused by poor 
groundwater data collection techniques utilized for the extremely prolific aquifer. 

 The chemicals of concern in the basin consist of chlorinated degreasers and their associated 
breakdown products.  The parent contaminants identified within the basin are tetrachloroethene 
(PCE), trichloroethene (TCE) and 1,1,1-trichlorothane (TCA). In addition to the site’s plume, 
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there are multiple commingled plumes of chlorinated solvents in the site’s immediate vicinity.  
Some of these off-site source plumes, primarily from the northeast where an existing pump and 
treat system is being operated, migrate or have migrated onto the site and mixed with the plume 
emanating from site itself as shown in Figure 2. 

Figure 2.  The location of the identified chlorinated parent compounds above 5 ug/L. These 
consist of PCE in magenta, TCE in blue, and TCA in green.  The site is located near the center of 
the figure shown in gray. 

The highest concentrations of parent contaminants identified on site before remediation in 2003 
are as follows: 

PCE – 8,000 ppb 

TCE – 10,000 ppb 

TCA – 1,000 ppb 

1.1 Site Sources  

 The potential source areas for the manufacturing facility consist of vapor degreasers, sumps, 
sewers, and tanks located throughout the facility with the exception of the warehouse and 
receiving areas located in the northwest buildings. The plume characterization is presented in 
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another paper in these proceedings entitled “Characterization of Multiple Chlorinated Solvent 
Plumes due to the Impact of TCE Screening Level Reduction.” 

1.2 Site Goals  

This project had two goals. The first goal was to aggressively reduce the site soil and 
groundwater contamination while providing containment at the site property boundary.  The 
second goal was to develop and use an active remediation system that is flexible enough to 
address varying site conditions made evident by on-site and off-site plume characterization that 
was proceeding concurrently. In addition, the facility was active and very busy at the time of this 
work.  The investigation work and remediation required completion with minimal impacts on the 
operations and production of the facility.  This required close coordination with plant activities to 
minimize and prevent production delays. 

2. MATERIALS AND METHODS 

 An integrated site-wide approach was applied for investigation and remediation of both soil 
and groundwater under a voluntary action.  The soil remediation began first with groundwater 
system construction and groundwater characterization proceeding simultaneously to reduce the 
implementation schedule. 

2.1 Soil Investigation and Remediation  

   Historical soil investigations had determined that there was limited soil contamination at the 
facility.  This conclusion was not consistent with observed groundwater impacts. In order to meet 
the objectives of the voluntary site cleanup an integrated characterization and remediation 
approach was used. The use of soil vapor extraction (SVE) was selected as a means to provide 
both cleanup of the site soils and characterize the target treatment of the source areas in the 
unsaturated zone (Michaels, 1991).  The location of manufacturing equipment, support beams, 
and their associated footers, limited access for SVE well installation to the plant isles.  A pilot 
study was performed to determine the radius of influence (ROI) and performance criteria for the 
soils beneath the facility.  The ROI was determined to be 80 ft with 100 –inches of water applied 
to the well head.   

 A network of SVE wells were installed during low production times and at locations in the 
plant to minimize interference.  This network was installed at or near support beams to facilitate 
the routing of piping up the inside of the beam to the overhead manifolds.  The bottom ten feet of 
the riser pipes was made from steel to minimize damage from fork truck traffic and other facility 
equipment. The remaining runs were made of PVC to reduce cost and weight of overhead piping.   
Each well has a shut off valve and a quarter-inch threaded plug to allow for air flow/vacuum 
readings and air sample collection.  

 To maximize the system recovery while minimizing the size, the wells were connected in 
banks of up to 12 wells each with pneumatically operated isolation valves and plumbed via 
common manifold piping to one of two systems.  The northern system was connected to Banks 1 
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through 6 located in the northern building and in the paved truckway between buildings. The 
southern system was connected to Banks A though H which are located in the southern 
buildings.   

 The SVE systems were prefabricated and consisted of three 25 HP regenerative blowers, a 
moisture knockout tank, a knockout tank pump, a storage tank, and associated manual controls 
all installed in a prefabricated 10 by 20 foot building.  Two blowers are operated to meet the 
design parameters of 1000 SCFM at 100-inches of water at the most remote manifold.  The third 
blower is an installed spare for rotation and maintenance. 

The operation hose from each bank’s pneumatic butterfly valve was run along the combined 
manifold piping and finished with hose quick connects at the SVE system locations.  Two 
prefabricated 8 by 20 feet control buildings were used to house the dry air compressor system, 
analog timer panel with 10 timers, and 10 solenoid valves attached to the compressor manifold 
piping.  Air hoses were used to allow for flexible connections to operate either a single or 
combination of bank pneumatic valves.  The SVE system Layout is shown in Figure 3. 

Figure 3.  The Site SVE System Layout showing well, piping and system locations. 

 For the initial characterization operations, the systems were configured to use an additional 
moisture separator tank and activated carbon vessels as a precaution to be sure daily emissions 
were below regulatory requirements.  These were designed to be easily removed to allow the 
system to operate as designed (i.e., without carbon) once initial levels extracted from the well 
had been determined.  
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2.2 Groundwater Investigation and Remediation  

 To meet the objectives of the voluntary site cleanup, the on-site groundwater remedy of 
reductive dechlorination via in-situ closed loop bioreactor was selected (ITRC, 2002).  The 
system consists of up to 6 extraction wells located along the south and east sides of the facility 
based on initial groundwater flow from the northwest with a 45 degree fluctuation based on site 
characterization at the time.  Each well is capable of pumping up to 100+ gpm with all wells 
running to the selected manifold.  Each well can be directed to the treatment or injection 
manifold, which are identical and run parallel to each other through the overhead of the 
manufacturing facility.  Both manifolds leave the manufacturing facility and run underground to 
an external treatment building located in an unused portion of the facility.  In the treatment 
building, one manifold is connected to three shallow tray air strippers to allow for treatment prior 
to discharge via an NPDES permitted outfall.  The other manifold runs through a flow meter, 
with an injection line for substrate addition, and can then be directed to any combination of up to 
7 injection wells located on-site.  After the substrate is added, the flow is re-injected directly and 
without treatment.  

 The on-site and off-site groundwater plume was characterized in the basin by the installation 
of 50 membrane interface probe (MIP) direct push borings to the confining layer with discrete 
groundwater samples from three depths per boring.  Thirty temporary water table wells were 
installed throughout the basin to evaluate regional groundwater flow and 6 on-site well nests 
were installed to fill data gaps and provide monitoring in the treatment zone. This work was on-
going while the groundwater treatment system was being constructed 

 The system was designed based on site characterization data available at the award of the 
project and construction was ongoing as questions regarding the groundwater flow direction 
were resolved. Upon competition of the construction of the system, the flow direction was 
confirmed and varied little during precipitation and surface water flow events. The new 
groundwater flow was found to enter the site radially from the northwest, north, northeast and 
east and then flow off site to the south southwest toward a common regional groundwater water 
discharge point located downgradient of the river spillway.  This groundwater flow pattern is 
shown in Figure 4.  As a result of better site characterization, two of the extractions wells were 
found to be upgradient of the site and two injection wells were found to be outside the capture 
lines of the extraction system.  The two extraction wells found to be upgradient were converted 
to injection wells for the system. The two injection wells that were outside the system’s capture 
zone were used for water level monitoring only.  The modular system design allowed for system 
modification without substantial rework; only minor alterations were needed saving time and 
money. 

 The original design parameters for the system are extraction of up to 600 GPM from the 
groundwater, with (a) a 400 GPM stream continuously augmented with substrate (but otherwise 
untreated) and re-injected upgradient within the system capture zone and (b) 200 GPM stream 
treated in shallow tray air strippers and discharged via an NPDES permitted outfall providing a 
net loss to ensure site groundwater capture.  The concept was that extracted groundwater would 
have bacteriological seed similar to the activated sludge of an activated sludge wastewater 
treatment plant. The augmented groundwater, with a carbon source substrate and then re-injected 
within the capture zone, would establish a treatment zone beneath the plant.  This re-injection, in 
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conjunction with the treatment and discharge of a portion of the extracted groundwater creates an 
in-situ closed loop bioreactor for the groundwater remediation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.  The Site groundwater treatment system location map showing design and actual 
groundwater flow directions. 

 Discharge from each extraction well was run through the air strippers one at a time to 
determine contaminant levels in that well prior to the system start-up.  It was determined that the 
highest concentration wells would be sent to the air strippers to maximize mass removal of the 
system.  Extraction well operational testing was conducted to optimize capture zone efficiency, 
contaminant removal, and recirculation effectiveness.  It was found that capture could be 
maintained with two extraction wells running, one for treatment with subsequent discharge via 
the NPDES permitted outfall at approximately 120 GPM, and one to the augmentation and re-
injection system at about 80 GPM.   

 The augmentation substrate selected for the project was sodium lactate and utilized on-site 
bulk storage in double walled tanks to allow for delivery by tanker truck reducing the cost of the 
substrate.  The system pumps directly from the primary tank via a metering pump into the 
injection port located upstream of several pipe elbows to ensure thorough mixing.  The second 
tank has a transfer system installed to allow for material transfer from the second tank to the 
primary tank via a submersible pump. 
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3. RESULTS AND DISCUSSION 

 The combined remediation system has removed over 2400 pounds of CVOC’s from the site 
since operations began in 2003-2004 while providing containment at the site property boundary.  
The site plume distribution and groundwater flow regime have been fully characterized leading 
to a better understanding of contaminant distribution and other sources in the surrounding basin.    

3.1 Soil Remediation Results 

 The soil vapor extraction system began initial site characterization testing in June of 2003 as a 
part of the integrated characterization and remediation approach.  During initial characterization 
phase of the project systems, the extracted air was drawn through an external moisture knock-out 
tank followed by two 1000 lb carbon vessels in series to ensure that the daily discharge does not 
exceed the 10 pound per day maximum for the site.  Each bank was operated for several hours 
with multiple gas samples collected from each bank well head, carbon influent, between carbon 
and after carbon.  Gas samples were collected and analyzed by an on-site gas chromatograph 
(GC).   

 The on-site GC was used to streamline the investigation by giving preliminary results for each 
sample within 30 minutes of collection.  The use of the on-site GC also dramatically reduced the 
time and cost associated with sample collection and analysis.  The samples for the on-site GC 
were collected by syringe, transported to the on-site GC, and injected directly into the GC.  Other 
methods of sample collection would have required the use of summa canisters or the filling of 
sample bags with a pump.  Both of these methods would have required significantly more site 
labor, equipment/sample shipping /handling costs and significant increase in the project duration.    

 The data for each bank was compiled to verify the emission limits could be met without 
carbon and the whole process was repeated with the manifolds hooked directly to the system and 
discharged out the system stack. The overall construction and characterization testing program 
took a total of 60 working days complete. To allow for access in the truck way, work was 
completed on the weekends without truck traffic.  

  The initial phase of characterization testing began at lower than design vacuums and flow due 
to the addition of carbon in the treatment train.  The characterization testing operated each bank 
with all valves open and measured extraction flow/vacuum at the well head. Contaminant 
concentration at the well head was determined by the on-site GC.  As a contingency during the 
testing, if a sample concentration indicated the potential emissions were too high, the duration of 
the test could be shortened to prevent exceeding the air discharge requirements.  Upon 
completion of the initial characterization, the results were plotted to provide a vapor distribution 
by concentration.  The initial characterization test of each well head resulted in the total CVOC 
distribution as shown in Figure 5. 
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Figure 5.  Total CVOC vapor distribution during initial characterization testing with activated 
carbon. 

 

 

 

 

 

 

 

 

 

 

Figure 6.  Total CVOC vapor distribution at the end of the site characterization phases. 
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 Once worst case well head concentrations were known, the second phase of characterization 
testing was performed without carbon to demonstrate removal concentration and flow rates at 
system design conditions.  The results were again plotted to determine vapor distribution shown 
in Figure 6. 

 Upon completion of the characterization phase testing, the system was configured to maximize 
mass removal from the areas with the highest vapor concentrations while staying below the 
maximum allowed emissions.  This was performed by joining multiple banks together and 
closing all but the selected vapor extraction wells of the combined banks to target areas with the 
highest vapor concentrations. The initial characterization data was used to combine banks and 
wells for the targeted removal in these areas. 

 The system was then operated in that configuration for the next quarter (1st quarter 2004). 
During that time samples were collected weekly from each of the combined banks at the inlet of 
each system and sent to an off-site laboratory for analysis.  The results in the parts per billion by 
volume (ppbv) range were then used to monitor mass removed and document that the systems 
were in compliance with emission limitations.   

 The on-site GC was mobilized back to the site for the first quarterly monitoring event at the 
end of the first quarter.  The SVE systems were shutdown and reconfigured with all wells open 
and operations of one bank at a time.  Each bank was put on-line and each well head was 
sampled in the same manner used in the initial characterization testing. 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.  Total CVOC vapor distribution after six months of targeted hot spot removal. 

  The 1st quarter 2004 results indicated that only 33 out of 120 extraction points had results 
above 1 parts per million by volume (ppmv), the detection limit of the on-site GC used, when 
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compared to the 95 well points during the initial characterization above 1 ppmv and 84 well 
points at the end of the characterization period.  This indicated that the on-site GC was no longer 
cost effective for future monitoring and quarterly sampling events were then discontinued.  The 
well head concentration results for the end of targeted removal are shown in Figure 7. 

 After the targeted removal was completed, the systems were run with all wells and all banks 
on-line for the next year resulting in the removal of an additional 393.7 pounds of VOCs for a 
total of 880 pounds of VOCs removed by the systems.  The results are summarized in the 
following table. 

Sampling Event SVE 
Wells  

<1 
PPMV 

SVE Wells 

1-10 PPMV 

SVE Wells 

10-100 PPMV 

SVE Wells 

>100 PPM 

Pounds 
of 
CVOCs 
Removed 

Initial Sampling 
(with Carbon) 

25 53 39 3 23.2 

End of Startup 
Period 

36 45 39 0 65.9 

End of initial of 
Targeted Removal 

87 24 9 0 397.2 
 

End of Normal 
Operations 

- - - - 393.7 

Total 880 

Indicates that individual well head concentrations were no longer analyzed. 

 For the SVE system overall, 10% of total mass was removed during site characterization, 45% 
was removed during the subsequent 6 months of targeted operations and the remaining 45% of 
mass recovered was removed during the 1.5 years of normal system operations.  The SVE 
systems (north and south) were shut down in early 2006. 

3.2 Groundwater Remediation Results 

 The initial overall plume characterization work was completed in November of 2003.  This 
information was used as the baseline for comparison of the system progress. The groundwater 
system began operations on June of 2004 and has operated continuously until the most recent 
sampling event in February of 2008.  An average of 8.6 million gallons per month is extracted at 
the facility boundary of which 3.5 million gallons is augmented with 318 mg/L of sodium 
lactate, and then re-injected upgradient of and into the center of the site. The treatment results are 
shown in the figures below.   
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 PCE concentrations in the groundwater within the property line decreased 51% since system 
operations began in 2004.  During system operations, 75 ppb of PCE on average were injected 
untreated along with the substrate to the active injection wells.  The 2003 and 2008 results for 
PCE are shown in Figures 8 and 9. 

 

 

 

 

 

 

 

 

 

 

Figure 8.  Profile view of PCE distribution before groundwater treatment began in 2003 looking 
east. 

Figure 9.  Profile view of PCE distribution as of February 2008 after 4 years of operations 
looking east. 
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The concentrations of TCE in groundwater decreased 39% within the property boundary since 
system operations began in 2004.  During the system operations, 750 ppb of TCE on average 
were injected untreated along with the substrate to the active injection wells.  It should also be 
noted that TCE impacted groundwater continues to migrate on-site from upgradient off-site 
sources.  The 2003 and 2008 results for TCE are shown in Figures 10 and 11.  

 

 

 

 

 

 

 

 

 

Figure 10.  Profile view of TCE distribution before groundwater treatment began in 2003 
looking east. 

 

 

 

 

 

 

 

 

 

 

Figure 11.  Profile view of TCE distribution as of February 2008 after 4 years of operations 
looking east. 
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 Within the property boundary, the concentration of CDCE in groundwater has decreased 52% 
since the system began operations in 2004.  An average of 150 ppb of CDCE was injected 
untreated along with the substrate to the active injection wells.  The concentrations actually 
increased in 2006 with subsequent decreases as monitoring continued.  This is consistent with 
the typical breakdown of PCE and TCE into its daughter products via reductive dechlorination 
(Alvarez & Illman, 2005).  The 2003 and 2008 results for CDCE are shown in Figures 12 and 13. 

 

 

 

 

 

 

 

 

 

Figure 12.  Profile view of CDCE distribution before groundwater treatment began in 2003 
looking east. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 13.  Profile view of CDCE distribution as of February 2008 after 4 years of operations 
looking east. 
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 Vinyl chloride concentrations in groundwater within the property boundary have increased by 
112% since system operations began in 2004.  During system operations, 7 ppb of vinyl chloride 
on average were injected untreated along with the substrate to the active injection wells.  The 
stoichiometric transformation of PCE, TCE and CDCE to vinyl chloride would have been 
expected to result in an increase of 945% or greater if reductive dechlorination had stalled at 
vinyl chloride.  The 2003 and 2008 results for vinyl chloride are shown in Figures 14 and 15. 

Figure 14.  Profile view of vinyl chloride distribution before groundwater treatment began in 
2003 looking east. 

4. CONCLUSION 

 The integrated site wide approach provided a means to streamline the site characterization 
while proceeding directly into remediation under the voluntary action program.  The concept of 
designing flexibility into the remediation system to allow for ease of enhancements to optimize 
the system based on performance monitoring data allowed for an efficient implementation of 
system characterization into remedial action.   

 The integrated approach to soil characterization and remediation resulted in site soil 
characterization; SVE system construction, system optimization, and significant contaminant 
mass removal being completed in the time it would take to perform a traditional soil 
investigation within an operating facility.  In addition, characterization and construction of the 
system caused minimal interference to plant operations. 

 The groundwater remediation approach of in-situ closed loop bioreactor with flexible system 
design has provided the following results: 



206 Contaminated Soils, Sediments and Water - Remediation 
 

 

 Full scale operation of the integrated system began faster than the conventional 
investigate/design/build/operate model. 

 The containment of further off-site migration of site contaminants was achieved very quickly. 

 The integrated flexibility of the design allowed for rapid and inexpensive on-going system 
performance optimization as additional on-site and off-site characterization data became 
available. 

 As of February 2008, this combined approach for the site has provided the removal of 880 
pounds of CVOCs from site soils and an estimated 2000 pounds of CVOCs from site 
groundwater.  The system prevents further off-site migration of site contaminants while 
continuing to reduce contaminant mass on-site.  The migration on-site from off-site sources 
continues to be an ongoing issue and slows site progress.   

 

 

 

 

 

 

 

 

 

 

 

Figure 15.  Profile view of vinyl chloride distribution as of February 2008 after 4 years of 
operations looking east. 
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Chapter 16 
 
BIO-GEOCHEMICAL FACTORS THAT AFFECT RDX 
DEGRADATION 

Deborah R. Felt1§, Anthony Bednar1, Clint Arnett2 , Robert Kirgan1  
1US Army Engineer Research & Development Center, 3909 Halls Ferry Road, Vicksburg, MS, USA 39180, 2US Army 
Construction Engineering Research Laboratory, PO Box 9005, Champaign, IL, USA 61826-9005  

ABSTRACT 

Hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) is a secondary high explosive that has been 
identified as a contaminant of concern in groundwater and soil as a result of military training 
activities (Wani et al., 2002). Remediation technologies that have been proposed for use on these 
training ranges include in situ techniques.  An obstacle to using in situ approaches for the 
treatment of RDX contaminated soils and groundwater is the lack of information concerning the 
biogeochemical factors that influence transformation.  This research compares paired (biotic and 
poised abiotic systems) RDX degradation experiments in which Eh-pH conditions conducive to 
RDX degradation were established.  

 
Degradation of RDX under iron-reducing conditions was studied in biological and chemical 

systems.  The redox conditions created by the biological systems were simulated by poised 
chemical systems in order to compare RDX transformation.  The poised chemical systems used 
an iron-ligand complex to achieve the necessary Eh values for RDX degradation.  RDX degraded 
in both biological and chemical systems and final reaction solutions from both systems were 
analyzed to determine which degradation pathway was followed.  The results from this effort 
will expand the basic knowledge of energetic transformation over a range of biologically-
induced conditions, by isolation of enzymatic pathways from abiotic redox mechanisms.    

 
Keywords: energetics, RDX degradation, redox potentials, terminal electron accepting 

processes, bio-geochemical factors. 

1. INTRODUCTION 

Hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) is a secondary high explosive that is widely 
used by the military in shells, bombs, and demolition charges (Gorontzy et al., 1994).  The 
molecular structure of RDX is shown in Figure 1.  RDX has been identified as a contaminant of 
concern in groundwater and soil as a result of training activities on hand grenade and open burn 
open detonation (OBOD) ranges (Wani et al., 2002). The Department of Defense has identified 
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more than 1,200 sites contaminated with RDX that require cleanup (Schmelling et al., 1997).  
The toxicity of RDX necessitates its removal from the environment (USEPA, 2006; ATSDR, 
1995; USDHHS, 1995).  The treatment of these explosive contaminated sites is therefore a major 
environmental concern for the Army, particularly those sites used for training purposes.  
Remediation technologies that have been proposed for use on these training ranges include in 
situ technologies, which remediate the contaminant in place, without the need to remove soil or 
groundwater from the field site (Wani et al. 2002, Boparai et al. 2008, Beller 2002, Waisner et al. 
2000).  A fundamental obstacle to the use of an in situ approach for the treatment of RDX-
contaminated soils and groundwater is the lack of information concerning the biogeochemical 
factors that influence RDX transformation.  This research compares paired biotic and abiotic 
experiments in which Eh-pH conditions conducive to RDX degradation were established to help 
provide some basic knowledge concerning the transformation of energetic materials under 
environmental conditions.   

 
 
 
 
 
 
 
 
 
 

Figure 2. Molecular structure of hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX). 
 

RDX is relatively resistant to degradation under aerobic conditions; however, it is readily 
degraded under anaerobic conditions (Hawari, 2000).  Ubiquitous soil bacteria from the genera 
Desulfovibrio (Arnett and Adrian, 2009), Pseudomonas (unpublished data) and Geobacter 
(Kwon and Finneran, 2006) possess the unique ability to degrade RDX utilizing one of three 
proposed pathways under anaerobic conditions (Bhushan et al. 2002). One pathway involves 
direct ring-cleavage, a second involves the sequential reduction of the nitro functional groups, 
and the third involves the hydrolytic substitution of the nitro functional groups and subsequent 
ring destabilization and cleavage.  The dynamics which influence degradation pathways that 
follow environmentally relevant terminal electron accepting processes (TEAP) are not well 
understood and the role redox potentials play in the process are unknown. RDX degradation 
could be enhanced and/or stimulated if the bio-geochemical factors that regulate this process 
could be determined and controlled.  

The anaerobic biodegradation of RDX has been well studied (Hawari, 2000; Kitts et al., 
1994; McCormick et al., 1981), in contrast much less is known about the abiotic processes.  
Recent reports have shown that RDX can be degraded chemically under anaerobic conditions 
using iron, as either zero valent iron (ZVI) ( Parks et al., 2004; Oh et al., 2001; Singh et al. 1998) 
or ferrous ions (Fe II) (Seok-Young et al., 2005; Gregory et al., 2004).  These studies clearly 
demonstrate the potential for abiotic degradation of RDX, however the role microorganisms play 
in these processes are uncertain.  Suggested pathways include extracellular electron transfer 
reactions (Kwon and Finneran 2006, 2008).   
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The final reaction products following both biotic and abiotic RDX degradation are similar, 
inferring that the reaction pathways may be similar. Nitroso derivatives have been noted after 
biological degradation (Wani and Davis, 2003; Freedman and Sutherland, 1998; Bhushan et al. 
2002) and after abiotic transformation (Gregory et al., 2004; Oh et al., 2001). 
Methylenedinitramine (MDNA) has also been produced following RDX degradation using both 
biotic and abiotic systems (Halasz et al., 2002).   

Current research on other contaminants has shown that redox potentials play a key role in 
degradation processes.  Shrout and Parkin (2006) studied perchlorate biodegradation at fixed 
redox potentials.  While the greatest rate of biodegradation was noted at -200 mV, significant 
degradation was achieved at redox potentials as high as +180 mV.  We believe similar 
geochemical processes may influence RDX degradation and have a role in microbial processes. 

2. MATERIALS AND METHODS 

2.1 Biological Experiments  

Isolates of Pseudomonas aeruginosa, and Geobacter metallireducens GS-15 were obtained 
from American Type Culture Collection (ATTC, Rockville, MD) and Desulfovibrio 
desulfuricans G20 was graciously donated by Dr. Judy Wall, University of Missouri at 
Columbia. The three species were combined to create a mixed culture, which represented 
members capable of nitrate, iron, and sulfate-reduction respectively.  The media prior to 
inoculation had an Eh of approximately 300 mV (no reducing agent added).  A mixed culture 
capable of growth under broad redox conditions was chosen to allow the system to achieve a 
static redox state biologically.  Studies were carried out under facultative conditions in 160 mL 
serum bottles containing 100 mL Robert S. Tanner minimal media (Tanner, 1989) amended with 
10 mM ferric citrate as the primary electron acceptor and 35 µM RDX.  Yeast extract (0.1% w/v) 
was added to serve as a source of carbon and energy in each system.  Headspaces were 
pressurized to 10 psi with nitrogen to facilitate a moderately anaerobic system and redox 
potentials were allowed to stabilize by biological means. Experimental conditions tested were: 
heat killed sterile controls (120°C for 20 min), no cells (uninoculated control), viable cultures 
without RDX amendment, and active (RDX-amended) cultures.  All experiments were 
performed in triplicate and incubated in the dark, shaking, at 30ºC.  

Liquid and gas samples were taken periodically and analyzed for RDX, nitroso-RDX 
intermediates, ferrous iron, and nitrous oxide.  Explosives and nitrous oxide analysis were 
performed as previously described by Adrian and Arnett (2004). Ferrous iron was quantified by 
the Ferrozine assay as previously described (Lovley and Phillips, 1987). Additionally, redox 
potentials and pH were measured in a Plas Labs Anaerobic Chamber (N2:H2, 95:5) using a 
portable Horiba D-53 pH/ORP meter (Horiba, Ltd., Irvine, CA) equipped with a platinum 
electrode and a silver/silver chloride reference electrode for measuring ORP.  
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2.2 Abiotic Experiments  

Chemical redox systems were established using solutions of ferrous sulfate, ferric sulfate, 
and a substituted catechol, Tiron, in varying proportions, in a 0.1 M Tris buffer.  Trion was used 
as a model compound for humic acids.  All systems used deionized water that was purged with 
nitrogen prior to use and all solutions were prepared in an anaerobic nitrogen-filled glove box.  
The structure of Tiron (1,2-dihydroxyl-benzene- 3,5-disulfonic acid) is shown in Figure 2.  
Solutions of various Eh values (-610 to -410), obtained by varying proportions of ferric and 
ferrous ions, were tested in order to determine the optimal range for RDX degradation in the 
abiotic system. Redox potential (Eh) was measured using a platinum electrode and a silver:silver 
chloride reference. The accuracy of the platinum probe was verified using Light’s solution, 
which yields a value of 476 mV; the Light’s Solution check standard readings were within 10 
mV of this value, which is deemed acceptable (Light, 1972). 

 
 
 
 
 
 
 
 
 
 

Figure 3. Molecular structure of 1,2-dihydroxyl-benzene-3,5-disulfonic acid (Trion). 

The solution pH was adjusted to between 7.5 and 8 using 5% sodium hydroxide or 10% 
hydrochloric acid added drop-wise as needed. The iron-organic ligand complex that was 
produced in this system was previously reported by Kim and Strathmann (2007).   This pH range 
mimicked the conditions achieved in the biotic systems.  The resulting reagent was amended 
with RDX for a final solution concentration of 2 mg/L and allowed to react for 24 hours.  Eh and 
pH values for these abiotic systems were also monitored during the experiments. 

Explosives analyses of the samples from the abiotic systems were performed using the same 
equipment used for the biological samples.  This allowed direct comparison of the results from 
both systems for RDX, intermediate, and final products.   

2.3 Methods Used for Organic Analysis 

RDX and any potential degradation products for both biotic and abiotic experiments were 
analyzed following modifications of EPA methods 8330B and 8321 using high pressure liquid 
chromatography (HPLC).  The instrumentation used was an Agilent 1200 HPLC equipped with a 
photodiode array detector and interfaced to a Bruker 6000 Electrospray ionization ion trap mass 
spectrometer.  Briefly, the HPLC achieved separation of analytes of interest using a 50:45:5 
(aqueous 20 mg/L NaCl: methanol: acetonitrile) mobile phase pumped at 1.0 mL/min through an 
Agilent Eclipse XDB-C18 column.  UV absorbance traces were collected at 254 nm and the 
mass spectrometer monitored masses in the range 50-750 m/z.  Methanol was detected by GC-
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FID following a modified EPA method 8015D.  Other analytes were determined using a Varian 
3800 GC equipped with a Supelco 80/20 Porapak Q column and an ECD.  Analytical conditions 
included a flow rate of 50 mL/min, a run time of 6 m, and injection volume of 1 mL.   

3.  RESULTS AND DISCUSSION 

3.1 Biological Experiments  

Initial redox readings were taken immediately after inoculation with each culture.  Cultures 
containing viable cells (RDX-unamended and active treatments) showed a nearly instantaneous 
decreased redox potentials compared to the heat killed and uninoculated controls (Figure 3).  
Over the course of the study the RDX-unamended and active treatments averaged approximately 
-63 mV.  Redox potentials remained near 0 mV through out the experiment for the heat killed 
and uninoculated controls and the pH remained neutral under all incubation conditions 
throughout the study.  The variations in redox potentials between viable cultures and controls 
preclude assessing degradation exclusively to biotic process.  However, these data do 
demonstrate the mixed culture readily decreased the redox potential well within the range of iron 
reduction, suggesting the Geobacter was likely responsible for RDX degradation. 

 

Figure 4. Redox potentials determined during biological experiment under iron-reducing 
conditions 

RDX degradation in the active treatment was complete in 3 days (Figure 4) with no RDX 
transformation evident in the control cultures.  Hexahydro-1-nitroso-3,5-dinitro-1,3,5-triazine 
(MNX), hexahydro-1,3-dinitroso-nitro-1,3,5-triazine (DNX), or hexahydro-1,3,5-trinitroso-1,3,5-
triazine (TNX)  were not detected; however, sequential reduction could not be ruled out due to 
sampling frequency. Nitrous oxide (1.32 µmoles) was detected in the active treatment (data not 

0 2 4 6 8 10 12 14
-100

-80

-60

-40

-20

0

20

 Sterile Control, No Cells,  RDX Unamended,  RDX Amended

Eh
 (m

V)

Days Incubation



212 Contaminated Soils, Sediments and Water - Remediation 
 

 

shown).  This was approximately ten times the amount produced in the control bottles.  The 
production of nitrous oxide suggests RDX mineralization, which will be confirmed by 
radiological studies in the future.  Near stoichiometric amounts of ferrous ions were only 
produced in the RDX-unamended and active treatments, indicating iron-reducing conditions 
were created by viable cells (Figure 5).  Interestingly, concentrations of ferrous iron differ 
significantly between the RDX amended and unamended controls for the first five days of 
incubation.  The lower concentrations in the RDX amended cultures suggested possible electron 
shuttling on to RDX (Kwon and Finneran, 2006).  Due to the lack of observed MNX and reduced 
ferrous iron production, it was likely RDX was degraded initially by denitration followed by 
ring-cleavage (Crocker et al., 2006). 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5a. RDX concentrations determined during biological experiments under iron-
reducing conditions.  RDX was added to a target concentration of 40 �M. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 5b.  Ferrous iron production during biological experiments.  Ferric iron was added to a 
final concentration of 10 mM. 
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3.2 Abiotic Experiments  

Figure 6 illustrates RDX degradation that occurred within 24 h reaction time over a range of 
Eh values from -410 to -610 and pH values from 5.1 to 8.1.  The squares indicate degradation 
and dots indicate that no degradation occurred in those samples within 24 hours.  RDX 
degradation occurred below an average Eh value of about -500 mV in the abiotic systems.  RDX 
was observed to degrade over time in the abiotic system, with no degradation products identified, 
suggesting complete degradation of the ring system to very small organic moieties that cannot be 
detected by ESI-IT-MS.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 6. Influence of Eh and pH on RDX degradation. 

3.3  Comparison of biotic and abiotic systems 

It appears that RDX degradation proceeds by electron shuttling and subsequent ring-cleavage 
under biotic conditions and direct ring-cleavage in abiotic systems.  Kim and Strathmann (2007) 
reported that RDX degradation is believed to involve direct ring cleavage using 2 electrons in the 
Fe-tiron system.  RDX degradation occurred in the biotic system by direct ring cleavage 
mediated by enzymatic processes, since no sequential reduction products were detected.  There 
was a significant difference in the Eh values of the two systems.  Abiotic degradation occurred at 
approximately ≤-500 mV compared to -63 mV in the biotic system.  The much higher Eh values 
for the biotic system suggest a biologically driven pathway was involved rather than purely 
chemical reduction. It is possible that microenvironments created by the microbes created 
suitable conditions (lower Eh values) for RDX degradation that are different from the bulk media 
being measured.  Nitrous oxide concentrations were not determined for the abiotic systems so no 
direct comparison is possible at this time.  
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3.4 Other Chemical and Biological Systems 

Nitrogen and sulfur systems are also being investigated using nitrate and sulfate reducing 
bacteria and mimicking these systems abiotically with a variety of nitrogen and sulfur species to 
achieve the required redox potential for RDX abiotic degradation.  Additionally, hydroquinone 
systems will be investigated, as similar ligand moieties were needed in the abiotic iron system 
described above to achieve RDX degradation.   

4. CONCLUSION 

Biotic and abiotic degradation of RDX was studied under anaerobic conditions using iron-
reducing bacteria and a ferrous iron-organic ligand system.  Both systems were able to degrade 
RDX, with the abiotic system achieving complete degradation within 24 hours.  The biotic 
system had complete degradation within 72 hours.  Additionally, the biotic systems did not 
require as low a reducing environment as did the abiotic system, suggesting that a biological 
pathway was involved rather than purely chemical reduction.  However, it is possible that 
microenvironments created by the microbes created suitable conditions for RDX degradation that 
are different from the bulk media being measured.  Future studies will investigate this possibility. 

The results from this effort will expand the basic knowledge of energetic transformation and 
could ultimately be used to select optimal remedial treatments that promote transformation 
reactions of energetic materials under environmental conditions in surface and sub-surface 
environments.    
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Chapter 17 
 

CASE STUDIES: CLOSING SOLVENT SITES USING ACTIVATED 
CARBON IMPREGNATED WITH IRON 

Thomas A. Harp1§  
1LT Environmental, Inc, Arvada, Colorado USA 80003 

ABSTRACT  

Sites impacted by even extremely high concentrations of chlorinated solvents (indicative of 
dense non-aqueous phase liquid, i.e. DNAPL) are being closed using a specially-prepared, 
activated carbon impregnated with an iron salt that is pyrolized into nano-sized deposits of 
porous, metallic iron.  Contaminants are adsorbed by the carbon catalyst and quickly and 
efficiently treated via reductive dechlorination by the iron.  LT Environmental, Inc. (LTE) has 
pioneered the TerraCert® program for implementing remedies using this carbon-iron injectate, 
known as BOS 100®.  Three case studies are presented to document the effectiveness of this 
innovative technology.    

Keywords: chlorinated solvents, DNAPL, carbon adsorption, carbon-iron injectate, closure 

1.    INTRODUCTION 

 Activated carbon is carbon that has been treated with oxygen to open up millions of 
micropores between the carbon atoms.  The result is an interstitial surface area which is 
increased enormously, ranging from 300 to 2,000 square meters per gram (m2/gm) (independent 
laboratory data).  The effectiveness of activated carbon as an adsorbent of constituents of 
concern (COCs) is well documented in the literature and is a process that has been used to treat 
wastewater for centuries.  Other uses date back to antiquity, when the Romans and Egyptians 
used carbon to purify water.  

2. TECHNOLOGY DISCUSSION  

The essence of remediating chlorinated COCs using the BOS 100® technology is coupling the 
carbon adsorption properties with the dechlorination process of iron (a stepwise function that 
produces a variety of byproducts, i.e. “daughters”).  Based on applicable half-cell reactions and 
associated Gibbs Free Energy of Reaction, the impregnated elemental iron serves as an electron 

 
§ Corresponding Author: Thomas A. Harp, P.G., Principal and Director of Technical Operations, 
LT Environmental, Inc., 4600 West 46th Avenue, Arvada, Colorado, USA, 80003, Tel: 303-433-
9788, E-mail:  tharp@LTEnv.com. 
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donor (being oxidized in the process) and the aliphatic chloroethenes/chloroethanes serve as the 
principal electron acceptors. 

For instance, if perchloroethene (PCE) is the “mother product” of concern, the stepwise 
degradation into daughter products occurs primarily through the following steps:  

PCE  →  trichloroethene (TCE)  →  cis-1,2-dichloroethene (cis-1,2-DCE)  →   vinyl chloride 
(VC)  →  ethene/ethane 

It should be noted that some trans-1,2-dichloroethene and 1,1-DCE can be formed during the 
kinetic reaction, but these species are not thermodynamically favored in the sequence.  The final 
step is the generation of end-product hydrocarbons (ethene or ethane) which, due to very high 
vapor pressures and low affinity, escape the matrix and allow for “fresh” contaminant to be 
adsorbed by the carbon catalyst. 

Until the advent of the BOS 100® technology, reactive iron alone was the material most 
commonly used to induce reductive dechlorination.  Although effective in reducing mother 
products such as PCE or TCE, placing “raw iron” in the subsurface can result in slow or 
incomplete treatment because the period of time in which the solute and iron are co-located is 
primarily dependent upon seepage velocities.  If the contact time is insufficient, then the 
dechlorination process can be prematurely interrupted leaving derivative daughter products (e.g. 
VC) that can cause greater health risks and/or increase cleanup costs.  These deficiencies are 
avoided by the innovative combination inherent to BOS 100® in that the carbon carrier ensnares 
the initial contaminant (and continues to hold kinetically-generated derivatives) during the 
cleanup cycle.  The resident solutes are then reduced to innocuous end products via adequate 
contact with the interstitial iron.  

When the carbon-iron injectate is placed in the subsurface where chloroethenes/chloroethanes 
and elemental iron co-exist in the carbon pore network, the dechlorination process is a surface 
reaction whereby iron molecules are oxidized and the chlorine molecules are replaced by 
hydrogen molecules derived from hydrolyzed slurry water.  The rate of reaction is dictated by the 
local concentration of the solute and the amount of available surface area of the iron. 

As chloroethenes/chloroethanes diffuse into the carbon, the solute concentrations within the 
pore network are substantially higher than concentrations that existed in the surrounding soil or 
groundwater.  Thus, the rates of dechlorination within the activated carbon are significantly 
faster than rates commonly observed using reactive iron alone or other dechlorinating reagents 
due to the concentrating effect and the substantial surface area offered by the reactive iron.  The 
surface area of iron varies, depending on the product used, as evident in the following examples: 

• Typical iron powder used in reactive iron treatment has a surface area is less than 1 
m2/gm to 2 m2/gm (independent laboratory data). 

• The nano iron impregnated in the BOS 100® matrix has a surface area that ranges 
from approximately 200 m2/gm to 300 m2/gm (RPI laboratory data). 
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3. PERFORMANCE MONITORING  

Tracking the overall treatment progress of this innovative remedy is accomplished by 
monitoring decreases in groundwater concentrations of chlorinated hydrocarbons, as shown on 
Figures 1 and 2, and increases in groundwater concentrations of chloride (generated as a result of 
reductive dechlorination) and ferrous iron (generated as the nano iron is oxidized), as shown on 
Figure 3.  Other gaseous byproducts, including propene and 2-methylpropene, can also be used 
to document that (reductive dechlorination) treatment is occurring and that the disappearance of 
COCs is not simply a result of uptake by the carbon.   

 
 

 
 

 

 

 

 

 

 

Figure 1.  TCE Reduction 
     
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 2.  PCE, 1,1-DCE and 1,1,1-TCA Reductions 
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Figure 3.  Chloride and Fe+2 Generation 
 
Other evidence that treatment is occurring is shown by activity testing, as seen on 

Figure 4.  Initial TCE concentrations of 500,000 micrograms per liter (µg/L) in over 20 
bench-scale samples were reduced by almost 100 percent after just one hour, having been 
converted to 20 percent of the theoretical mass of chloride after only 24 hours (RPI 2005). 

 
 

 

 

 

 

 

Figure 4.  Tce-Chloride Activity 

4. CASE STUDIES  

LTE’s implementation of the TerraCert® program using the carbon-iron injectate has resulted 
in the closure of or the initiation of closure monitoring at all contracted sites in months rather 
than years.   Case studies involving field-scale applications include a former industrial property, 
a former dry cleaner site and an active dry cleaner facility.   
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4.1 Site # 1: Former Industrial Property 

In February 2005, LTE used the TerraCert® program to remediate TCE-laden groundwater 
emanating from several sources that had comingled into a large, main plume at a former 
manufacturing facility (Figure 5).  The project was high profile and required rapid closure due to 
impending redevelopment of the site.  As a result of the sales-purchase agreement, the property 
was divided into two parcels (north and south) under a Voluntary Cleanup Program (VCUP).  
The site was ideal for the TerraCert® evaluation, design and installation process because of the 
client’s desire to obtain a No Action Determination (NAD); the severity of the COC 
concentrations; and the fast-track nature of the project.      

Sources included an underground storage tank (south parcel) containing TCE used in 
manufacturing processes conducted from 1923 to 1971.  Another source (north parcel) was TCE-
laden sludge, discovered in a former disposal area.  The tank was removed in the 1970’s and LTE 
removed the characteristically-hazardous sludge via excavation for incineration in 2006.      

4.1.1 Evaluation   

The initial discovery of TCE-impact groundwater was based on results for groundwater 
samples collected from monitoring wells installed by a third party, independent consultant 
between July 2004 and March 2005.  As part of the TerraCert® program, LTE went on to install 
an extensive, yet inexpensive, network of vertical-profile borings and groundwater-monitoring 
points to fully characterize the lithology of and the solute distribution within the geologic setting 
and to determine the geometry of the groundwater plume. 

The soil matrix consisted primarily of river alluvium (well graded sands and gravels with 
varied densities) more than 50 feet thick, underlain by sedimentary bedrock. Groundwater 
occurred in an unconfined aquifer with a piezometric surface ranging from approximately 26 to 
30 feet below ground surface (bgs).  As shown on Figure 5, the main groundwater plume covered 
an area of approximately 175,000 square feet (ft2), or just over four acres, and contained TCE at 
dissolve-phase concentrations up to 1,280,000 µg/L, which is greater than the solubility of TCE 
(water solubility WS = 1,100,000 µg/L, Pankow and Cherry 1996).  Given the extreme aqueous 
concentrations, it is likely that free-phase TCE, i.e. DNAPL, had been present at one time as 
ganglia or pooled product within the interbeds of fine-grained materials (silts and clays) which 
underlain the primary source area, although DNAPL was never observed in the network of soil 
borings or groundwater monitoring points. 

LTE determined the concentration of chlorinated solvents both spatially and with depth 
throughout the site.  Based on the analytical data, LTE designed a pilot test program to evaluate 
the efficacy of the carbon-iron injectate.  Though an Underground Injection Control (UIC) 
permit was not necessary, a Rule Authorization (RA) was required and obtained from the U.S. 
Environmental Protection Agency (EPA).   
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Figure 5.  Site # 1, TCE Plume 

The pilot test was performed using Direct Push Technology (DPT) and specialized mixing 
and pumping equipment.  An 11-point, off-set Cartesian-type grid, was laid out over an area of 
approximately 225 ft2 at a location (MW-7) where TCE concentrations of 54,135 µg/L were 
observed.  The injection slurry consisted of approximately 3,000 pounds of BOS-100® and 3,300 
gallons of organic-free, potable water.  LTE conducted a performance sampling program 
following the completion of injection activities to observe contaminant reduction and to obtain 
other response information regarding mass-removal rates.  Within five weeks, TCE 
concentrations in the pilot-test area had equilibrated to levels below 5 µg/L.   

4.1.2 Design/Installation   

Implementation of the full-scale remedy program began in April 2005.  The goals for the 
injection design were to: 1) protect the property boundaries; 2) prevent “hydraulic push” effects 
which might exacerbate the footprint of the plume; and 3) to achieve cleanup goals.   

The site (north and south parcels) was sub-divided into 14 treatment regions, each with 
specific detailed injection plans.  Injection locations were laid out in off-set Cartesian-type grids 
with 5- to 15-foot spacings in order to create a series of “staggered” lines of injectate that 
intercepted the groundwater flow regime.  The carbon-iron slurry was injected at multiple depths 
(from 1- to 3-foot intervals throughout the vertical extent of the plume at any given location) 
either using “top-down” or “bottom-up” techniques depending on the lithology.  Approximately 



Closing Solvent Sites Using Activated Carbon Impregnated with Iron 223
 

 

164,000 pounds of injectate was placed at over 2,500 locations during the installation phase of 
the project.   

4.1.3 Results 

  Groundwater samples were collected from the extensive network of monitoring wells and 
temporary points throughout the installation phase in order to monitor remedy performance.  
Results for key wells are shown in Table 1.  

 

 

 

 

 

 

 

 

 

 

 

 

All the goals of the project were met using the TerraCert® process, including the client’s 
expectation of meeting regulatory requirements within the constraints of the property transaction.  
Not only was clean-up achieved very quickly, but at a cost well below both conventional 
approaches and newly developed in-situ biological methods for treating chlorinated solvents in 
groundwater. 

4.1.4 Closure   

An NAD was issued by the State for the north parcel in just 20 months (which included one 
year of closure monitoring).  An NAD was also issued for two-thirds of the south parcel, with 
closure pending for the remainder of the site, following a 2-year, closure-monitoring program to 
be completed by mid 2010. 

Table 1. TCE Reduction 

  Before After 
Key Wells Treatment Treatment 

  (µg/L) (µg/L) 
Source/Near-Source Wells 

MW-7 54,136 <0.5 
MW-7 deep 546 5.7 
GMW-4R 3,511 1.0 

MW-29 deep 454 <0.5 
MW-30 1,280,000 <0.5 

Property Boundary Wells   
GMW-2R 2,700 <0.5 

MW-3 1,800 <0.5 
MW-14 224 <0.5 
MW-22 24 <0.5 
MW-25 336 <0.5 
MW-28 744 <0.5 
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4.2 Site # 2: Former Dry Cleaner   

PCE was released to the subsurface as a result of historical leakage from a dry-cleaning 
solvent tank formerly located at this small, urban site (Figure 6).  The facility had been a dry 
cleaner from 1952 to 1998 and was remediated under the auspices of a VCUP.  Impacted soil 
within the “release halo” was removed by LTE via excavation in 2005 and the resultant 
groundwater plume was remediated using the TerraCert® program.  Access to off-site impacts 
was limited to street right-of-ways in this residential neighborhood.    

4.2.1 Evaluation   

The initial discovery of PCE impacts was based on results for soil and groundwater samples 
collected during a site assessment conducted by a third party, independent consultant between 
October 2001 and May 2004.    LTE completed additional vertical-profile borings and installed a 
network of groundwater-monitoring points to fill in data gaps, as part of the TerraCert® program. 

The soil matrix consisted primarily of clayey residuum underlain by claystone bedrock.  
Groundwater occurred in an unconfined aquifer with a piezometric surface ranging from 
approximately 6 to 12 feet bgs.  The fate and transport of the PCE groundwater plume was 
dictated by a hillside setting, which caused a fairly steep gradient (0.064 feet/foot) and incised 
drainage features filled with sandy colluvium, long since paved or built over during urban 
development.  As shown on Figure 6, dissolve-phase concentrations of PCE in groundwater 
ranged up to 122,000 µg/L in the source area, which is near the solubility (PCE WS = 200,000 
µg/L, Pankow and Cherry 1996).  DNAPL was never observed in the network of soil borings or 
groundwater monitoring points, though free-phase solvent likely had been present at one time as 
ganglia or pooled product within the clayey residuum.                

 Once LTE obtained an RA from the EPA, a series of pilot tests were performed to: 1) 
demonstrate the performance of BOS-100®; 2) evaluate the delivery system (DPT equipment) in 
fine-grained soil and fractured bedrock; and 3) monitor potential hydraulic push that may be 
caused by groundwater mounding (temporarily increasing the gradient) during injection 
activities.   

4.2.2 Design/Installation   

 Implementation of the full-scale remedy program began in March 2008.  The site was sub-
divided into 11 treatment regions (nine on site and two off site), each with specific detailed 
injection plans.  

Injection locations were laid out in off-set Cartesian-type grids with 7.5- to 10-foot spacings 
in order to create a series of “staggered” lines of injectate that intercepted the groundwater flow 
regime.  The carbon-iron slurry was injected at multiple depths (at 2-foot intervals) using top-
down techniques.  A total of 9,450 pounds of injectate were placed at 225 locations during the 
installation phase of the project.   
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Figure 6.  Site # 2, PCE Plume 

4.2.3 Results   

Groundwater samples were collected from the extensive network of monitoring wells and 
temporary points throughout the installation phase in order to monitor remedy performance.  
Results for key wells are shown in Table 2.  

Target clean-up levels, per the VCUP, were achieved upon the completion of the 2-week 
injection program.  As with Site #1 above, not only was clean-up achieved very quickly, but at a 
cost well below other remedies considered for the site.   

4.2.4 Closure Monitoring   

Per the VCUP, post-treatment sampling will be conducted on a quarterly basis for a period of 
one year.  Closure via an NAD is expected from the State by mid 2009. 
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Table 2. PCE Reduction 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

4.3 Site # 3: Active Dry Cleaner 

The likely cause of PCE impact to the subsurface was historical discharge of solvent from a 
dry-cleaning machine to a leaking floor drain located within this commercial facility (Figure 7).  
As is often the case, the releases were likely intermittent and diluted by rinse water transmitted 
into the drain.  Once the fluid exited the leaking drain pipe underneath the building, the PCE-
laden water evaporated in the subsurface and generated a PCE vapor plume over the years.  
Since the PCE vapor plume was heavier (more dense) than the air which occupied the 
unsaturated pore space of the soil underlying the building, the plume travelled downward, 
making eventual contact with the water table.  This condition, in turn, caused a mass transfer of 
PCE from the vapor phase to the aqueous phase; hence, impacting shallow groundwater.  The 
resulting groundwater plume was limited in size and intensity, with only low concentrations of 
PCE detected in site wells, even adjacent and downgradient of the floor drain.  LTE’s treatment 
objective was to address State regulatory concerns regarding impacts at the downgradient 
property boundary.      

 

 

  Before After 
Key Wells Treatment Treatment 

  (µg/L) (µg/L) 
Source/Near-Source Wells   

PZ-1 122,000 <0.5 
PZ-4 29,200 <0.5 
PZ-5 12,202 <0.5 
PZ-7 9,870 <0.5 
PZ-9 11,072 <0.5 
GW-4 22,700 <0.5 

Property Boundary Wells   
GW-1 2,700 <0.5 
GW-2 1,800 <0.5 

Off-Site Wells   
GW-8 6,919 <0.5 
GW-9 827 <0.5 
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Figure 7.  Site # 3, Permeable Reactive Barrier 

4.3.1 Evaluation   

The initial discovery of PCE impacts was based on results for groundwater samples collected 
during a site assessment conducted by a third party, independent consultant between June and 
July 2006.    There were no apparent soil impacts.   

The soil matrix consisted primarily of sandy, clayey residuum underlain by sandstone and 
claystone bedrock.  Groundwater occurred in an unconfined aquifer with a piezometric surface 
ranging from approximately 16 to 21 feet bgs.  Dissolve-phase concentrations of PCE in 
groundwater ranged up to 54 µg/L in the treatment area.     

4.3.2 Design/Installation  

Once LTE obtained an RA from the EPA, LTE implemented a remedy program that 
consisted of injecting the carbon-iron slurry as a permeable reactive barrier at the property 
boundary.  Installation activities occurred in June 2007.   

Injection locations were laid out in off-set Cartesian-type grids with 7.5-foot spacings in 
order to create a series of “staggered” lines of injectate that intercept the groundwater flow 
regime.  The carbon-iron slurry was injected at multiple depths (at 1 ½-foot intervals) using top-
down techniques.  A total of 1,260 pounds of BOS-100® were placed at 77 locations during the 
installation phase of the project.   
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4.3.3 Results  

Groundwater samples were collected from monitoring wells within the treatment area and 
from elsewhere on site, as part of a quarterly-monitoring program required by the State.  Results 
for key wells are shown in Table 3.    

 

 

 

 

 

 

4.2.4 Closure   

Four quarterly sampling events were completed to demonstrate that PCE concentrations 
within the treatment area continued to be undetectable and that concentrations elsewhere on site 
were downward trending due to natural attenuation.  Closure via an NAD was issued by the State 
in August 2008. 

5. REFERENCES  
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Table 3. PCE Reduction 

 Before After 
Key Wells Treatment Treatment 

 (µg/L) (µg/L) 

Property Boundary Wells   

MW-1 54 <0.5 

MW-4 42 <0.5 

MW-6 16 <0.5 
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PCB AND HEAVY METAL SOIL REMEDIATION, FORMER BOAT 
YARD, SOUTH DARTMOUTH, MASSACHUSETTS 

Michael E. Martin1§, Marc J. Richards2, LSP, P.E. 
1Tighe & Bond Consulting Engineers, 4 Barlows Landing Road, Unit 15, Pocasset, MA, USA  02559 2Tighe & Bond Consulting 
Engineers, 446 Main Street, 13th Floor, Worcester, MA, USA  01608 

ABSTRACT 

PCB and Heavy Metal Soil Remediation, Former Boat Yard, South Dartmouth Massachusetts.  
Michael E. Martin & Marc J. Richards, Tighe & Bond Consulting Engineers. Heavy metals have 
been added to marine paint for more than 100-years to protect boats from biological, chemical and 
physical degradation. Polychlorinated biphenyls (PCBs) were added to marine paint starting in the 
1940’s to give the paint better adhesive properties and to provide anti-corrosion protection from 
moisture, chemicals and flames (approximately 2% composition of paint). The nature of the 
contamination at this project Site was primarily heavy metals and PCBs in soil and heavy metals in 
sediment.  The source of soil contamination was from marine paint chips from repainting and 
maintenance activities conducted at the boatyard since the early 1900s. 

The source of sediment impacts is believed to be stormwater discharges to the Apponagansett 
Bay from routine boatyard activities, including power washing of boats. The overall goal of the 
soil remediation was to reduce PCB and metals exposure point concentrations at the Site to levels 
that do not pose a risk to human health and the environment. The work had to be conducted during 
the winter months, so the remedial and construction activities did not interfere with daily marina 
operations. This paper describes the remediation activities performed at the Site to achieve the 
overall remediation goal, which included: the chemical treatment of soil to stabilize the soil (bind 
leachable lead), excavation and off-site disposal of impacted soils and the construction of a multi-
layer asphalt cap containment system to restrict access to residual PCBs and heavy metals. 
Additionally, this paper will discuss the applicable environmental regulations governing the 
remediation. As a measure to minimize the potential for future contamination, this project also 
included the construction of a boat wash/washwater collection system to prevent future paint chip 
debris from entering the environment. 

Keywords: Massachusetts Contingency Plan (MCP), Toxic Substance Control Act (TSCA), 
Polychlorinated Biphenyls (PCBs), heavy metals, and marina. 
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1. INTRODUCTION 

The Site was developed in the early 1900’s as a service facility for only one steam yacht.  From 
1940 to present, the Site has been operated as a commercial boatyard.  The Site is located on 
Apponagansett Bay and consists of approximately 2.5 acres of land in a mixed residential and 
commercial setting. 

Based on available research, marine paints reportedly contained PCBs from the 1940’s until the 
manufacture of PCBs was terminated in the U.S. in 1977 because of evidence they build up in the 
environment and can cause harmful health effects.  PCBs were used in paint formulations as drying 
oils (resins) and plasticizers or softening agents (liquids). Based on the historical use of the Site, it 
is likely that the PCBs present at the Site were generated from activities conducted at the Site from 
1940 through 1977. 

1.1 Conceptual Site Model – Paint Usage 

Heavy metals have been added to marine paint for more than 100-years to protect boats from 
biological, chemical and physical degradation. The paints were designed to provide a boundary 
layer which would prevent organisms from attaching to the boat.  Some paints were designed to 
slough off with the organisms. Historically, boats needed painting every year to provide this 
protection. 

Paint chemistry changed to prolong the life of the paint and improve its antifouling and 
anticorrosive properties. Copper has been the primary compound used as a biocide in antifouling 
paints over the years (usually 10-30%, but as high as 50% composition of paint). Mercury and 
arsenic have also been used as a biocide in the past (reportedly 5% composition of paint).  

Lead was added to marine paint as a stabilizer, biocide and anti-corrosive agent (typically 1-
5% composition of paint).  Zinc has generally replaced lead as an anti-corrosive agent.   

Tributyltin (TBT, organic tin) was used primarily in the late 1960’s to late 1980’s to prolong 
the lifetime of the paint (about 10-15% of paint composition).  Organic tins are still used on large 
ocean-going vessels. 

PCBs were added to marine paint starting in the 1940’s to give the paint better adhesive 
properties and to provide anti-corrosion protection from moisture, chemicals and flames 
(approximately 2% composition of paint). Chlorinated paraffin has gradually replaced PCBs in 
paints, but paint containing PCBs can still be found on some older ships.  Natural sloughing of 
PCB paints was reduced because of the adhesive properties gained by the PCBs.  This may account 
for the observation of very low concentration of PCBs in sediment, while metals were elevated due 
to sloughing and power washing of boats that has occurred in and over the water (Tighe & Bond, 
2006). 
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1.2 Nature and Extent of Site Contamination 

The nature of the contamination was primarily heavy metals and PCBs in soil and heavy 
metals in sediment (Tighe & Bond, 2006).  The source of soil contamination was from marine 
paint chips from repainting and repair conducted at the boatyard. The source of sediment 
contamination was likely from contaminated stormwater discharges from power washing of 
boats.  Some contamination from marine paints may have also occurred from natural sloughing 
off of the paints from the bottom of the boats. 

Sampling results showed that the high concentrations of heavy metals and PCBs were 
primarily found in the top two feet of soil.  These findings are consistent with the historical 
painting and scraping areas of the boat yard.  The locations within the Site where elevated PCB 
concentrations exist were coincident with elevated heavy metals in soils and include the areas 
where the majority of the painting and sanding of boats had taken place in the past.  The outdoor 
central boat yard area, where boat repair work was conducted exhibited the highest contaminant 
concentrations of the outdoor soil samples. 

Based on the results of risk assessment performed for both human health and the environment, 
response actions were necessary for the soil contamination.  Ecological risk assessments for the 
sediment impacts concluded that response actions were not necessary for the sediment. 

1.3 Regulatory Programs 

Based on the nature and location of the release, this project was subject to various regulatory 
programs including TSCA, RCRA, the MCP and the Wetlands Protection Act.  Below is a brief 
summary of how each regulatory program applied to the Site: 

• TSCA:  the PCB concentration in the source material (marine paint) was greater than 50 
parts-per-million (ppm) 

• RCRA: the soil exhibited elevated levels of leachable lead, this regulatory program was 
avoided however, by treating the soil in-situ with a phosphate-based reagent to bind the 
lead prior to excavation, so the remediation waste generated during the response actions 
would not be considered a hazardous waste 

• MCP:  the concentrations of PCBs and heavy metals present in soil exceeded the applicable 
Reportable Concentrations (RCs), therefore the release was reportable to the State 

• Massachusetts Wetlands Protection Act: since Apponagansett Bay abuts the Site to the 
west, the project required approval from the Dartmouth Conservation Commission. 
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2. MATERIALS AND METHODS 

2.1 Soil Remediation Methodology 

The primary objective of the remediation efforts were to remediate the central portion of the 
Site containing bulk PCB remediation waste to less than or equal to the 10 milligrams per 
kilogram (mg/kg) cleanup level for a high occupancy area as specified by TSCA.  In addition, 
other portions of the Site were remediated to less than 1 mg/kg to allow for greater flexibility for 
future Site uses.  Through the removal of PCB contaminated soil, metals in soil would also be 
reduced.  To achieve these remediation goals, the following sequence of response actions were 
conducted at the Site: 

2.1.1 Central Site Area 

• Chemically stabilized soils in-situ with a liquid stabilizing phosphate-based reagent where 
PCB concentrations exist greater than or equal to 50 mg/kg to reduce leachable lead 
concentrations 

• Collect composite soil samples from the greater than 50 mg/kg cells for TCLP lead analysis 
to demonstrate leachable lead concentrations were less than 5 milligrams per liter (mg/L) 

• Upon receipt of laboratory results indicating TCLP lead results were less than 5 mg/L, cells 
with PCB concentrations greater than or equal to 50 mg/kg were excavated for off-site 
disposal 

• Following excavation, confirmatory sidewall and base samples were collected and submitted 
for PCB analysis to confirm that remaining soil contained PCB concentrations less than 
50 mg/kg 

• Upon receipt of laboratory results indicating identified areas with PCBs concentrations 
greater than or equal to 50 mg/kg had been excavated, the remaining soil was chemically 
stabilized in-situ with liquid stabilizing phosphate-based reagent to reduce leachable lead 
concentrations 

• Composite soil samples were collected from the stabilized soil areas and submitted for TCLP 
lead analysis to demonstrate leachable lead concentrations were less than 5 mg/L 

• PCB contaminated soils with concentrations greater than 10 mg/kg were excavated for off-
Site disposal until remediation goals were achieved 

• Confirmatory sidewall and base samples from excavated cells were collected and submitted 
for PCB analysis to confirm that the remediation goals were achieved 
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2.1.2 South End of Site, including Building Interior 

Soils located within the earthen floor of a boat repair building, an abandoned boat ramp, and 
on the southwest corner of the Site, were excavated to achieve PCB residual concentrations of 
less than 1 mg/kg.  Although the majority of these soils were less than 10 mg/kg, the objective 
for the south side of the property was to remove soils with PCB concentrations greater than 1 
mg/kg.  The rationale for this excavation scenario was to eliminate the need for the deed 
restriction on the south end of the property and allow for future unrestricted site development. 

Contaminated soil with PCB concentrations greater than 10 mg/kg and less than 50 mg/kg 
was transported off-Site under a MassDEP Bill-of-Lading (BOL) documentation and disposed as 
PCB remediation waste in accordance with TSCA at the Turnkey Landfill (A Waste 
Management Company) in Rochester, New Hampshire.  A total of 1,900 tons (1,300 cubic yards) 
was transported to the Turnkey landfill. Additionally, a total of 132 tons of soil (approximately 90 
cubic yards) was transported off-site as TSCA waste (greater than 50 mg/kg PCBs) under Uniform 
Hazardous Waste Manifests to the CWM Chemical Services, LLC facility in Model City, New 
York for disposal as PCB remediation waste in accordance with TSCA. 

2.1.3 Confirmatory Soil Sampling Methodology 

Post excavation confirmatory soil samples were collected in accordance with the EPA-
approved Self Implementing PCB Cleanup Plan and submitted for PCB analysis.  A sampling 
grid, consisting of 10-foot by 10-foot cells was overlaid across the Site.  Each cell was assigned 
with an alpha numeric identification.  Excavation base samples were collected every 100 square 
feet (one base sample per cell).  Sidewall samples were collected every 20 linear feet.  A total of 
573 samples were collected as part of confirmatory sampling and submitted for PCB analysis. 

In addition to PCBs, nine composite samples were analyzed for pesticides, antimony, copper, 
lead, mercury and/or tin analyses and three composite samples were submitted for TBT analysis 
(Tighe & Bond, 2007). 

2.1.4 Sediment Sampling and Ecological Risk Assessment 

As part of an ecological risk assessment, sediment samples were submitted for volatile 
organic compounds (VOCs), PCB aroclors, PCB congeners, polycyclic aromatic hydrocarbons 
(PAHs), and/or TBT laboratory analyses.  Invertebrates were manually collected from the organic 
sediments in the intertidal zone near shore area and one from a background area.  Composite 
samples were collected in the intertidal areas and one in the background area.  The tissues were 
analyzed for mercury, PCBs, and TBT (Tighe & Bond, 2006).   

2.1.5 Site Restoration 

Upon receipt of laboratory results indicating that the remediation goals were achieved, Site 
capping and restoration activities were completed, which included (Tighe & Bond, 2007):  
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• Grading of the central portion of the Site 

• Construction of the asphalt cap system in the portion of the Site subject to the deed restriction 

• Construction of a centralized boat wash-water collection and treatment system 

• Installation of storm water controls and utilities, and 

• Construction of a concrete floor in the building that container the soil floor 

2.1.6 Asphalt Cap System 

A 1-foot thick asphalt cap system was constructed over the majority of the central excavation 
to restrict access to residual PCB contaminated soil to comply with TSCA requirements. 

The area of the Site subject to the deed restriction is capped with a multi-layer cap system, 
which includes the following (Tighe & Bond, 2007): 

• 6-inches of bituminous asphalt 

• 6-inches of processed gravel with an orange warning barrier present within the center of the 
gravel layer, and 

• Filter fabric over residual soil contamination 

2.1.7 Boat Wash System 

To mitigate future releases of heavy metals and paint residues to the environment resulting 
from power washing and boat maintenance activities, an 18-inch thick concrete boat launch pad, 
equipped with a wash water collection system was constructed on the southwestern portion of the 
property.  The boat washwater collection system has been constructed to capture washwater 
(including sediment and marine paint chips) during the power washing of boats (Tighe & Bond, 
2007). 

3. RESULTS AND DICUSSIONS 

3.1 Confirmatory Soil Sampling Results 

Laboratory analytical results indicated that PCB Aroclors 1254 and 1260 were detected in 75 
percent of the 573 post-excavation samples collected throughout the Site.  Detected 
concentrations of Aroclor 1254 ranged from 0.05 mg/kg to 9.8 mg/kg.  Detected concentrations 
of Aroclor 1260 ranged from 0.07 mg/kg to 8.8 mg/kg.  From the area not subject to the deed 
restriction, maximum detected concentrations of the Aroclors 1254 and 1260 were 0.80 mg/kg 
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and 0.66 mg/kg, respectively.  Based on the PCB confirmatory soil results received, remediation 
objectives were achieved for the Site (Tighe & Bond, 2007). 

3.2 Sediment and Ecological Risk Assessment Results 

Laboratory analytical results indicated that elevated concentrations of heavy metals (copper, 
lead, mercury, tin and zinc) were generally detected in the top 2-feet of sediment.  Additionally 
low levels of PCBs (less than 1 mg/kg) were detected in shallow sediment.  Laboratory results 
showed that the metal and PCB impacts were typically localized to the areas where boats were 
docked.  Based on the results of the ecological risk assessment, remediation of sediment was not 
warranted.  .  A Stage II Environmental Risk Characterization was conducted in accordance with 
the MCP and determined that a condition of No Significant Risk to the aquatic environment existed, 
because sediment toxicity tests of benthic invertebrates, concentrations of chemicals in bivalve 
tissues collected from the Site, and modeling of concentrations in fish, shorebirds and wildlife, did 
not indicate a potential for biologically significant harm (Tighe & Bond, 2006). 

4. SUMMARY AND CONCLUSIONS 

Substantial soil remediation was performed and consisted of the excavation and off-site disposal 
of approximately 1,400 cubic yards (2,000 tons) of PCB and metal impacted soils.  Laboratory 
analytical results for the 573 confirmatory soil samples collected at the Site indicated that residual 
PCB concentrations remain in the central portion of the Site at concentrations that could pose a risk 
to human health through direct skin contact or ingestion (per MCP and TSCA).  This exposure 
pathway was eliminated through the implementation and maintenance of a deed restriction, which 
includes the construction and maintenance of an asphalt cap system to restrict access to residual soil 
contamination. 

Response actions conducted at the Site were effective in eliminating ongoing sources of 
potential PCBs and metals associated with the release.  PCBs are no longer used in marine paint and 
contact/ingestion of impacted soils has been eliminated through the implementation and 
maintenance of a deed restriction.  Additionally, future releases of heavy metals to the environment 
resulting from power washing and boat maintenance activities has been eliminated through the 
paving of areas where future boat repair work may occur.  In addition, a boat washwater collection 
system has been constructed to capture water runoff (including sediment and marine paint chips) 
during the power washing of boats. 
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PRESENCE AND EFFECTS OF AROMATIC HYDROCARBONS ON 
SEWAGE TREATMENT EFFICIENCY 

Bozena Mrowiec§, Jan Suschka 
University of Bielsko-Biala, Institute of Environmental Protection and Engineering, Willowa 2 Street, Bielsko-Biala 43-309, Poland  

ABSTRACT 

Aromatic hydrocarbons (BTX-s) are found very often in municipal sewage. The influence of 
BTX-s on biological processes efficiency, including the impact on nutrients removal, are 
presented. The BTX’s concentrations are varying in the range of 0 to 933 µg/L. Toluene is the 
compound most often measured in raw sewage. The concentration of toluene in the digested sludge 
liquor from primary settling tanks could increase to a level of 42 000 µg/L. Other aromatic 
hydrocarbons are observed in lower concentrations of about 30 µg/L. All of the investigated 
aromatic hydrocarbons have a more or less negative effect on the treatment. The effects have been 
evaluated in laboratory experiments for synthetic and real sewage. BTX-s have been added in 
concentrations in the range from 250 to 1250 µg/L. The biological treatment processes of 
municipal and synthetic sewage were performed in anaerobic and aerobic conditions. After the first 
step of treatment (anaerobic) the concentrations of BTX-s have decreased from 45 % for benzene 
to 76 % for p-xylene. A part of BTX-s was adsorbed on activated sludge. The aerobic stage 
permitted an almost complete BTX’s removal. The presence of aromatic hydrocarbons resulted in 
decrease of the effects of COD, nitrification and total phosphorus removal. The treated sewage 
contained higher concentrations of TKN in the range of 10 to 55 mg/L. 

Keywords: biological treatment; volatile aromatic hydrocarbons; dephosphatation; nitrification; 
volatile fatty acids. 

1. INTRODUCTION 

Aromatic hydrocarbons as: benzene, toluene and xylenes constituting an important group on 
the list of basic pollutants of waters, worked out by American Agency of Environment Protection 
(US EPA) and European Union. From the point of view of environment pollution, aromatic 
hydrocarbons, and especially benzene and his aliphatic derivatives are considered as very 
harmful. It is connected with their toxic properties, even at very low concentrations. Therefore 
BTX-s in an essential degree decide about the toxicities to soil and water ecosystems. Besides, 
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the ability of adsorption on solid particles is high, and because of that their concentration in soils 
and sediments can be considerably higher than in the water environment, (Battersby and Wilson, 
1989). From the other side BTX-s are comparatively well soluble in water, therefore they can 
migrate to the underground waters and eventual to potable water intakes. BTX-s are the 
chemicals of major environmental significance. They are produced in large quantities and they 
are extensively employed in a broad spectrum of industrial applications, primarily as solvents, as 
components in gasoline, and in the productions of other chemicals. For example toluene is 
present in many consumer products, including household aerosols, paints, varnishes, adhesives 
and glues. 

Aromatic hydrocarbons often occur in sewage discharged to the municipal treatment plants. 
They can be discharged with industrial wastewater, from small factories and public utilities and 
with domestic sewage, (Escalas et al., 2003). Concentrations of these compounds are diverse, 
e.g. Bell et al. (1993) and Namkung and Rittman (1987) have found BTX-s concentrations in 
municipal sewage on the level from 0,43 µg/L for benzene to 85,5 µg/L for toluene. The 
investigations performed in last few years of the content of BTX-s in sewage, collected from 
several municipal wastewater treatment plants in the Bielsko-Biala region have shown the 
presence of aforementioned compounds, on the level from zero to tens µg/L. The substance, 
which always was present in sewage and usually in the highest concentrations, from 14 to 115 
µg/L, was toluene. 

The conventional biological processes of sewage treatment used do not permit the total 
removal of BTX-s. It has been ascertained, that the concentrations of investigated substances in 
sewage treatment plants were diverse for each of analysed treatment plant. For example for the 
municipal treatment plant at Bielsko-Biala the concentrations of BTX-s in biological treated 
sewage varied in average from 0,2 µg/L for benzene to 13,7 µg/L for m, p-xylenes, (Suschka et 
al., 1996). The obtained results confirmed, that in spite of the determined in laboratory 
investigations susceptibilities of BTX-s biodegradability in aerobic conditions, in the conditions 
of denitrification, reducing sulphates, methanogenic and iron reducing microorganisms and at a 
relatively significant part of the BTX-s stripped off in aeration processes, full removal of these 
substances from sewage was not achieved and were present in treated sewage discharged to 
surface waters. 

Biological processes of sewage treatment are aiming at compliance with the present 
obligatory standards, the required removals degree of organic matter, nitrogen and phosphorus. 
Constructed in last years and at present modernized sewage treatment plants mostly are applying 
highly effective advanced technologies of biological removal of nutrients, often, or almost 
always are using the process of volatile fatty acid production (VFA-s) from sewage sludge. The 
Enhanced Biological Nutrients Removal Processes (EBNRP) are working according to many 
different schemes, and the required VFA-s are produced in different places and procedures, from 
accidental production in primary settlers or thickeners, to specifically designed hydrolyses tanks. 
The retention time for effective hydrolyses of primary or secondary sludge, i.e. production of 
optimal amounts of VFA-s is assumed to be 2 to 8 days, (Oleszkiewicz and Barnard, 1997).  
Concentrations in the range of 3500 to 4000 mg/L of VFA-s expressed as acetic acid can be 
achieved.  
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Almost no attention is given to other hydrolyses products of sludge organic substrate. It was 
found that in parallel to VFA production toluene formation occurred (Mrowiec et al., 2005). 

The investigations of real sewage sludge digestion process univocally showed occurrence of 
toluene formation in the acid phase of fermentation. A considerable high increase of toluene 
concentration up to about 42 000 µg/L was measured. The concentration of toluene found was 
about 1000 times higher to that measured in raw sewage. 

The paper elucidates the impact of BTX-s on the treatment effectiveness sewage by 
biological method. 

2. MATERIAL AND METHODS 

The first part of the investigations have concerned the measurements of BTX concentrations in 
raw municipal sewage and in the sludge supernatant (liquor) returned to the biological reactor from 
two selected large municipal treatment plants. 

The laboratory investigations of the biological treatment process have been performed with the 
use of real activated sludge and raw municipal sewage from selected municipal treatment plants or 
synthetic wastewater. Both treatment plants were designed for enhanced biological nitrogen and 
phosphorous removal. Twenty-seven series of biological treatment processes were carried out in 
laboratory reactors - anaerobic and aerobic (Fig. 1). In each step of treatment the hydraulic 
retention time was 20 hour. The active volumes of the reactors were 5 litters. Two parallel tanks 
were working. To the first reactor benzene, toluene, p-xylene and o-xylene (BTX-s) dissolved in 
methanol were added. A slow mixer continuously mixed the content of the anaerobic reactor.  
After sedimentation for 30 minutes, samples for analyses have been taken. The aerobic reactor was 
supplied by pressure air. Daily measurements of temperature, chemical oxygen demand (COD), 
pH, oxidation-reduction potential (ORP), dissolved oxygen, phosphorus (PTotal, P-PO4

3-) and 
nitrogen (TKN, N-NH4

+, N-NO3
-) concentration have been done. The BTX’s concentrations have 

been performed in sewage and in the samples with activated sludge. Determinations were done 
according to the Standard Methods (1995). 

For seven series the primary sludge and excess sludge was retained for several days in 
anaerobic conditions in order to assess the amount of VFA-s and toluene production. 

3. RESULTS AND DISCUSSION 

Measuring the changes of BTX-s concentration in the consecutive steps of treatment process at 
two large WWTP, the occurrence of high concentration of BTX-s was noticed in sewage 
transported to the biological reactors, in relation to detected concentrations in raw sewages. The 
concentrations of the investigated aromatic hydrocarbons are varying in the range of 0 to 933 µg/L. 
As mentioned, toluene was the compound most often measured in raw sewage. Its concentrations 
has been measured in the range from 1 to 238 µg/L in raw sewage and average on the level of 
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20000 µg/L in the digested sludge supernatant returned to the dephosphatation stage of biological 
sewage treatment. Other aromatic hydrocarbons were observed in lower concentrations, about 30 
µg/L in sewage and supernatant. But in one case the o-xylene concentration in raw sewage was 
933 µg/L.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Biological sewage treatment laboratory reactors set. 

The sludge samples taken from a primary settling tank of the selected WWTP were kept in 
laboratory under anaerobic conditions for 10 days. According to expectations VFA-s have been 
released. The obtained concentration of the sum of acetic, propionic and butyric acids were from 
1500 to 2500 mg/L in the process of hydrolysis. The maximum values have been obtained 
respectively after 5 and 7 days. In parallel to the release of VFA-s, toluene was bio-synthesized. 
The maximum concentration of toluene increased in the range from 32 930 μg/L to 37 524 μg/L in 
the digested sludge. Such high concentrations have not been measured directly in the sludge 
supernatant at the treatment pants. The sludge supernatants were used in the laboratory 
investigations in seven series.  

In laboratory investigations BTX-s concentrations in raw sewage were in the range from 250 
to 1250 µg/L of each compound. Total concentration of the aromatic hydrocarbons was from 
about 1 to almost 5 mg/L. After the first step of treatment (anaerobic) the concentrations of 
BTX-s have decreased from 45 % for benzene, 59 % for toluene, 65 % for o-xylene to 76 % for 
p-xylene. A part of BTX-s was adsorbed on activated sludge. Therefore concentrations of BTX-s 
were determined in the samples without activated sludge and in the parallel samples in the 
sewage with activated sludge. The largest values of adsorbed compounds were observed for p-
xylene 59 % and not higher, only about 15 % for benzene. Probably it was the result of different 
solubility the compounds in the sewage. The next stage of treatment (aerobic process) permitted 
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an almost complete BTX-s removal. Only toluene and xylenes remained in treated sewage in 
concentrations up to 13 µg/L.  Benzene was not observed in sewage after two biological 
treatment stages. Probably, a very important significance have had stripping to the atmosphere 
and biodegradation processes in the anaerobic and aerobic conditions. But the processes were not 
the investigating objects. The occurrence of BTX-s in treated sewage, are indicating an 
incomplete aromatic hydrocarbons removal effect of biological treatment processes, and the 
possibility of discharging these compounds to receiving waters. 

The main aim of the laboratory investigations was evaluation of the impact of BTX-s 
presence on COD and phosphorus removal as well as on the nitrification process efficiency. 

The different values of COD in raw sewage have been investigated. For samples of the 
synthetic sewage COD vales were in the range from 115 to 730 mgO2/L. The real municipal 
sewage was used with COD values ranging from 135 to 503 mgO2/L.  Seven series have been 
performed with the addition of digested sludge supernatant. In these samples the mixture had 
COD values from 895 to 1534 mgO2/L. 

Comparing the effectiveness of COD removal for sewage (synthetic or natural) with and 
without the addition of various concentrations of BTX-s, a negative effect of their presence was 
found. The effects of COD removal for municipal sewage or synthetic sewage, without the 
addition of BTX-s were in the range between 71 to 97 %, while with the presence of BTX-s the 
COD removal effects decreased distinctly to the range of 30 to 82 %. 

The negative effect of the aromatic hydrocarbons presence in supplied sewage can be attributed 
to the increase of COD in the sewage after the BTX-s addition. The differences in the COD values 
in treated samples with and without BTX are clearly seen in Fig. 2. The impact of increased BTX-s 
concentrations in raw sewage on the COD values of effluents is shown in Fig. 3. 

 

0

200

400

600

800

1000

0 200 400 600 800 1000 1200 1400 1600 1800

COD influent [mgO2/L]

C
O

D
 e

nf
flu

en
t [

m
gO 2/L

]

w ith BTX-s w ithout BTX-s
 

Figure 2. COD values in treated sewage in samples with and without BTX-s addition. 
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Figure 3. Dependence of COD values in effluents from BTX-s concentrations in raw sewage. 

In contrary, and surprisingly to some extend, the presence of BTX-s in the influent has 
contributed to higher effects of phosphates removal. The remaining concentrations of phosphates 
after the aerobic stage of treatment was definitively lower in the case of sewage to which BTX-s 
were added. Probable the high values of COD after the first anaerobic step of biological treatment 
process, could mean presence of easily biodegradable substrates being favourable for phosphorous 
accumulating bacteria. The phosphates concentrations in the effluent for both type of samples is 
shown in Fig. 4. 

But not the same dependence for total phosphorus was observed. The BTX-s in sewage have 
limited total phosphorus removal. The correlation between PTot concentration in the effluent and 
BTX’s concentration is showing clearly the negative effect of their presence. The correlation is 
shown in Fig. 5.  

The laboratory investigations have been performed in the anaerobic (I-step) and next in the 
aerobic (II- step of biological treatment) conditions. Therefore only nitrification process can be 
analyzed in the case of nitrogen transformations. After the anaerobic treatment, the concentration 
of ammonia nitrogen was measured as the effect of amonification process and after the aerobic 
conditions concentrations of ammonia nitrogen and nitrate nitrogen were determined as the final 
products. The Kjeldahl nitrogen was measured in raw and treated sewage. With COD increase in 
raw sewage an increase of ammonia nitrogen concentrations was observed. It was in accordance 
with the expectations, especially for synthetic sewage and in the case of supernatant addition.  

Similarly to the total phosphorus removal the nitrification processes was limited in the analysed 
samples to which BTX-s were added. The nitrate nitrogen concentrations in sewage after aeration 
stage in all samples were from 0 to 8 mg/L. In the case of higher ammonia nitrogen concentrations 
in raw sewage (samples with sludge supernatant) higher concentrations of ammonia nitrogen in the 
effluent were observed. For lower ammonia concentrations the nitrification process was more 
pronounced, and the dominating form of nitrogen were nitrates. In the case of samples without 
BTX-s only for very high ammonia nitrogen concentrations (over 
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Figure 4. Remaining phosphates after two steps: anaerobic-aerobic treatment. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Correlation between PTot concentration in effluent and BTX-s concentration in influent. 
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+/L) in raw sewage the ammonia nitrogen concentrations in treated sewage were 

on the same level as nitrates. 

The presence of BTX-s in sewage treated biologically, can have a negative effect and limit the 
nitrification process. For comparison the quantity of ammonia nitrogen oxygenated under aerobic 
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conditions in the sewage with and without BTX-s is given in Fig. 6. The differences in the 
nitrification process efficiency were distinctly shown for Kjeldahl nitrogen concentrations. The 
nitrification process has been adversely affected in all analyzed samples. For high Kjeldahl 
nitrogen concentrations in raw sewage the differences have been greater and the highest 
concentrations of ammonia nitrogen in the treated sewage have been measured.  
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Figure 6. TKN changes in the aerobic stage of treatment for samples with and without  
BTX-s. 
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Figure 7. Correlation between ammonia nitrogen concentration in effluent and BTX-s 
concentration in influent. 

The presence of BTX-s in sewage definitely affected the oxidation process of ammonia 
nitrogen and Kjeldahl nitrogen removal. The correlations between concentrations of nitrogen 
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ammonia and TKN in the effluent and BTX-s concentration in raw sewage are showing clearly 
the negative effect of their presence. The correlations are shown in Fig. 7 and 8.  
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Figure 8. Correlation between Kjeldahl nitrogen concentration in effluent and BTX’s 
concentration in influent. 

4. CONCLUSIONS 

The presence of BTX-s (toluene, benzene, p-xylene and o-xylene) in municipal sewage has 
so far not raised sufficient attention and its problem needs more profound explanation. 

Previous and present investigations have demonstrated and confirmed the phenomenon of 
bio-synthesis, mainly of toluene under anaerobic conditions and its discharges to sewage. It was 
shown, that in the step of VFA production being a part of the EBNRP system, relatively high 
concentrations of toluene may also be produced and next discharged to the bioreactors with the 
sludge supernatant. The presence of BTX-s in treated sewage, arising in the hydrolysis step for 
VFA production can affect negatively COD and phosphorus removal as well as the efficiency of 
the nitrification process. It can result in higher ammonia nitrogen concentration in treated 
sewage. However, due to the hydrolysis of organics in the anaerobic stage to simpler products 
being apparently a favourable substrate for phosphorous accumulating bacteria, better effects of 
phosphate uptake are possible. 
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Chapter 20 
 
A PARAMETRIC MODEL FOR ESTIMATING COSTS FOR 
REMEDIATING CONTAMINATED SEDIMENT SITES USING A 
DREDGING METHOD - A BUDGETARY & PLANNING TOOL FOR 
DECISION-MAKERS 

John Rosengard1§, Jeff Wallace2, Mark Otten3, Ashley MacDonald4, Ryan Lafrenz5 
1Environmental Risk Communications Inc., 2121 Tunnel Road, Oakland, CA 94611,  
2, 4, 5 Environmental Risk Communications Inc., 475 Sansome Street, Suite 1710, San Francisco, CA 94111 
3Parsons Corporation, 4156 Westport Road, Suite 205, Louisville, KY 40223 

ABSTRACT 

Contaminated sediments, whether in freshwater or marine systems, pose a significant 
environmental challenge both within the United States and across the globe. When it comes to 
cost estimating for sediment-related cleanup projects, headline after headline seems to read 
something like “Cost Estimates Increased for XYZ Project” or “Cost Estimate Rises to $(fill in 
your own astronomical number way above original estimates).” Why do these calculations 
remain such a persistent challenge to financial professionals and planners charged with 
estimating such cleanup efforts? One predominant reason is that estimating the true costs of such 
projects is tremendously difficult and riddled with high degrees of uncertainty. Simply put, what 
professionals need is a “better mousetrap.” 

To develop a better “mousetrap”, we assessed the current practices employed in developing 
such estimates. According to the U.S. Department of Defense and U.S. Department of the Army, 
there are three basic types of cost estimation techniques that are used either individually or in 
combination - Analogy, Build Up, and Parametric Modeling. Each approach has been used 
throughout industry with varying degrees of success. However, according to the DoD/DoA, there 
are currently no real-world examples of parametric models for estimation of sediment treatment 
project costs. 

We’ve created a viable Parametric Model for assisting managers and decision-makers in 
developing appropriate cost estimates for the processing and disposal of dredged materials which 
can be used for planning and budgetary purposes, communicating with appropriate stakeholders, 
and providing guidance to senior management. This multi-variable financial model enables cost 
estimates for either a single site or a portfolio of sites [while still allowing for individual site 
specifications] by providing cumulative costs over the overall remediation time horizon. It 
allows for “what if” scenarios and provides both numerical and graphical depictions of these 
aforementioned cost estimates. 

 
§ Corresponding Author:  John Rosengard, Environmental Risk Communications Inc., 475 
Sansome Street, Suite 1710, San Francisco, CA 94111, USA, Tel: 415-982-3100, Email: 
John@erci.com 
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1. INTRODUCTION 

Contaminated sediments, whether in freshwater or marine systems, pose a significant 
environmental challenge both within the United States and across the globe. Generally speaking, 
sediment remediation is complex and costly with numerous variables affecting the overall costs. . 
While there are many approaches to sediment remediation, four methods are in general use: 

 

Table 1. Sediment Remediation Methods 

Remediation Method Description of Method 

Dredging In lay terms, this is simply digging up the sediments which are then processed 
and disposed of accordingly. 

Capping This involves placing clean sand or gravel over the contaminated sediment in 
order to isolate the contaminants from the surrounding environment.* 

Monitor / 
Natural Recovery 

This involves the breakdown of contaminants due to physical, chemical and 
biological processes which occur in the environment, and the ability of the 
environment to rebound from the injuries caused by the contamination.* 

In-Place (In-Situ) 
Treatment 

This involves chemical, biological or thermal treatment of contaminated 
sediments where they lie, i.e. without excavation. 

* Source: http://www.epa.gov/Region5/sites/foxriver/glossary.htm 
 

This paper focuses exclusively on the dredging approach. . Furthermore, costs contained in 
this paper are based on publicly accessible information from completed, real world dredging 
projects as well as decades of collective industry experience by the authors. 

When it comes to cost estimating for sediment-related cleanup projects, headline after 
headline reads something like “Cost Estimates Increased for XYZ Project” or “Cost Estimate 
Rises to $(fill in your own astronomical number way above original estimates)”. . Why do these 
calculations remain such a persistent challenge to managers and decision-makers charged with 
estimating such cleanup efforts?  One predominant reason is that estimating the true costs of 
such projects is tremendously difficult and riddled with high degrees of uncertainty. Simply put, 
what professionals need is a “better mousetrap.” 

So, if an entrepreneurial engineer was tasked with coming up with a “better mousetrap”, they 
might methodically begin such an undertaking by (1) looking at the existing mousetrap, (2) 
understanding the needs that a new mousetrap must address, and (3) developing the new 
mousetrap. Our “mousetrap” is an improved cost estimating tool for financial professionals to 
use when estimating contaminated sediment project costs. One fortunate aspect of the challenge 
at hand is that while engineers require precise figures in the course of their work, managers and 
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decision-makers can more readily accept a broader, yet appropriately narrow, range of numbers. 
For our purposes, we maintain this overarching assumption – that cost estimates, as used by 
these financial professionals, are intended to be used specifically for planning and budgetary 
purposes, to communicate with appropriate stakeholders, and to provide guidance to senior 
management. 

2. CURRENT PRACTICE  

In attempting to develop this better cost estimating “mousetrap” for decision-makers, we 
must first assess the current practices employed in developing such estimates. According to the 
U.S. Department of Defense (DoD, 1999) and U.S. Department of the Army (DoA, 2002), there 
are three basic types of cost estimation techniques that are used either individually or in 
combination when developing estimates for sediment work: 

Table 2. Cost Estimation Methods 

Technique Description Advantages Limitations 

Analogy Compare project with 
past similar projects 

Estimates are based on 
actual experience 

Truly similar projects 
must exist 

Build-Up 

Each component is 
assessed and then 

component estimates are 
summed to calculate the 

total estimate 

Accurate estimates are 
possible because of 

detailed basis of estimate; 
promotes cost tracking 

Methods are time-
consuming; detailed data 

may not be available; 
important costs are 

sometimes disregarded 

Parametric 
Modeling 

Perform overall 
estimate using design 

parameters and 
mathematical algorithms 

Models are usually 
fast; they are also 

objective and repeatable 

Models can be 
inaccurate if not properly 
calibrated and validated; 
relevant historical data 

required 

Source: From U.S. Department of Defense (1999). Myers, T. E. (2005). “Cost estimating for contaminated sediment 
treatment – A summary of the state of the practice,” DOER Technical Notes Collection (ERDC TN-DOER-R8), 
U.S. Army Engineer Research and Development Center, Vicksburg, MS. http://el.erdc.usace.army.mil/dots/doer/. 

 

When thinking of the Analogy method, consider it the equivalent of a real estate agent or a 
home appraiser determining the value of your home. In order to do this, they will look at 
“comps” or comparables. Comps are data about properties recently sold, currently on the market, 
expired listings, and pending sales which are similar to the property whose value is being 
determined, your home in this example. Likewise, when planners need to estimate costs for a 
specific site/project, they draw appropriate comparisons to prior, completed projects of a similar 
nature. The biggest challenge of the Analogy method of estimating is that projects often have 
numerous unique, or site-specific, variables, making finding true comps rather difficult if not 
impossible. 
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When looking at the Build-Up method, consider the childhood riddle “how do you eat an 
elephant?...one bite at a time!”  In this approach, an overall project is broken down into various, 
more manageable tasks which are subsequently estimated on their own and summed to reach a 
total project cost estimate. Continuing the real estate analogy, this would involve determining 
how much it would cost to excavate a home site, how much to build a proper foundation, how 
much to complete framing, roughing in electrical and plumbing, etc. and then adding all costs 
together to obtain a final cost to build a home. This method requires a detailed analysis of each 
task of the project and often involves cost categorization and tracking. This method, while 
having some advantages over Analogy estimates, is both time and labor intensive and often data 
is not available to support an estimate. 

Lastly, parametric modeling-based estimation is a computer-based technique utilizing 
complex statistical approaches, mathematical expressions, and/or historical cost databases to 
estimate the overall project costs. To once again compare this approach to the real estate market, 
the Parametric Model analogy would involve the use of square footage, lot size, site location, 
traffic patterns, features/quality of construction, etc., taking a very scientific approach to hit on 
target pricing. As might be intuitively expected, Parametric Models often utilize expanded 
Analogy methods and/or databases built with data from Analogy and Build-Up estimates; when 
said data is available, Parametric Models offer a clear advantage to traditional estimation 
techniques.. However, according to the DoD/DoA, there are currently no real-world examples of 
parametric models for estimation of sediment treatment project costs1. 

3. MULTI-VARIABLE PARAMETRIC MODEL DEVELOPMENT 

Our goal was to create a viable Parametric Model for the specific purpose of assisting 
financial professionals and planners in developing appropriate sediment treatment cost estimates 
to be used for planning and budgetary purposes, to communicate with appropriate stakeholders, 
and to provide guidance to senior management. With this goal, we have developed a predictive 
financial model that incorporates numerous variables which impact the overall costs for the 
processing and disposal of dredged materials. Such factors that we considered and that can be 
specifically manipulated within the model to best reflect site specific considerations include: 

• Sediment Physical Properties 
• Chemical Concentrations 
• Regulatory Classification (Hazardous vs. Non-Hazardous) 
• Quantity & Type of Debris 
• Volume of Material to be Dredged 
• Rate of Dredging 
• Schedule 
• Funding Limitation(s) 
• Type of Dredging 
• Site Access & Upland Support Area 

 
1 Source: Myers, T. E. (2005). “Cost estimating for contaminated sediment treatment – A summary of the state of 
the practice,” DOER Technical Notes Collection (ERDC TN-DOER-R8), U.S. Army Engineer Research and 
Development Center, Vicksburg, MS. http://el.erdc.usace.army.mil/dots/doer/. 
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• Public Opinion 
• Allowable Work Hours (Seasonality) 

The model enables site owners to estimate costs for either a single site or a portfolio of sites 
[still allowing for individual site specifications] by providing annual and cumulative costs over 
the portfolio’s overall remediation time horizon (by site). Users are able to manipulate variables 
to model “what if” scenarios such as “what if we delay the project commencement for X years?” 
or “what if the cleanup takes Y years instead of X years?”  The model provides both numerical 
and graphical depictions of these aforementioned cost estimates. 

To elaborate further on the aforementioned cost factors, here is a brief description of each 
and how they can financially impact a remediation project’s overall costs: 

Table 3. Cost Factor Descriptions and Range of Cost Impact 

Cost Factors Description 

Range of 
Cost Impact 

(per cubic 
yard) 

Sediment 
Physical Properties 

The physical properties of sediment that will be dredged have 
significant impacts on material transport, dewatering, disposal and 
potential for beneficial use. The common properties that are most useful 
to evaluate impacts are particle size distribution, water content (or 
percent solids), organic content, Atterberg Limits and presence of 
separate-phase oil. These are all low-cost tests that should be performed 
on representative samples of sediment that may be dredged. Of 
particular importance is to properly classify sediment so as to best 
comprehend the cost impacts. For example, simply classifying sediment 
as “silt and clay,” “sand,” or “fine-grained” is not sufficient because 
there are wide ranges in types of silt and clay and sand which can have 
dramatically different effects on the chosen remediation approach. 

$5 - $25 

Chemical 
Concentrations 

Chemical concentrations in dredged material impact all aspects of 
material processing; not just ex situ disposal. For example, if chemical 
concentrations are low, it may be permissible to allow overflow from 
hopper barges without treatment. However, if the material has high 
concentrations or is designated as hazardous waste, then regulatory 
agencies may prohibit any overflow without treatment and might even 
require secondary containment, air collection, monitoring and/or 
treatment to occur at special hazardous waste treatment facilities. 

$0 - $50 

Regulatory 
Classification 

(Hazardous vs. 
Non-Hazardous) 

In the USA, all contaminated materials that are taken off site must 
be designated under various regulatory programs for transportation and 
disposal of materials that contain hazardous substances. However, 
sediment investigations often do not perform the tests that will be 
required to properly designate material, such as the Toxicity 
Characteristics Leaching Test Procedure (TCLP). 

$25 - $1,500 
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Cost Factors Description 

Range of 
Cost Impact 

(per cubic 
yard) 

Quantity & Type 
of Debris 

The quantity and type of debris in sediment to be dredged has a 
significant impact on treatment and disposal cost. Debris quantification, 
however, is difficult because the material that has the most impact on 
sediment processing and disposal is frequently too large for most 
subsurface sampling devices. Additionally, debris could include natural 
materials which are prone to causing damage to pumps, piping and 
treatment equipment, thereby adding to downtime and, thus, increasing 
costs. Finally, debris may also include items that could cause damage or 
injury to the dredging crew, especially at military installations (e.g. 
ordnance, containers with explosives or reactive chemicals).  

$0 - $25 

Volume of 
Material to be 

Dredged 

The unit cost of disposal of dredged material depends on the volume 
of material processed, with the instinctive concept of “economy of 
scale” well understood. Furthermore, variations in volume impact 
dredging projects less than typical upland construction projects due to 
the relatively high cost of equipment mobilization and temporary site 
facilities. 

$0 - $50 

Rate of 
Dredging 

The rates of dredging and project schedule have a significant impact 
on processing and disposal costs, as well as dredging and transport 
costs. The rates of dredging and disposal for work on the water are 
much different than are typical for upland work. This discrepancy has 
major impacts on the costs for contaminated sediment work.  

$0 - $50 

Work Schedule 

Restrictions on work hours or work seasons also have a significant 
impact on costs. These types of restrictions are generally understood. If 
night or weekend work is restricted, then production will be lower and 
costs will likely be higher. Restrictions of work season (e.g. fish 
windows) have impacts on costs that are more difficult to understand.  

$0 - $35 

Funding 
Limitation(s) 

Restriction on annual project funding can lead to increased cost due 
to stopping and re-starting work. Dredging and dredged material 
disposal requires specialized equipment and if work stops, then the 
equipment has to be transported to another project or placed on stand-
by. 

$0 - $100 

Type of 
Dredging 

The impact of using mechanical or hydraulic dredges on processing 
and disposal costs is an important factor in overall costs. Hydraulic 
dredging is a popular and proven technology for navigation dredging 
projects and can move material at relatively low costs. However, when 
dredging contaminated materials, the costs for dewatering and water 
treatment must be carefully and realistically evaluated in selection of the 
dredge method.  Any constraints that require faster dewatering or work 
in restricted space will increase costs. 

$10 - $50 
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Cost Factors Description 

Range of 
Cost Impact 

(per cubic 
yard) 

Site Access & 
Upland Support 

Area 

Site access has a significant impact on costs. Unlike navigation 
projects, some contaminated sediment projects are done in lakes, rivers 
or inlets where access by the water is limited. In some cases, all 
dredging and processing equipment must be delivered to the site on 
truck and then assembled as part of mobilization. For those cases where 
upland processing and disposal is used, the availability of land area near 
the water and dock facilities are important factors. Lack of area or 
facilities can increase costs for items such as temporary docks and 
equipment maintenance sites. In some situations, multiple steps are 
required to transport dredged material from the dredging to the 
processing area, which increases costs.  

 
Lack of space and time may dictate the use of more expensive 

mechanical dewatering and water treatment systems. Although 
mechanical dewatering (i.e. belt press, plate and frame press or 
centrifuge) methods are effective for most sediment types, they are more 
expensive than passive dewatering methods.  

$0 - $250 

Public Opinion 

Public opinions and concerns can impact costs when additional 
measures are required to address real or perceived environmental 
impacts from the work. In this sense, the public includes environmental 
groups, local business organizations and residential neighborhood 
groups. The best way to address such issues and avoid expensive delays 
is to involve and inform the public in every stage of contaminated 
sediment projects.  

$0 - $50 

Source: Otten, Mark (2004). "Factors Affecting Disposal and Reuse of Contaminated Dredged Material," World 
Dredging Congress XVII, Central Dredging Association, Hamburg, Germany. 

 
 

As indicated in this chart, various components affect a contaminated sediment site’s overall 
project costs. These costs and ranges were developed though extensive research of past, current, 
and proposed remediation efforts, as well as interviews with remediation project managers, 
industry experts, and key agency personnel. Despite the broad impacts that these variables can 
have on a project’s costs, financial professionals and planners still must address the challenge of 
providing “best available” estimates of such projects’ clean up costs for their own needs or when 
dealing with the various concerned stakeholders. As such, we have created a Parametric Model 
that incorporates to an appropriate level, the numerous factors described herein.  

The model cost estimates are based on the assumption that the area of sediment 
contamination, dredge volume, and average cost per cubic yard are the key variables for 
determining the possible costs for a contaminated dredging project. The effects of the area of 
sediment contamination and dredge volume variables on the total project cost are intuitive; 
higher values for either variable will result in higher project costs. Assuming the average cost per 
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cubic yard spans from a minimum of $10 per cubic yard to the maximum of $2,150 per cubic 
yard, the model is designed to narrow this range through a series of questions. 

As the user answers questions about the project, the upper and lower bound of the range are 
adjusted depending on the answer provided. For example, if a user answers “Yes” to a question 
regarding offsite disposal, the lower bound of the range would be adjusted to a higher average 
cost per cubic yard. Conversely, if the user answers “No” to the same question, the upper bound 
of the range would be adjusted to a lower average cost per cubic yard.  In other words, on 
average, offsite disposal of contaminated sediments will result in a higher possible project cost, 
while savings may be recognized if onsite disposal is available.   

Each subsequent question builds upon the previous question, thereby affecting the final 
outcome through adjustments to the lower and upper boundaries of possible costs. All responses 
to the questions yield a more accurate range of costs as more information becomes available. As 
a final step, the greatly reduced range is multiplied by the total dredge volume and spread over 
the total years of each project phase previously identified by the user.   

Within the current version of this model, users have the ability to: 

• Complete an interactive questionnaire covering Removal, Process, Water Treatment, 
and Disposal matters 

• Work on a portfolio of multiple sites simultaneously 

• Address “what if” scenarios such as adjusting the starting time and/or duration of 
remediation 

• Use intuitive toggle switches or slide bars to vary specific cost factors 

• View automatically updated tables and graphical charts of the portfolio of sites 
included in the analysis 

• See estimated annual remediation spend totals for each site and for the entire portfolio 
of sites 

• See estimated annual remediation spend variance for each site and for the entire 
portfolio of sites 

• Generate the net present value of the remediation spending over the portfolio’s overall 
remediation time horizon 

 

In addition to these color-coded tables, as mentioned, the data is also portrayed graphically 
via auto-updating charts representing each individual site and the overall site portfolio as seen in 
the following chart: 
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Figure 1. Illustrative Input / Cost Form for Sediment and Upland Sites 
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Figure 2. Illustrative Chart Showing Three (3) Sites over an 8-year Remediation Time Horizon 

4. CONCLUSION 

Dredging is one of the most frequently used methods of remediation for contaminated 
sediments. However, cost estimates for such projects are highly uncertain – often varying by 
1,000% (i.e. 10x) or more – and as such are not of any great use to policy or decision-makers 
charged with estimating these efforts. With billions of cubic yards of contaminated sediments 
needing study and remediation, having an accurate method of estimating such undertakings is 
critically important. To date, no standardized tool has been accepted within the industry. 

In nearly all circumstances, the cost estimates produced by this model will be unavoidably 
less accurate than costs produced in the more traditional preliminary engineering reports such as 
feasibility studies of alternatives. However, the primary purpose of the parametric cost model 
described herein is as a management tool for use in long-range cost forecasting conducted by 
managers and decision-makers for budgetary purposes versus more precise engineering 
estimates. It is intended to increase the accuracy of such estimates as well as to dramatically 
reduce the time required to generate estimates for projects of this nature. As more remediation 
data related to the dredging of contaminated sediments becomes available, we anticipate updates 
to the model. Additionally, we plan on incorporating input from additional remediation project 
managers, industry experts, and key agency personnel in an effort to further validate its process 
and outputs.  
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ABSTRACT 

A significant obstacle to the application of microbial reductive dechlorination of PCE and 
TCE is the undesirable accumulation of cis-DCE and vinyl chloride. In this study, lab-scale 
aquifer sediment column experiments were conducted to evaluate the feasibility of using ethene 
to stimulate cometabolic and/or auxiliary aerobic degradation of DCE in aquifer sediments from 
Edwards Air Force Base (EAFB). A mixture of ethene in air was supplied to gas-permeable 
membranes installed in a test column to stimulate aerobic degradation of DCE by ethenotrophic 
populations. Membranes in a parallel column were supplied with air or N2 as a negative control. 
The experimental results indicated that simply supplying ethene and air to the EAFB aquifer 
sediments alone did not produce conditions favorable for growth of DCE-degrading 
ethenotrophs. Moreover, amending the aquifer sediments with nutrients and bioaugmenting with 
enriched and pure (Nocardioides strain JS614) ethenotrophic cultures failed to stimulate growth 
of DCE-degrading ethenotrophs. This may have been due to the presence of inhibitory substrates 
or the absence of requisite growth factors. Parallel microcosm studies demonstrated that both the 
enriched ethenotrophic culture and the Nocardioides strain JS614 culture rapidly cometabolized 
DCE in mineral salts media, but did not readily acclimate to the EAFB aquifer sediments.  

Keywords: bioaugmentation bioremediation, dichloroethene, cometabolism, ethene, membrane 

1.  INTRODUCTION 

1.1   Research Objective 

Cis-dichloroethene (cis-DCE) and vinyl chloride (VC) are formed during anaerobic reductive 
dechlorination of perchloroethene (PCE) and trichloroethene (TCE). Although complete 
dechlorination to ethene in situ has been demonstrated, persistence of cis-DCE and VC under 
anaerobic conditions has impeded success of both natural attenuation and enhanced reductive 
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dechlorination at a large number of sites. One explanation is that cis-DCE/VC dehalorespirers 
are often absent from contaminated sites (Fennell et al., 2001). Another potential explanation is 
that cis-DCE/VC dehalorespirers are subject to substrate-limited growth; for example, Cupples et 
al. (2004) concluded that dehalorespirers theoretically should be unable to grow on VC at 
concentrations below ~44 µg/L. As an alternative to reductive dechlorination, many studies have 
demonstrated that cis-DCE and VC can be readily degraded under aerobic conditions (Coleman 
2002a and references therein). Degradation of cis-DCE and VC under aerobic conditions, 
however, may also be impeded by absence of the requisite microbial populations and/or 
substrate-limited growth conditions. In addition, cis-DCE and VC typically coexist with PCE and 
TCE in groundwater plumes (Suarez et al., 2004), and thus supplying oxygen to promote aerobic 
conditions would inhibit reductive dechlorination of PCE and TCE. These obstacles could be 
circumvented by developing a bioremediation technology involving (i) bioaugmentation with an 
aerobic microbial population capable of growing on cis-DCE and VC, (ii) supply of an auxiliary 
growth substrate capable of sustaining growth of the bioaugmented population without inhibiting 
secondary metabolism of cis-DCE and VC, and (iii) supply of oxygen without inhibiting 
anaerobic PCE/TCE dechlorination. Towards developing such a technology, this study assessed 
the feasibility of stimulating the growth of DCE-degrading ethenotrophic microbial populations 
in a lab-scale column packed with EAFB aquifer sediments and supplied with a 6% ethene in air 
mixture using gas-permeable hollow-fiber membranes. Parallel microcosm studies were also 
performed to assess the feasibility of stimulating growth of DCE-degrading ethenotrophs in the 
EAFB aquifer sediments (Clapp et al., 2008). 

1.2  Factors Impacting Feasibility of Using Membrane-delivered Ethene to 
Stimulate Growth of Ethenotrophs for Secondary cis-DCE Biodegradation  

 At many sites bioaugmentation may be required to promote growth of aerobic DCE/VC-
oxidizing bacteria in the aquifer. Several studies have verified the existence of bacteria that can 
grow by oxidizing VC as the sole carbon source (Hartmans and de Bont, 1985; Verce et al., 
2000, 2001, 2002). Coleman et al. (2002a) conducted a study to assess the diversity and 
distribution of aerobic bacteria that grow on VC and detected VC degradation in 23 of 37 
samples collected from 22 sites, and furthermore isolated 11 Mycobacterium strains and 1 
Nocardioides strain. Thus, bacteria capable of growing on VC appear to be common in the 
environment, but not ubiquitous. Coleman et al. (2002b) also recently conducted a study to 
assess the existence of aerobic bacteria that grow on cis-DCE and obtained 2 active cultures from 
18 enrichments, and furthermore isolated one aerobic β-proteobacterium strain that can grow on 
cis-DCE as a sole carbon and energy source. They conducted a study to assess the existence of 
aerobic bacteria that grow on cis-DCE as a sole carbon and energy source and concluded that 
these organisms are rare in the environment and may only exist in highly selective environments. 

Successful bioaugmentation may be impeded by inefficient transport and dispersal of 
injected bacteria in the subsurface. Microbial transport in the subsurface depends on the 
characteristics of both the cells and the surrounding porous media (Ginn et al., 2002). Several 
field studies with forced gradient groundwater flow found that injected bacteria do not travel far 
from the injection point (ESTCP, 2005). In general, observed advective transport of less than 3 m 
appears to be common for bacteria in silt or fine sand deposits (Harvey, 1997). 
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VC and cis-DCE may only support net growth of aerobic bacteria when present at 
concentrations well above MCL values. Microbial growth rate is a function of substrate 
concentration. At sufficiently low concentration (Smin) the decay rate exceeds the growth rate. 
Bradley and Chapelle (2000) found that bacteria indigenous to stream sediments could utilize 
cis-DCE as a sole carbon substrate for aerobic metabolism, but could not grow at concentrations 
below 4850 µg/L, and Rittman and Brunner (1984) have reported that aerobic bacteria cannot 
sustain net growth on simple compounds at concentrations below 100 to 1000 µg/L. 

Ethene can serve as an auxiliary substrate to support secondary aerobic metabolism of cis-
DCE and VC. Aerobic ethene-utilizing bacteria can readily cometabolize cis-DCE (Koziollek et 
al., 1999), and known VC-assimilating bacteria readily grow on ethene (Coleman et al., 2002a). 
In aerobic VC assimilation, the first step involves monooxygenase-catalyzed reactions that 
produce VC epoxide (Verce et al., 2000). Chloroethene epoxides are chemically unstable and 
rapidly degrade to a variety of products that are toxic to cells (Fox, 1990), which accounts for the 
low VC transformation yields attained through cometabolic degradation by methanotrophs and 
other oxygenase-expressing bacteria (Dolan and McCarty, 1995). Unlike all other substrates that 
have been used to support aerobic degradation of VC and cis-DCE via cometabolism, ethene can 
serve as a co-substrate for growth-coupled secondary metabolism of VC (Fogel et al., 2005). 
Coleman et al. (2003) recently found that Mycobacterium strains isolated on either ethene or VC 
possessed epoxyalkane:coenzyme M transferase (EaCoMT) enzymes that channel the generated 
epoxides into metabolic pathways and thus guard against accumulation of the toxic epoxides in 
the cytoplasm. This probably explains why cis-DCE transformation yields (i.e., moles of cis-
DCE mineralized per mole of substrate utilized) attained with ethene as an auxiliary growth 
substrate are an order of magnitude greater than when methane is used (Koziollek et al., 1999).  

Ethenotrophic degradation of VC and cis-DCE is inhibited by high ethene concentrations. As 
described above, ethene possesses advantages over other substrates (e.g., methane). However, as 
is the case for the other substrates, ethene will compete for monooxygenase active sites and thus 
competitively inhibit VC and cis-DCE degradation.  

Gas-permeable membranes can be used to supply dissolved gases to the subsurface with very 
high transfer efficiency. The iSOC® membrane technology has recently been used to supply 
ethene and oxygen to a VC-contaminated aquifer (Fogel et al., 2005; LeBlanc et al., 2005). Gas-
permeable hollow-fiber membranes have also been used for in situ hydrogen transfer to stimulate 
reductive dechlorination (Edstrom et al., 2005; Clapp et al., 2004a; Ma et al., 2003; Fang et al., 
2002). The use of gas-permeable membranes has the advantage of preventing gas bubble 
formation, and thus avoiding potential accumulation of explosive gas mixtures in the vadose 
zone or well head. 

It may be possible to concentrate VC/DCE-degrading ethenotrophs on gas-permeable 
membranes installed within groundwater circulation wells. Previous studies (Clapp et al., 2004b; 
Sumani et al., 2005) have demonstrated that robust methanotrophic biofilms will rapidly grow on 
gas-permeable membranes supplied with CH4 and air. These studies also indicated that high CH4 
concentrations and low TCE concentrations at the biofilm interior resulted in optimal 
methanotrophic growth conditions, while low CH4 and high TCE concentrations near the biofilm 
exterior minimized competitive inhibition. These results suggest that bioaugmented cis-DCE and 
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VC degrading ethenotrophs could similarly be concentrated on gas-permeable hollow-fiber 
membranes.  

By combining the in-situ membrane approach with groundwater circulation well (GCW) 
technology, the number of wells required to effectively treat the width of a plume can be 
minimized. In GCWs, groundwater is extracted from one screened interval and discharged 
through a second screened interval at a different level, creating a groundwater circulation pattern 
around the wells. If the GCWs are equipped with membrane-attached ethenotrophic biofilms, 
they will effectively become in-situ bioreactors (Veerasekaran, 2004). 

2.   MATERIALS AND PROCEDURE 

2.1  Aquifer Sediment Column Studies 

 Aquifer sediment columns were used to assess the ability of membrane-delivered ethene and 
air to stimulate degradation of cis-DCE by ethenotrophic bacteria indigenous to EAFB aquifer 
sediments. The same aquifer sediment columns were used to determine if nutrient amendment 
and bioaugmentation with an enriched ethenotrophic culture would improve cis-DCE 
degradation in the EAFB aquifer sediments. Two aquifer sediment columns were fabricated 
(Figure 1a). Each column consisted of three 9.2-cm i.d. × 31 cm glass sections, with two 3.5-cm 
thick polycarbonate membrane modules (Figure 1b) placed in between the sections. To allow 
collection of aqueous samples, one sampling port in the bottom glass sections, three in the 
middle and top sections, and one in each of the membrane modules were installed. Each 
membrane module contained two lengths of  gas-permeable Varglas ES-4400 (Varflex Corp., 
Rome, NY) silicone-coated fiberglass membrane tubing  threaded in parallel through aluminum 
cross supports in a spiral configuration as shown in Figure 1b to provide a uniform ethene and 
oxygen supply across the column cross sections. The bottom column sections were filled with 1-
mm glass beads to provide uniform hydraulic flow. Two aquifer sediment columns were wet-
packed with the homogenized aquifer sediments collected from the EAFB site. Tubing was 
connected to the inlet and outlet of columns. The outlet lines delivered the effluent to collection 
flasks. The inlet lines were connected to a 50-L carboy that served as a groundwater feed 
reservoir. Two piston pumps were used to deliver the groundwater to the columns. A tee was 
installed in each inlet line and connected to a multi-channel syringe pump that was used to spike 
the groundwater with a concentrated cis-DCE solution. Approximately 30 gallons of aquifer 
sediments were collected from EAFB borehole Number 284-MW03 for packing the column 
reactors and providing sediment slurry for the microcosm experiments. A mixture of 6% ethene 
in air (for the test column) and either air or nitrogen (for the control column) were supplied to the 
membrane modules from gas cylinders. An infrared sensor (Detcon, Inc.) was connected to the 
outlet gas line of the test column so that continuous ethene delivery could be monitored. 
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Figure 1.  (a) Aquifer sediment column reactors with piston pumps and syringe pump on the 
right; (b) membrane modules, each with two 100-cm hollow-fiber silicone membranes. 

 

Table 1.  Operating conditions for aquifer sediment columns C1 and C2.1  

  

Target 

influent 
DCE conc. 

(μg/L) 

Gas 
 supplied 2 

Gas flow 
per 

membrane  
(mL/min) 

Nutrient  
addition 

Ethenotroph 
bioaugmentation 

Study Start C1 C
2 

C
1 

C
2 

C1 C
2 

C1 C
2 

C1 C2

A) Br- tracer  01/26/
07 

0 0 air a
ir 

3 3 No N
o 

No No

B) DCE retardation  03/12
/07 

50 5
0 

air air 3 3 No N
o 

No No

C) Ethene turned on for C1 04/03/
07 

500 5
00 

et
h/air  

air 3 3 No N
o 

No No

D) Lowered gas flows 05/24/
07 

500 5
00 

et
h/air 

air 1 1 No N
o 

No No

E) Switched to N2 in C2 07/28/
07 

500 5
00 

et
h/air 

N

2 

1 1 No N
o 

No No

F) Added culture &
nutrients 

10/19/
07 

500 5
00 

et
h/air 

N

2 

1 1 Yes Y
es 

Yes No

G) Turned off gas to C2 11/15/
07 

500 5
00 

et
h/air 

non
e 

1 0 Yes Y
es 

No No

1 The groundwater flow rate through both aquifer sediment columns was maintained at 0.5 mL/min (or 0.72 L/day) 
throughout all the studies, corresponding to a linear velocity of ~31 cm/day.  

2 A mixture of 6% ethene in air was supplied to column C1 during studies C-G. 
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An overview of the column operating parameters for the cis-DCE degradation studies is 
presented in Table 1. The aquifer sediment column cis-DCE degradation studies were comprised 
of seven phases (A-G), as described in the data and analysis section. 

2.2   Enriched Culture and Aquifer Sediment Microcosm Studies 

To complement the aquifer sediment column studies, enriched ethenotrophic culture studies 
were performed (Figure 2a) to verify that ethenotrophic cultures could rapidly degrade cis-DCE 
with high transformation yields. In addition, EAFB aquifer sediment microcosm studies (Figure 
2b) were conducted to determine (1) if growth of indigenous ethenotrophic bacteria present in 
the EAFB aquifer sediments could be stimulated in the presence of ethene and oxygen, (2) if 
nutrient (N and P) availability in the EAFB aquifer sediments limited growth of ethenotrophic 
bacteria, and (3) if bioaugmentation with an enriched ethenotrophic culture would stimulate 
growth of ethenotrophs in the EAFB aquifer sediments (Bandyopadhyay, 2008). 

 

  
Figure 2.  (a) Subcultures of enriched ethenotrophic cultures on a platform shaker; (b) sediment 

microcosm bottles being analyzed for ethene and CO2.  

3.    DATA AND ANALYSIS 

3.1 Results of Aquifer Sediment Column Studies 

3.1.1 Conservative tracer (study A) 

 The hydraulic characteristics of the columns were evaluated using a tracer study, with the 
columns operated in an up-flow mode. To simulate groundwater conditions, groundwater was 
pumped through the two columns at 0.5 mL/min.  The groundwater feed to one of the columns 
was spiked with 60 mg/L of bromide, and 5-mL water samples were collected from the last port 
once a day for 16 days and analyzed for Br- breakthrough using ion chromatography (Figure 3). 
The column cross-sectional area was Ac = 67 cm2, and thus the specific discharge was v = Q/Ac 
= 10.7 cm/day. Since the porosity of the membrane modules was 1.0, this was also the 
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groundwater linear velocity through the membrane modules.  Bromide at the top sampling port 
reached 30 mg/L (50% of the inlet concentration) at approximately θ = 4 days after initiating the 
bromide spiking.  Since total distance from the bottom of the column to the top sampling port 
was L = 123 cm, the average linear groundwater velocity through the column was vlin  =L/θ = 31 
cm/day.  The effective porosity of the porous media was calculated as η = v/vlin = 0.34. 

3.1.2 Cis-DCE breakthrough curve (study B) 

After the tracer study, a cis-DCE breakthrough study was performed. The influent line to 
each column was spiked with a concentrated cis-DCE solution at 5 µL/hr using a syringe pump. 
To characterize the cis-DCE breakthrough curves, 1-mL water samples were withdrawn from the 
last port of each column every day over two weeks and analyzed for cis-DCE using an 
equilibrium headspace method with a gas chromatograph equipped with an electron capture 
detector (GC-ECD). Figure 3 compares the breakthrough curves for bromide and cis-DCE.  The 
cis-DCE concentration at the top sampling port reached 25 μg/L (50% of the inlet concentration) 
at approximately θ = 15 days after initiating the cis-DCE spiking.  Thus, the cis-DCE took 
roughly 3.7 times as long to break through the columns, implying a low retardation factor of 3.7, 
which was consistent with the low organic carbon content of the sediments.   

 

 

 

 

 

 

 

 

Figure 3.  Bromide and cis-DCE breakthrough data for aquifer sediment column. 

3.1.3 Baseline cis-DCE removal (study C) 

Following the bromide tracer and cis-DCE breakthrough studies, a baseline cis-DCE 
degradation study was conducted to assess whether supply of ethene and air through the gas-
permeable membranes would stimulate growth of indigenous ethenotrophic bacteria in the EAFB 
aquifer sediments. Ethene supply (6% in air by volume) to column C1 was initiated, while 
column C2 continued to be supplied with air alone as a negative control. The gas flow rate 
through each hollow-fiber membrane was maintained at ~3 mL/min. The cis-DCE concentrations 
at the bottom and top sampling ports for the ethene-supplied test column (C1) and air-supplied 
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control column (C2) are shown in Figure 4. The average cis-DCE removals in the ethene-
supplied test column (C1) and air-supplied control column (C2) during the study C were 83 ± 
13% and 78 ± 14%, respectively (with the ± values indicating 90% confidence intervals). 

3.1.4 cis-DCE removal after lowering gas flows (study D) 

Because high cis-DCE removals were observed in both the ethene-supplied test column and 
the air-supplied control column during study C, it was hypothesized that pervaporation of cis-
DCE through the hollow-fiber membranes was occurring. Therefore, the gas flows were 
decreased from ~3 mL/min per hollow fiber membrane to ~1 mL/min per fiber (or, since there 
were four fibers per column, from a total of ~12 mL/min per column to ~4 mL/min per column). 
This change in operating conditions resulted in the average cis-DCE removals in columns C1 and 
C2 decreasing from 83 ± 13% and 78 ± 14% to 47 ± 14% and 47 ± 19%, respectively (Figure 4), 
which supported the pervaporation hypothesis.  

3.1.5 cis-DCE removal after switching from air to N2 in control column (study E) 

Because relatively high cis-DCE removals were observed in both the ethene- and air-supplied 
columns during study D, even at the low gas flow rates, it was hypothesized that supply of air 
was stimulating aerobic biodegradation of cis-DCE in the control column (C2). Therefore, air 
was replaced with N2 for the gas supply to column C2. However, cis-DCE removal in the control 
column remained comparable to that in the test column (66 ± 26% and 61 ± 18%, respectively; 
see Figure 4), which was counter to the air supply hypothesis. This suggested that continued high 
cis-DCE removal in the control column was not due to aerobic degradation, although the 
possibility that dissolved oxygen in the feed groundwater was supporting aerobic degradation 
could not be ruled out. 

3.1.6 cis-DCE removal after bioaugmentation and nutrient amendment (study F) 

Because the cis-DCE removal in ethene-supplied test column was not greater than in the N2-
supplied control column after six months of continuous operation, it was hypothesized that either 
lack of nutrients and/or absence of indigenous microbes was inhibiting growth of cis-DCE 
degrading ethenotrophs in the test column.  Therefore, the feed groundwater for both columns 
was amended with 10 mg/L of NO3-N and 2 mg/L of PO4-P, and the test column was 
bioaugmented with two enriched DCE-degrading cultures. A DCE-degrading mixed 
ethenotrophic culture was obtained from Bioremediation Consultants Inc. (Watertown, MA) and 
a pure culture of Nocardioides strain JS614 was obtained from University of Iowa. Both cultures 
were grown to concentrations of approximately 500 mg VSS/L in serum bottles containing 40 
mL of a mineral salts medium (MSM) and supplied with a 6% ethene in air headspace (Figure 
2a).  To bioaugment the test column (C1), 10 mL of each culture was injected into both the 
bottom and top membrane module sampling ports. However, even after bioaugmenting the test 
column, the cis-DCE removals in the two columns remained comparable (Figure 4). 
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Figure 4.  cis-DCE removals in the ethene-supplied test column (C1) and control column (C2) 
over time.  The operating conditions for each period are summarized in Table 1.  The open 

symbols on day 318 were for split sample analyses conducted at a second laboratory. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.  Average cis-DCE removal efficiencies in the test column (C1) and control column 
(C2) during the three different gas flow periods.  Error bars represent 90% confidence intervals.  

The first letters on the x-axis indicate the study period (C, D-F, or G).  
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3.1.7 cis-DCE removal after turning off gas supply to control column (study G) 

The cis-DCE removals in the ethene-supplied test column (C1) did not become significantly 
greater than in the N2-supplied control column (C2) after 247 days of cis-DCE spiking, even 
after bioaugumenting the test column. Therefore, it was hypothesized that the cis-DCE removal 
observed in both columns was still primarily due to pervaporation, as opposed to biodegradation. 
To test this hypothesis, all gas flow to the control column was stopped. There was no significant 
change in the cis-DCE removal in the ethene-supplied test column, indicating that the nutrient 
addition and bioaugmentation had not improved the cis-DCE removal rates. In contrast, the 
average cis-DCE removal in the control column decreased from 66 ± 26% during study E to 5 ± 
17% during study G (Figure 4), indicating that, as hypothesized, pervaporation was probably the 
primary cis-DCE removal mechanism in both columns.   

3.1.8 Comparison of cis-DCE removal under different gas flow conditions (studies C-G)  

To characterize the effect of gas flow rate, Figure 5 compares the cis-DCE removals in both 
columns under the three different gas flow conditions used.  It is evident that the time-averaged 
cis-DCE removal rates decreased significantly when the gas flow rate was decreased from 
~3 mL/min/fiber to ~1 mL/min/fiber (for both columns), and again when the gas flow rate was 
decreased from ~1 mL/min/fiber to zero (for column C2 only).  In contrast, there was no 
statistically significant difference between the cis-DCE removals in the ethene-supplied test 
column (C1) and the air- or N2-supplied control column (C2) when both were supplied with gas 
at the same flow rates. These results were all consistent with the cis-DCE removal in both 
columns resulting primarily from pervaporation through the hollow-fiber membranes, and not 
from biodegradation. This interpretation of the data was supported by average cis-DCE 
concentration profiles for both columns that consistently showed decreases in cis-DCE 
concentrations between the sampling ports immediately upstream and downstream of the two 
membrane modules (Clapp et al., 2008). As will be discussed in section 4.2, this interpretation of 
the data was also consistent with the results of microcosm that showed little stimulation of 
ethenotrophic activity, even after bioaugmentation. 

3.1.9 Dissolved ethene concentrations in test column  

During study G, liquid samples were collected from sampling ports in the bottom and top 
membrane modules of the test column (C1).  In addition, the gas outlet line from the test column 
was placed in a 20-mL glass vial filled with DI water, such that the gas bubbled into the water. 
The collected samples (with zero headspace) were analyzed for ethene using a GC equipped with 
a thermal conductivity detector (TCD).  The DI water that had been bubbled with the outlet gas 
had an ethene concentration of 6.40 ± 0.28 mg/L.  In comparison, using the Henry’s law constant 
for ethene at 25°C of 213 atm/M (Sander, 1999), the theoretical ethene concentration for water at 
equilibrium with ethene gas at a partial pressure of 0.06 atm was calculated to be 7.89 mg/L.  
Thus, the ethene concentration in the water that had been bubbled with the outlet gas from the 
membrane modules was only slightly lower than the theoretical saturation concentration 
assuming an ethene partial pressure of 0.06 atm, indicating that the ethene composition of the gas 
flowing through the membranes was close to the target value of 6%. 
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The dissolved ethene concentrations in the water samples collected from the bottom and top 
membrane module sampling ports were similar at 0.83 ± 0.28 and 0.87 ± 0.09 mg/L, 
respectively. In comparison, a dimensionless membrane mass transfer correlation developed by 
Fang et al. (2002) was used to predict that the dissolved ethene concentrations under abiotic 
conditions would have been ~2.52 mg/L. Thus, the actual measured dissolved ethene 
concentrations, 0.83 and 0.87 mg/L, were only 33% and 35%, respectively, of the concentration 
that theoretically should have existed under abiotic conditions.  This experimental finding was 
consistent with the possibility that ethenotrophic bacteria were utilizing ethene within the test 
column. 

3.1.10 Presence of biofilms on membranes in the test column 

At the conclusion of the experiment, the columns were disassembled and the membrane 
modules visually inspected.  Figure 6 shows that significantly more robust biofilms developed on 
the membranes in the test column than on the membranes in the control column, indicating more 
microbial activity on the test columns. Evidence of minor mineral scaling (e.g., CaCO3) was also 
observed on the membranes from both columns. 

 
 
 
 
 
 
 
 
 
 
 

Figure 6.  Biofilms on the bottom membranes in the control column (CB) and test column (TB). 

3.1.11 Alkalinity and pH data 

The effluent alkalinity and pH for the two columns were measured weekly.  During studies 
C-E, the effluent alkalinities ranged from 90 to 120 mg/L (as CaCO3) in both columns. However, 
the effluent alkalinities in both columns increased to between 120 and 160 mg/L as CaCO3 
during studies F-G when the feed groundwater was spiked with 10 mg/L of NO3-N and 2 mg/L 
of PO4-P.  The increase in alkalinity may have been due to the nitrate addition, since 
denitrification of 10 mg/L of NO3-N would theoretically increase alkalinity by 35 mg/L as 
CaCO3 (Metcalf & Eddy Inc. et al., 2002). Despite periodic additions of HCl to the groundwater 
feed to lower the influent pH, the effluent pH values for the control column (C2) were 
consistently between 8.7 and 9.1. The effluent pH values for the ethene-supplied test column 
(C1) also fell within this range during studies C and D.  However, during studies E-G, the test 
column effluent pH generally decreased to between 8.2 and 8.8, or 0.5 units lower, on average, 
than for the control column. This result was consistent with the possibility that ethenotrophic 

http://www.amazon.com/exec/obidos/search-handle-url?%5Fencoding=UTF8&search-type=ss&index=books&field-author=George%20Tchobanoglous�
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bacteria were active in the ethene-supplied test column, since ethene oxidation to CO2 would 
decrease the effluent pH.   

3.2 Results of Enriched Culture and Aquifer Sediment Microcosm Studies 

3.2.1 Verification of cis-DCE degradation by enriched ethenotrophic cultures 

 As described above, both a mixed ethenotrophic culture and a Nocardioides strain JS614 
pure culture were grown in serum bottles (Figure 2a).  Observed growth yields, Yobs, were 1.62 ± 
0.05 and 1.89 ± 0.35 mg of VSS per mg of ethene, respectively. The Yobs values were determined 
by measuring initial and final ethene concentrations in the headspace, as well as initial and final 
VSS concentrations. To assess cis-DCE degradation, 160-mL serum bottles containing 40 mL of 
both ethenotrophic cultures in early stationary growth phase were opened and briefly (< 1 
minute) sparged with air to remove residual ethene. The bottles were then recapped with Teflon-
coated septa and spiked with 10 ppm cis-DCE (based on initial liquid phase volume).  Negative 
controls were similarly prepared by spiking 40 mL of DI water. A dimensionless Henry’s 
constant of 0.167 for cis-DCE at 25°C (Sander 1999) was used to compute the aqueous and 
headspace cis-DCE concentrations.  The bottles were then placed on a platform shaker at 150 
rpm, and the headspace cis-DCE concentrations over time were measured by GC-ECD.  The first 
time the cultures were spiked with cis-DCE, it took about 6 hrs to remove more than 90% of cis-
DCE (Figure 7). However, with each respiking the rate of cis-DCE transformation decreased, 
and after the sixth respiking it almost ceased completely, indicating that in the absence of ethene 
the resting cells had a finite cis-DCE transformation capacity, Tc. The Tc values for the mixed 
ethenotrophic culture and the Nocardioides strain JS614 culture were determined to be 0.079 ± 
0.020 and 0.083 ± 0.022 mg cis-DCE/mg VSS, respectively.  These results indicated that neither 
culture was able to utilize cis-DCE as a growth substrate, and that the degradation occurred via 
cometabolism. The cis-DCE transformation yields, Ty, defined as the maximum mass of cis-DCE 
transformed by the resting ethenotrophic cells per unit mass of ethene used for cell growth 
(Alvarez-Cohen and McCarty, 1991), were determined to be 0.128 ± 0.042 and 0.156 ± 0.015 
mg cis-DCE/mg ethene, respectively (calculated as Ty = Yobs × Tc).  Finally, a peak for a 
significant transient cis-DCE transformation product appeared in the GC-ECD chromatograms 
that may have been dichloroacetaldehyde, although this was not confirmed. 

3.2.2 Evaluation of ethene utilization in non-bioaugmented EAFB aquifer sediments 

To evaluate the feasibility of stimulating growth of indigenous ethenotrophic bacteria in the 
EAFB aquifer, sediment slurry samples (50 mL) were distributed to 12 different 160-mL glass 
serum bottles, followed by addition of 50 mL of the EAFB groundwater. Three additional serum 
bottles were filled with 100 mL of DI water to serve as negative controls. The pH of all the 
microcosm bottles was adjusted to between 7 and 8 using HCl. The 15 serum bottles were then 
capped with Teflon-lined rubber septa and a gas-tight syringe was used to add ethene to the 60-
mL headspaces to yield a ~5% ethene in air mixture. All the serum bottles were then placed on a 
platform shaker at 150 rpm (Figure 2b), and the headspace ethene and CO2 concentrations  



Membrane Delivered Ethene to Stimulate Microbial Degradation of DCE 271

 

 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0 24 48 72 96 120 144 168 192 216 240 264 288 312 336

ci
s-

D
CE

 C
on

ce
nt

ra
tio

n 
(C

/C
o)

Time (hrs)
Control Mixed #1 Nocardioides #1 Mixed #2 Nocardiodies #2  
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Figure 8.  Average headspace ethene concentrations in the 12 microcosm bottles and 3 
control bottles over time.  On day 112 (vertical dashed line), bottles 1-12 were amended with 

nutrients, bottles 1-6 were bioaugmented, and control bottles 13-15 were inadvertently opened. 

 

monitored over time.  Figure 8 compares the average headspace ethene concentrations in the 12 
microcosm bottles and the 3 control bottles over time.  During days 1-49, the average headspace 
ethene concentrations in the microcosm bottles and in the control bottles were consistently 
between 4.4% and 4.8%, indicating negligible activity of ethenotrophic bacteria. However, 
between days 49 and 105, the average microcosm bottle headspace ethene concentrations slowly 
decreased from 4.4% to 2.9%, whereas the average control bottle headspace concentrations only 
decreased from 4.3% to 3.8%. Correspondingly, the average headspace CO2 concentrations in 
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the microcosm bottles slowly increased from 0.23% to 0.55%, whereas the average headspace 
CO2 concentrations in the controls did not increase significantly (data not shown).  These results 
were consistent with the possibility that ethenotrophic bacteria were active in the microcosm 
bottles. Finally, no methane was detected, indicating that methanogens were not active. 

3.2.3 Assessment of nutrient amendment and bioaugmentation on ethenotroph activity  

Although the headspace ethene and CO2 analyses did suggest that ethenotrophic bacteria may 
have been active in the microcosms, the disappearance of ethene was very slow.  Therefore, on 
day 112, all the microcosm bottles were amended with 5 mL of mineral salts media (MSM) to 
supply nutrients (N and P), and bottles 1-6 were bioaugmented with 250 μL of the DCE- 
degrading mixed ethenotrophic culture and 250 μL of the pure culture of Nocardioides strain 
JS614. Surprisingly, the average headspace ethene concentrations in the bioaugmented bottles 
(1-6) did not decrease at all between day 105 (before bioaugmentation) and day 147 (35 days 
after bioaugmentation), whereas the average headspace ethene concentrations in the non-
bioaugmented bottles did decrease slightly from 2.77% on day 105 to 2.59% on day 147.  These 
results suggested that, although the mixed ethenotrophic culture and pure culture of 
Nocardioides strain JS614 both grew readily in MSM, the cultures did not acclimate readily to 
the EAFB aquifer sediments. 

4. CONCLUSIONS 

The studies with the enriched mixed ethenotrophic culture and the pure Nocardioides strain 
JS614 culture demonstrated that both were able to rapidly degrade cis-DCE when grown in a 
mineral salts medium. The cis-DCE degradation rates decreased significantly over time, 
indicating that neither culture could utilize cis-DCE as a growth substrate, and that the 
degradation occurred via cometabolism. The cis-DCE transformation yields were determined to 
be 0.128 ± 0.042 and 0.156 ± 0.015 mg cis-DCE/mg ethene, respectively.  However, these 
cultures did not appear to acclimate to the EAFB aquifer sediments readily.     

The experimental results of the aquifer sediment column studies indicated that simply 
supplying ethene and air to the EAFB aquifer sediments alone did not produce conditions 
favorable for growth of DCE-degrading ethenotrophs. Moreover, amending the EAFB aquifer 
sediments with nutrients and bioaugmenting with the enriched and pure ethenotrophic cultures 
failed to produce conditions favorable for growth of DCE-degrading ethenotrophs. This may 
have been due to the presence of inhibitory substrates (e.g., metals, salts, or organic compounds), 
or the absence of requisite growth factors (e.g., micronutrients). 

Biodegradation and pervaporation were competing removal mechanisms in the column 
reactors, such that lower biodegradation removals corresponded to higher pervaporation 
removals. Thus, it was not surprising that cis-DCE pervaporation was a more significant removal 
mechanism in this study than for TCE in a similar previous study (Ma et al., 2003). One possible 
explanation for the ethene-supplied test column not achieving higher cis-DCE removal rates than 
the control column (when both columns had the same gas flow per membrane fiber) was that 
high pH conditions (8.2 to 9.1) inhibited growth of cis-DCE degrading ethenotrophic bacteria. 
However, a 5% ethene in air headspace did not stimulate significant growth of ethenotrophs in 
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the same EAFB aquifer sediments during pH-controlled microcosm studies (over a 21-week 
period), even after nutrient addition and bioaugmentation with DCE-degrading ethenotrophic 
cultures. 

Future research should focus on the causes for inhibited growth of ethenotrophs in the aquifer 
sediments, including the possibility of the presence of inhibitory substrates (e.g., metals, salts, or 
organic compounds) or the absence of requisite growth factors (e.g., micronutrients). 
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PART IX: Risk Assessment 

Chapter 22 

EFFECTS OF SOIL MATRIX AND AGING ON THE DERMAL 
BIOAVAILABILITY OF POLYCYCLIC AROMATIC 
HYDROCARBONS IN THE SOIL  

Rita M. Turkall1,2, Gloria A. Skowronski1, and Mohamed S. Abdel-Rahman1§ 
1University of Medicine and Dentistry of New Jersey, Pharmacology and Physiology Department, New Jersey Medical School 
and 2Clinical Laboratory Sciences Department, School of Health Related Professions, Newark, NJ, USA 07103-2714 

ABSTRACT 

The potential health risk from exposure to chemically contaminated soil can be assessed from 
bioavailability studies. The aims of this research were: (a) to determine the dermal bioavailability 
of contaminants in soil for representatives of the polycyclic aromatic hydrocarbon class of 
chemicals, namely, benzo(a)pyrene and naphthalene, and (b) to examine the relative contribution 
of soil matrix and chemical sequestration in soil with time (“aging”) on their bioavailability. In 
vitro flow-through diffusion cell studies were performed utilizing dermatomed male pig skin and 
radioactive chemicals to measure dermal penetration. Volatilization of naphthalene was 
predominant in reducing the amount of chemical available for dermal penetration.  Immediate 
contact with either of two soils reduced volatilization, however, only the soil with higher clay 
content resulted in reduced penetration.  Aging in higher sand content soil and higher clay 
content soil further reduced skin penetration by 23 and 70 fold, respectively, versus naphthalene 
in the absence of soil.  Benzo(a)pyrene penetration was reduced >88% following immediate 
contact with either soil with further reductions occurring after aging. While aging in either soil 
reduced the dermal penetration of both naphthalene and benzo(a)pyrene, the effect on 
naphthalene was much greater.  The results of this study suggest that the bioavailability from 
dermal exposure to the polycyclic aromatic chemicals examined can be significantly reduced by 
soil matrix and aging in soil, resulting in reduced potential health risk following dermal 
exposure. 

Keywords:  soil contaminants, dermal exposure, bioavailability effects  
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1.    INTRODUCTION 

Chemical contamination of soil is a widespread problem of concern to industry, employees, 
communities and regulatory agencies.  Conservative assessment of human health risk following 
exposure to contaminated soil often is based on exposure to the total concentration of chemical in 
the soil determined by rigorous extraction procedures (USEPA, 1986, 1992; Tang et al. 1999).  
This approach can result in overestimation of risk if only a fraction of the total concentration (the 
bioavailable fraction) is absorbed into the systemic circulation. 

Soil is a complex matrix that can adsorb pollutants (Hamaker and Thompson, 1972).  Organic 
carbon content, clay content, particle size, surface area and pH of soil can affect chemical sorption 
and desorption processes, and thus may have significant impacts on the bioavailability of 
chemicals from soils (NEPI, 2000; Pu et al., 2004).  Moreover, the movement of chemicals from 
the surface of soil particles into less accessible sites with time (aging) (Linz and Nakles, 1997; 
Reid et al., 2000) can further impact chemical bioavailability from soil (Alexander, 2000).  The 
mechanisms for chemical aging are not fully understood; however, it has been proposed that 
hydrophobic chemicals can partition into the solid phase of soil organic matter as well as become 
entrapped within soil nanopores where they may be retained and become less accessible (Steinberg 
et al., 1987; Brusseau et al., 1991; Pignatello and Xing, 1996).  Adsorption, desorption and 
partitioning in soil are also affected by the chemical’s size (Dragun, 1988; Winegardner, 1996), 
volatility and lipophilicity (Ibbotson et al. 1989).  

The dermal route of exposure can contribute significantly to total exposure since adult human 
skin comprises more than 10% of total body mass and 1.8 m2 of body surface (Roberts and 
Walters, 1998; USEPA, 2001).  Adults are more likely to experience dermal exposures to 
contaminated soil during work related activities, waste disposal operations or accidental releases, 
while children do so during play activities. Adsorption through skin has the potential to deliver 
significant quantities of chemicals systemically to the body, while chemicals that cannot penetrate 
skin may be limited to local toxic effects on the skin.  Therefore, it is necessary to know the 
capacity of a chemical for dermal absorption in order to assess its overall potential risk (Mattie et 
al., 1994).   

The studies reported in this paper were conducted to assess the dermal bioavailability of 
contaminants in soil for representatives of the polycyclic aromatic hydrocarbon (PAH) class of 
chemicals, namely, benzo(a)pyrene (BaP) and naphthalene.  PAHs are ubiquitous contaminants of 
soil derived chiefly from the incomplete combustion of organic materials as well as being 
introduced to soil through human activities such as gas manufacture from coal or oil resulting in 
deposits of coal tar residues (ATSDR, 1995; Loehr and Webster, 1997).  New Jersey has the most 
sites with PAH contamination. Soil concentrations of BaP in National Priorities List (NPL) sites in 
the state range between 1.1 and 8,100 mg/kg (ATSDR, 1995; ATSDR, 1999). BaP has been 
classified as a probable carcinogen in humans.  Dermal exposure to BaP can cause skin irritation 
with rash and/or burning sensations.  Repeated exposure can produce skin changes such as 
thickening and darkening (NJDHSS, 1998).  Naphthalene has been identified as one of the most 
abundant soil contaminants at hazardous waste sites (NRC, 1991).  The mean concentration of 
naphthalene detected in soil/sediments from 106 of the 862 hazardous waste sites analyzed by the 
Contract Laboratory Program was 1,300 ug/kg (CLPSD, 1988).  The primary health concern for 



Comparison Assessment of Dermal Bioavailability of Soil-Aged PAHs       277
 

 

individuals dermally exposed to naphthalene is hemolytic anemia (Schafer, 1951; Dawson et al., 
1958) due to the potent hemolytic properties of the metabolite alpha-naphthol (Mackell et al., 
1951). 

The relative contribution of the soil matrix and chemical aging in soil on the dermal 
bioavailability of the representative chemicals were determined so that the impact of the results on 
health risk could be evaluated. Bioavailability was assessed by measuring dermal penetration. 
Specifically: (a) the dermal penetration of each of the chemicals aged in soil was compared to the 
respective pure chemicals (without soil) and to the chemicals added freshly to soil; and b) the 
effects of soil composition (percent sand, clay, organic matter) on dermal penetration were 
examined.  

2.    MATERIALS AND METHODS 

2.1   Chemicals 

BaP, generally labeled with tritium [3H(G)], having a specific activity of 50 Ci/mmol and 
radiochemical purity of 99%, was obtained from American Radiolabeled Chemicals, Inc., St. 
Louis, MO.  Naphthalene (1,4,5,8-14C) was custom synthesized by E.I. DuPont deNemours and 
Co., Inc., New England Nuclear Research Products, Boston, MA.  The compound had a specific 
activity of 15 mCi/mmol and radiochemical purity of 99%.  Non-radioactive BaP with > 96% 
purity was purchased from Sigma-Aldrich, St. Louis, MO.   

2.2   Soils 

Studies were conducted on two different soils that are representative of soil types widely 
distributed in the United States (USDA, 1972, 1977).   The Atsion soil consists of 90% sand, 8% 
silt, 2% clay, 4.4% organic matter; has a pH of 4.2; and was collected from the Cohansey sand 
formation near Chatsworth in south central New Jersey.  The Keyport soil contains 50% sand, 
28% silt, 22% clay, 1.6% organic matter; has a pH of 5; and was collected from the Woodbury 
formation near Moorestown in southwestern New Jersey.  Soil particle size distribution was as 
follows: Atsion soil = 50-100 µm (22.2%), 100-250 µm (76.3%), > 250 µm (1.5%); Keyport soil 
= 50-100 µm (17%), 100-250 µm (65.3%), 250-500 µm (13.6%), > 500 µm (4.1%).  Soil 
analyses were performed by the Soil Testing Laboratory at Rutgers Cooperative Extension 
Resource Center, Rutgers University, New Brunswick, NJ. Organic matter content was measured 
by a modified Walkley and Black (1934) dichromate oxidation method.    

2.3   Chemical Aging in Soil 

Individual chemicals were added to each of the soils that were previously autoclaved and 
hydrated to 11% (w/w) with sterile distilled-deionized water.  This is the maximum amount of 
water that could be used to lightly moisten the soils without there being an excess of water when 
each chemical was added to the soils.  The final concentration of 3H-BaP tracer (400 ng/g soil) 
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together with unlabeled BaP was 1.67 mg/g soil.  The final concentration of 14C naphthalene 
was 200 ug/g soil.  After each chemical was mixed thoroughly with the soils to ensure uniform 
distribution of chemical, treated soils were added to Teflon-sealed vials and aged in the dark at 
room temperature for three months. 

2.4   Animal Model 

Whole pig skin was obtained from the costo-abdominal areas of euthanized (40-60 lb) male 
Yorkshire pigs (Cook College Farm, Rutgers University, New Brunswick, NJ).  The pig has been 
widely accepted as an animal model for studying human percutaneous absorption of a large 
variety of chemicals under various experimental conditions (Bartek et al., 1972; Reifenrath and 
Hawkins, 1986) because of the well documented histological (Monteiro-Riviere and Stromberg, 
1985), physiological, biochemical, and pharmacological similarities between pig skin and human 
skin (Qiao and Riviere, 2000).  Skin was transported to the laboratory in ice-cold HEPES 
buffered (25 mM) Hank’s balanced salt solution (HHBSS), pH 7.4, containing gentamycin 
sulfate (50 mg/l) (Collier et al., 1989) after which it was immediately prepared for diffusion cells 
according to Bronaugh and Stewart (1985). 

2.5   In Vitro Dermal Penetration Studies 

Excised skin was cut to a thickness of 200 μm with a dermatome (Padgett Electro-
Dermatome Model B, Padgett Instruments Inc., Kansas City, MO) and circular pieces were 
mounted into Teflon flow-through diffusion cells (Crown Bio Scientific, Inc., Somerville, NJ).  
The exposed skin surface area (0.64 cm2) was maintained at a temperature of 32oC.  The dermal 
side of each skin sample was perfused with HHBSS containing 10% fetal bovine serum 
(Sigma/Aldrich) at a flow rate of 3 ml/h and aerated continuously with oxygen (Collier et al., 
1989).  Each chemical was applied separately to the stratum corneum surface of the skin in 
vehicle (acetone for BaP, ethanol for naphthalene), immediately after the addition of 30 mg of 
soil or after aging in 30 mg of each of the two soils.  The chemical doses per cm2 of skin surface 
area were: 78 ug BaP and 3.3 ug naphthalene.  After skin was treated and diffusion cells were 
capped, charcoal tubes (SKC Inc., Eighty-Four, PA) were attached to the upper chambers of the 
diffusion cells to trap any chemical volatilizing from the skin surface. Volatilization losses were 
detected by measuring radioactivity in glacial acetic extracts of charcoal.  

Receptor fluid (perfusate) was collected in scintillation vials containing 10 ml of Formula-
989 liquid scintillation cocktail (Packard Instruments Co., Inc., Meriden, CT) up to 16 h 
postdosing. After 16 h of exposure to chemical alone or in soil, loosely adsorbed chemical was 
washed from the surface of the skin with soap and water (once with 1 ml of a 1% aqueous soap 
solution and twice with 1 ml of distilled-deionized water).  Skin samples were completely 
solubilized in Solvable (Packard) for 8 h at 50oC to determine the amount of radioactivity 
remaining in skin. Radioactivity in all samples was counted by liquid scintillation spectrometry 
(LS 7500, Beckman Instruments, Inc., Fullerton, CA). Sample quench was corrected by using the 
H-ratio method.  
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2.6   Statistical Analysis 

All data were reported as the mean + standard error of the mean (SEM).  Statistical 
differences between treatment groups were determined by one-way analysis of variance 
(ANOVA) followed by Scheffe’s test.  The level of significance was p < 0.05. 

3.    RESULTS AND DISCUSSION  

The effect of soil type and aging on dermal penetration is compared for BaP and naphthalene 
in Table 1 (Atsion soil) and Table 2 (Keyport soil).  Total penetration represents the sum of 
chemical penetrating into receptor fluid and the amount in skin that potentially can penetrate into 
receptor fluid with time (Chu et al., 1996).  Table 1 indicates a significantly lower total 
penetration (10.9 fold less) for pure naphthalene than for pure BaP concurrent with a 91% loss of 
pure naphthalene dose due to volatilization.  Of the pure BaP dose that penetrated (76.0%), 
greater than 99% was bound to skin with the remainder appearing in the receptor fluid.  The 
reverse occurred with pure naphthalene, where significantly less of the penetrated dose was 
bound to skin and significantly more appeared in the receptor fluid versus pure BaP. 

Table 1.  Comparison of Dermal Penetration of Benzo(a)pyrene and Naphthalene Following 
Contact with Atsion Soil 

 Pure Immediate Aged 
 B(a)P Naphthalene B(a)P Naphthalene B(a)P Naphthalene 
Receptor Fluid 
Bound to Skin 
Total Penetration 
 Volatilization 
 Decontamination 
 Soil 

0.2 + 0.1a 

75.8 + 3.2 
76.0 + 3.2 

--- 
24.2 + 2.2 

--- 

5.1 + 0.2b 
2.0 + 0.2b 
7.0 + 0.2b 

91.0 + 2.0 
0.2 + 0.0 

--- 

0.2 + 0.0 
8.3 + 0.9 
8.5 + 0.9 

--- 
35.6 + 7.1 
57.3 + 7.8 

5.1 + 1.0b 
2.1 + 0.5b 
7.2 + 1.2 

32.1 + 1.1 
8.4 + 1.8 

45.6 + 1.7 

0.1 + 0.0 
3.7 + 0.5 
3.7 + 0.5 

--- 
46.4 + 2.4 
48.2 + 4.0 

0.1 + 0.0 
0.2 + 0.0b 
0.3 + 0.1b 

85.7 + 1.7  
1.9 + 0.3 

11.9 + 0.3 
a Percent initial dose (mean + SEM) for n=9-13 replicates per treatment from 3 pigs. 
b Significantly different from respective B(a)P treatment (p < 0.05). 

 

Immediate addition of Atsion soil to BaP reduced the total penetration and amount bound to 
skin by >88% versus pure compound (<8.5 versus <76% initial dose)(Table 1). Aging further 
reduced these values to 3.7% of initial dose.  On the other hand, immediate addition of Atsion 
soil to naphthalene produced no change in total penetration and amount bound to skin versus 
pure compound (< 7% initial dose), however, aging in soil reduced by >90% the amounts in 
these categories to <0.3% initial dose (significantly lower versus BaP).  For both BaP and 
naphthalene, immediate addition of Atsion soil increased the amount found in skin wash (35.6 
and 8.4% initial dose, respectively) versus treatment with pure compound (24.2 and 0.2% initial 
dose, respectively) as well as resulted in retention of chemical by soil (57.3 and 45.6%, 
respectively).  Furthermore, for naphthalene, immediate addition of Atsion soil also reduced 
volatilization to 32.1% of initial dose versus pure compound (91%).  Aging versus immediate 
addition to Atsion soil did not alter the total amounts of BaP in skin wash and soil (94% initial 
dose).  However, aging versus immediate addition to Atsion soil reduced total amounts of 
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naphthalene in skin wash and soil (13 versus 54%, respectively) as well as increased 
volatilization (86 versus 32%, respectively). 

Immediate addition of Keyport soil reduced the total penetration and amount bound to skin of 
BaP by >95% versus pure compound (Table 2), a reduction greater than that achieved with 
Atsion soil (Table 1).  The amounts of naphthalene in the same categories were also reduced by 
>24% versus pure compound, a reduction not achieved with Atsion soil.  Immediate addition of 
Keyport soil also reduced the amount of naphthalene appearing in receptor fluid versus pure 
compound, but to a value significantly greater than that of BaP.  Moreover, naphthalene 
volatilization was reduced to 13.8% of initial dose by immediate addition of Keyport soil, a 
value 2.3 fold lower than that achieved with Atsion soil.  As with Atsion soil, more of each 
compound was retained in skin wash and in soil following immediate addition of Keyport soil 
with the amount of naphthalene retained in Keyport soil (74.8% of initial dose) 1.6 fold greater 
than that in Atsion soil.  Aging in Keyport soil further reduced amount bound to skin and total 
penetration amount for each compound; the total penetration achieved for naphthalene (<0.1% of 
initial dose)  was significantly lower than that achieved for BaP (<1.8% of initial dose).  As with 
Atsion soil, aging in Keyport soil did not alter total amounts of BaP in skin wash and soil (>98% 
initial dose) versus immediate addition to soil.  However, aging in versus immediate addition to 
Keyport soil reduced total amounts of naphthalene in skin wash and soil (9 versus 76%, 
respectively) as well as increased volatilization (91 versus 14%, respectively). 

Table 2.  Comparison of Dermal Penetration of Benzo(a)pyrene and Naphthalene Following 
Contact with Keyport Soil 

 Pure Immediate Aged 
 B(a)P Naphthalene B(a)P Naphthalene B(a)P Naphthalene 
Receptor Fluid 
Bound to Skin 
Total Penetration 
 Volatilization 
 Decontamination 
 Soil 

0.2 + 0.1a 

75.8 + 3.2 
76.0 + 3.2 

--- 
24.2 + 2.2 

--- 

5.1 + 0.2b 
2.0 + 0.2b 
7.0 + 0.2b 

91.0 + 2.0 
0.2 + 0.0 

--- 

0.1 + 0.0 
3.3 + 0.5 
3.5 + 0.5 

--- 
30.2 + 6.5 
68.0 + 7.9 

4.1 + 0.3 b 
1.2 + 0.2 
5.3 + 0.4 

13.8 + 5.9 
1.3 + 0.2 

74.8 + 0.8 

0.1 + 0.0 
1.7 + 0.2 
1.8 + 0.2 

--- 
36.4 + 7.7 
62.0 + 7.7 

<0.05 
0.1 + 0.0b 
0.1 + 0.0b 

90.8 + 0.4  
0.4 + 0.0 
8.6 + 0.1 

a Percent initial dose (mean + SEM) for n=9-13 replicates per treatment from 3 pigs. 
b Significantly different from respective B(a)P treatment (p < 0.05). 

 

Dermal bioavailability is represented by total penetration, which is the sum of chemical 
penetrating into receptor fluid and amount in skin that potentially can penetrate into receptor 
fluid with time.  Dermal bioavailability factors (total penetration of pure compound/total 
penetration of compound added immediately to or aged in soil) were calculated to aid in 
determining dermal exposure limits for each compound in soil (Table 3).  The immediate 
addition of either soil reduced dermal bioavailability of BaP with Keyport being more effective 
than Atsion soil (21.7 versus 8.9, respectively).  On the other hand, immediate addition of Atsion 
soil had no effect on dermal bioavailability of naphthalene (1.0), while immediate addition of 
Keyport soil resulted in only a moderate reduction (1.3).  Aging in soil was more effective than 
immediate addition of soil in reducing dermal bioavailability of both pure compounds.  Aging in 
Atsion soil was approximately equally effective for BaP and naphthalene (20.5 versus 23.3 ratio, 
respectively).  On the other hand, aging in Keyport versus Atsion soil was more than twice as 
effective for BaP (42.2 versus 20.5 ratio) and more than three times as effective for naphthalene 
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(23.3 versus 70 ratio).  As a result, the effect of aging in reducing dermal bioavailability of BaP 
was nearly two-fold; Atsion soil was only only slightly more effective than Keyport soil.  On the 
other hand, the effect of aging in reducing dermal bioavailability of naphthalene was 10 to 28 
fold greater than for BaP with Keyport two-fold more effective than Atsion soil (53.8 versus 23, 
respectively). 

 

Table 3.  Dermal Bioavailability of Pure Polycyclic Aromatic Hydrocarbons Versus Polycyclic 
Aromatic Hydrocarbons Added Immediately to or Aged in Soil 

Pure/Immediate Pure/Aged Effect of Agingb Soil B(a)P Naphthalene B(a)P Naphthalene B(a)P Naphthalene 
Atsion 
Keyport 

8.9a 

21.7 
1.0 
1.3 

20.5 
42.2 

23.3 
70.0 

2.3 
1.9 

23 
53.8 

a Ratio of percent total penetration for n = 9-13 replicates per treatment from 3 pigs. 
b Data represent fold decrease with aging compared to immediate treatment. 

Volatilization was responsible for substantially reducing (by 91%) the dose of pure 
naphthalene available for penetration, making it the predominant factor in decreasing total 
penetration more than ten-fold versus BaP.  Although immediate addition of either soil reduced 
volatilization, retention of naphthalene by soil and appearance in skin wash achieved the same 
total reduction of dose seen with pure compound.  Consequently, immediate addition of soil 
produced no (Atsion soil) or only a moderate reduction (25%) (Keyport soil) in total naphthalene 
penetration.  Due to greater water (less lipid) solubility than BaP, the majority of naphthalene 
that penetrated skin appeared in receptor fluid than was bound to skin following treatment with 
pure compound or immediate addition of soil. On the other hand, aging in either soil not only 
achieved volatilization losses for naphthalene equal to those of pure compound, but also further 
reduced naphthalene dose due to retention by soil. This greater total reduction in naphthalene 
dose (>99%) with aging in either soil resulted in significantly less total penetration and decreased 
the risk from dermal exposure.  

Stronger surface adsorption of naphthalene to the mineral component of clay is indicated by 
60% more compound retained by the higher clay content Keyport soil following immediate 
addition of soil.  Clays, which typically have high surface areas, can enhance sorption through 
weak physical interactions and can impede chemical mass transfer due to clay aggregation and 
clay interlayers (Ake et al., 2001; Pu et al., 2004).  However, naphthalene interactions with either 
soil were reversible as evidenced following aging when compound volatilized in amounts equal 
to that which volatilized in the absence of soil.  While aging in either soil only accounted for 9-
12% of the initial dose, this amount added to that lost due to volatilization and to skin wash was 
sufficient to significantly reduce total penetration to <0.3%. 

Soil adsorption following immediate addition of soil was the predominant factor in 
decreasing total penetration of BaP by >89% of the pure compound and in reducing the risk from 
dermal exposure.  This decrease in penetration was primarily in amount of compound bound to 
skin, a site for BaP metabolism to carcinogenic products (Ng et al., 1992).  Therefore, soil 
adsorption of BaP is important in reducing risk from dermal exposure to the compound.  
Stronger adsorption to the mineral component of clay is indicated by the greater decrease in total 
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penetration (>95%) achieved following immediate contact with the higher clay content Keyport 
soil, a decrease only achieved with further aging in Atsion soil.  On the other hand, a greater 
additional reduction in total penetration occurred after aging in the higher organic content Atsion 
soil.  These findings are consistent with soil mineral matter acting as an adsorbent in the sorption 
of nonionic organic compounds in soil and soil organic matter acting primarily as a partition 
medium (Chiou et al., 2000; Haderlein and Schwarzenbach, 1993; Chiou and Shoup, 1985; 
Gschwend and Wu, 1985; Karickhoff et al., 1979). 

4.   CONCLUSIONS 

This study revealed that while immediate addition of either soil reduced volatilization of 
naphthalene, only soil with higher clay content moderately reduced dermal penetration.  It was 
only after aging in soil that naphthalene penetration was reduced 70 fold by soil with higher clay 
content and 23 fold by soil with higher organic content.  On the other hand, BaP dermal 
penetration was reduced >88% following immediate addition of either soil, with further 
reductions occurring with aging.  Thus, it can be concluded that soil matrix and aging in soil 
decreased the dermal bioavailability of naphthalene and BaP in quantitatively different ways.  
The data presented in this paper highlight the need to incorporate bioavailability data into the 
health risk assessment of dermal exposure to soils contaminated with BaP or naphthalene. 
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CHARACTERIZATION AND LOW-COST REMEDIATION OF 
SOILS CONTAMINATED BY TIMBERS IN COMMUNITY 
GARDENS 
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McClean, M.1, Brabander, D.2, and Hynes, H. P. 1  
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ABSTRACT 

Urban community gardens worldwide provide significant health benefits to those gardening 
and consuming fresh produce from them. Urban gardens are most often placed in locations and 
on land in which soil contaminants reflect past practices and often contain elevated levels of 
metals and organic contaminants. Garden plot dividers made from either railroad ties or 
chromated copper arsenate (CCA) pressure treated lumber contribute to the soil contamination 
and provide a continuous source of contaminants.  Elevated levels of polycyclic aromatic 
hydrocarbons (PAHs) derived from railroad ties and arsenic from CCA pressure treated lumber 
are present in the gardens studied. Using a representative garden, we 1) determined the nature 
and extent of urban community garden soil contaminated with PAHs and arsenic by garden 
timbers; 2) designed a remediation plan, based on our sampling results, with our community 
partner guided by public health criteria, local regulation, affordability, and replicability; 3) 
determined the safety and advisability of adding city compost to Boston community gardens as a 
soil amendment; and 4) made recommendations for community gardeners regarding healthful 
gardening practices.  This is the first study of its kind that looks at contaminants other than lead 
in urban garden soil and that evaluates the effect on select soil contaminants of adding city 
compost to community garden soil.  

Keywords: Urban community gardens, creosote timbers, CCA lumber, PAHs, soil, compost, 
healthy gardening 

1. INTRODUCTION 

 The early history of urban gardens in the United States is one of food production on public 
land in response to war, economic depression, and short-lived civic reform movements.  With the 
exception of some creative garden projects promoted by public housing authorities in the 1950’s 
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and 60’s for the purposes of beautification and tenant pride, the tradition of urban gardening was 
largely abandoned in the United States after World War II, when the focus of residential and 
commercial growth became the new suburbs (Hynes and Howe, 2002).  Older center cities were 
left to decline as the middle and upper middle class populations left urban neighborhoods, with 
financial and commercial institutions following, to push the edges of metropolitan growth into 
peri-urban and once-rural areas. Failed urban renewal programs further demolished 
neighborhoods and frequently left swaths of vacant land, disproportionately in African-American 
neighborhoods (Fullilove, 2001). Between 1960 and 1990, about 30% of residential buildings in 
Harlem, New York became derelict and uninhabitable.  By the mid-1990s Chicago, Illinois had 
70,000 vacant lots; 18% of once-productive industrial land is vacant (Hynes, 1996).   The 
population of center city Philadelphia, the oldest industrial U.S. city, was 2.2 million after World 
War II; today it is 1.6 million and shrinking.  Philadelphia has more than 30,000 vacant lots and 
21,000 abandoned houses (Gowda, 2002).  

 Over the past four decades, a broad-based community garden and urban agriculture movement 
has arisen in hundreds of US center and inner cities for the purposes of neighborhood 
revitalization, food-growing, and youth development.  This “second wave” of community garden 
movement was initiated and driven by local communities with the financial and organizational 
assistance of local governments, foundations, and non-profit organizations.   A growing body of 
social science, urban design, and public health research has demonstrated that urban community 
gardens and urban farms contribute significantly to the livability of cities by providing nutritious 
and affordable food, psychological and physiological health benefits, social cohesion, crime 
prevention, recreation and youth development, particularly in low-income and multi-ethnic 
communities (Hynes and Howe, 2002).  

 Today, some 40 years after the first community gardens were organized, we do not have a 
complete census of urban gardens. However, we do have survey data, informed estimates, and 
in-depth case studies which suggest that the growth and diversity of the many efforts to revive 
horticulture and agriculture for the purposes of community development and community food 
security in U.S. cities are successful. 

 The American Community Gardening Association (ACGA) estimates that municipal 
governments and non-profit organizations operate 18,000 community gardening programs in 
hundreds of cities and towns (personal communication, 2007).  The most recent survey of 
community gardens, in which ACGA polled residents of 38 cities across the United States, 
revealed some interesting issues and trends.  First, despite a lack of security in land ownership 
(only 5.3% of the 6020 community gardens surveyed were securely owned or placed in trust), 
more gardens are being created in these cities than are being lost to economic development or 
lack of interest.  Second, the primary reported use of community gardens is the neighborhood 
garden in which the land is divided into numerous plots cultivated for vegetables, fruits, herbs, 
and flowers by individuals and households. Community gardens are typically built on vacant 
residential land that is divided into multiple beds that are framed by wood timbers. A community 
member applies for a plot and, once given it, may continue to garden in the same plot for 
multiple years, or move to another. Most community gardens are owned and maintained by not-
for-profit organizations and local municipalities. 
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 Other potential uses and kinds of community gardens, such as ones in public housing, senior 
housing and schools, were reported in much smaller numbers.  The survey also revealed the 
small but increasing use of community gardens as job training sites for youth and as market 
gardens from which plants and plant-products are sold, often in local farmers’ markets 
(American Community Gardening Association, 1998). There has also been a reinvigoration of 
local food production in response to a general awareness of environmental sustainability and 
individuals’ seeking ways to decrease their carbon footprint and support local agriculture.  Most 
recently, the rapid rise of food costs, driven in part by the price of oil and the rise of ethanol 
production, has generated even more interest in community gardening. 

 The community gardens of the 1960s and 70s were a quick, efficient, and low-cost way to 
address urban blight and to stem the decline of a neighborhood, block-by-block.  In that period, 
rubble was removed or bulldozed into cellar holes and soil was trucked in, for a surface growing 
medium. Soil providers were as disparate as the Army Corps of Engineers and peri-urban 
farmers.  Salvaged railroad ties were often used to frame gardens, and they were later augmented 
with or replaced by chromated copper arsenic (CCA) lumber.  Other than a growing awareness 
of lead in soil from air deposition and from paint on old housing that formerly stood on most of 
the garden sites, there was little thought given at the time to potential soil contaminants, such as 
creosote in railroad ties and arsenic in CCA lumber. Gardeners and others who consume produce 
grown in gardens with contaminated soils are exposed to the contaminants directly, through the 
pathways of incidental ingestion, dermal contact with the soils and through inhalation of dusts. 
Exposure to contaminants can also occur directly through ingestion of unwashed plants onto 
which contaminated soil has deposited, or through ingestion of plants that have taken up 
contaminants through their root systems (Chaney et al. 1984, Finster et al.  2004, Hough et al. 
2004, Samsoe-Peterson et al. 2002).  Health risks associated with these behaviors have been 
examined and for most backyard or urban gardeners, the most important pathways are the 
ingestion of contaminants deposited on plants and the consumption of metals, specifically lead, 
taken up by leafy plants and consumed (Finster et al. 2004, Hough et al. 2004, Sipter et al. 2008). 

 Several studies have examined the levels of lead in urban community gardens and yards and 
have shown elevated concentrations of lead (Clark et al. 2006, Hynes et al  2001, Litt et al. 
2002). This is, to our knowledge, the first published study to examine polycyclic aromatic 
hydrocarbons (PAHs) from creosote and arsenic from CCA lumber as contaminants in urban 
community gardens.  

2. MATERIALS AND METHODS 

2.1 Study Background 

 In 2004, Boston University researchers were asked for technical assistance by the Boston 
Natural Areas Network (BNAN), a non-profit organization managing over 50 community 
gardens in Boston, regarding concerns about polycyclic aromatic hydrocarbons (PAHs) in 
community garden soil. Polycyclic aromatic hydrocarbons are a group of more than 100 
chemicals formed during incomplete combustion of organic substances such as oil, garbage, and 
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coal. They are also found in many industrial and consumer materials and by-products including 
coal tar, asphalt, tobacco smoke, and creosote.  Elevated levels of PAHs had been detected in 
select soil samples of one Boston garden. Accordingly, BNAN requested that the researchers 
develop a low-cost research plan that would determine the levels of PAHs in both a “worst case” 
garden and in a garden more representative of those they manage overall.  Additional concerns 
regarding arsenic led to the inclusion of a third garden in which to evaluate the potential impact 
of CCA lumber to the soil.  Soil testing for CCA lumber was added to the research plan.  The 
work presented here is the result of a university-community research partnership, in which we 
sampled and analyzed soil from a “worst-case” and two representative community gardens in 
Boston containing creosote railroad ties and CCA lumber.   Assistance with laboratory analysis 
was provided by the United States Environmental Protection Agency (EPA) Region 1 Laboratory 
and Wellesley College, Department of Geosciences. 

 Our research objectives were fourfold: 1) to characterize the nature and extent of urban 
community garden soil contaminated with PAHs and arsenic by garden timbers; 3) to determine 
the safety and advisability of adding city compost to Boston community gardens as a soil 
amendment; 2) to design and evaluate a remediation plan with our community partner guided by 
public health criteria, local regulation, affordability, and replicability; and 4) to make 
recommendations for community gardeners regarding healthful gardening practices.  This is the 
first study of its kind to look at contaminants other than lead in urban community garden soil and 
to evaluate the effect on select soil contaminants of adding city compost to the soil. The findings, 
along with a recommended remedial action plan for PAHs, are relevant to other cities with 
community gardens and urban farms and support the role of urban horticulture in contributing to 
healthy, livable cities. The remediation plan focuses on PAHs for two reasons.  First, three 
quarters of the soil samples analyzed for arsenic had levels below the detection limit of the 
analytical instrument.  Second, the concentrations of PAHs, their patterns of migration in soil, 
and the state standards for total and individual PAHs in residential soil drive the remediation 
plan in urban gardens with soil contaminated by both creosote- and CCA-laden timbers. 

2.2 Garden Selection 

Three urban community gardens in Boston were selected for sampling through an iterative 
process of criteria development and garden selection between the researchers and the community 
organization, Boston Natural Areas Network (BNAN).  Garden 1, which is located near a major 
road and municipal bus stop, was selected as a worst-case scenario for reasons of having a 
continuous source of PAHs from both ambient air and creosote timbers used as plot dividers 
throughout the garden.  Otherwise its size, use, and garden practices resemble gardens 2 and 3.  
Gardens 2 and 3 were selected to represent typical Boston urban gardens in terms of size, use, 
sources of PAHs and arsenic, and applications of municipal compost provided annually to 
BNAN gardens.  Neither was located on a major thoroughfare. The site history of Gardens 2 and 
3 suggested that they were free of any unique PAH or arsenic source (other than creosote timbers 
and CCA lumber); and both had undergone compost and tilling practices common to most other 
Boston community gardens.  In addition to meeting the predetermined selection criteria, Garden 
2 was also being considered as a candidate to receive soil and site remediation funds, making it 
of particular interest to BNAN to include in the study. 
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Community Garden 1 spans approximately 19,000 ft2 and contains 34 variably-sized garden 
plots.  It is bordered by a major road and bus stop, a parking lot, and a liquor store.  Developed in 
the 1970s, the garden was built on land previously occupied by abandoned homes.  Creosote-
impregnated railroad ties, now cracked and weathered, were installed at that time as borders for 
garden plots. 

Community Garden 2 occupies about 23,000 ft2 and contains 27 fairly large, variably-sized 
plots.  It is bordered by two residential streets, a dog park and the backyards of nearby homes 
and it is believed to have a history of residential land use.  Creosote timbers, installed 
approximately 20 years prior to initiation of this project, border half of the gardening plots.  The 
timbers show signs of weathering, but are more intact than those in Garden 1.  CCA lumber, 
installed approximately 12 years prior to initiation of this project, borders about one quarter of 
the plots, while the remaining one quarter are bordered by a mix of stone and brick. 

Community Garden 3 is approximately 16,000 ft2 in area and contains 27 variably-sized 
plots.  These plots include three raised beds and four very narrow and long plots (~2x24 feet) 
that were intended to contain only decorative flowers and foliage, but which were subsequently 
used to grow vegetables, as well.  All plots in this garden are bordered by CCA lumber, which 
was installed about 12 years prior to initiation of this project. 

2.3 Sampling Design 

Soil samples to be analyzed for PAHs were collected from three representative individual 
garden plots, one in Garden 1 and two in Garden 2.  Each sampling plot was bordered on all four 
sides by creosote timbers.  Composite samples (5 points per sample) were collected at two depths 
(0-4" and 4-8") and at four distances from the timbers (adjacent, 6", 12" and 18") for a total of 
eight “edge” samples per plot.  For comparison, one “center” sample was collected from each 
plot to represent the remaining soil in the garden.  These “center” samples were a collected to a 
depth of 8" and consisted of a composite of soil taken from the absolute center of the plot and 
from four surrounding points measured 30" from each of the four creosote timber borders.  A 
background sample was collected from an undisturbed area in each of the two gardens.  
Background samples were collected at least ten feet from any garden plot or creosote timber.  
The sampling design was informed by pilot studies (unpublished) and literature suggesting the 
relative distance and depth of transport of PAHs in soil (Moret et al. 2007). 

Soil samples to be measured for arsenic were collected from four garden plots, one in Garden 
2 and three in Garden 3.  Each plot was bordered on all four sides by CCA lumber.  Composite 
samples (4-5 points per sample depending on the length of the plot) were collected at two depths 
(0-4" and 4-8") and at three distances from the timbers (adjacent, 3" and 6") for a total of 6 
“edge” samples per plot. For comparison, one “center” sample, depth 8", was collected in each 
plot.  These “center” samples consisted of a composite of soil from the absolute center of each 
plot and from four surrounding points measured 30" from each of the four CCA timbers.  An 
exception to this was one very narrow plot in which the “center” sample was a composite of 5 
points along the center of the plot, approximately one foot from the CCA timbers on either side.  
A background sample was collected from an undisturbed area in each of the two gardens.  These 
background samples were collected at least ten feet from any garden plot or CCA timber. The 
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distances and depths that were selected are based on pilot studies (unpublished) and the literature 
on transport of arsenic from CCA timber in soil (Stilwell et al. 2003). 

2.4 Sampling Procedures and Analytical Methods 

Surface samples (0-4") and root depth samples (4-8") were collected using a large stainless 
steel spoon and a steel bulb planter, respectively.  Approximately equal sized portions from each 
composite point were mixed together in a large stainless steel bowl.  An aliquot of each mixture 
was then spooned into 8 oz. amber jars and stored in an ice cooler until transport to the USEPA 
Region 1 Laboratory, or a commercial laboratory where analysis was performed.  Field 
duplicates were collected at a rate of one per plot.  Between samples, collection implements and 
mixing bowls were cleaned using distilled water and dried with paper towels. 

All samples to be measured for PAHs and metals were extracted within 14 days of collection. 
Samples to be measured for PAHs were analyzed using gas chromatography-mass spectroscopy 
(GC-MS) operating in the full scan mode.  The extraction and analysis followed Standard 
Operating Procedures (SOP) based on SW-846, 3545A, and 8270 methods and Contract 
Laboratory Program Statement of Work OLM04.2.  Samples to be measured for arsenic and lead 
were analyzed by inductively coupled plasma-atomic emission spectrometry (ICP-AES).  
Preparation and analysis followed SOP based on SW-846, 3050B and 6010B methods, 
respectively. 

2.5 Statistical analysis of PAH levels in soil 

All results below the reporting limit were replaced with a value equal to half the reporting 
limit for that sample and compound if the analyte was detected in at least one sample. Duplicate 
samples were averaged. Evaluation of histograms revealed the data to be log-distributed and, 
thus, the data were log-transformed prior to analysis.  Geometric means (GM) and geometric 
standard deviations (GSD) were calculated for each compound in each sample.  T-tests were 
performed comparing (log) PAH concentrations in background samples to those in samples taken 
at each distance from the timber.  Differences in (log) PAH concentrations by plot and by depth 
were determined using analysis of variance (ANOVA).  Spearman’s rank correlation was 
calculated to evaluate the effect of distance from the creosote timbers (as a continuous variable) 
on (log) PAH concentrations. 

2.6 Compost Analysis 

Over the course of the project, four batches of Boston’s city compost that did not contain 
street sweepings and one that did contain street sweepings were analyzed by a contract 
laboratory for the presence of nitrogen, phosphate, individual PAHs (Method 8270), total metals 
(Methods 6010 and 7471), herbicide activity, phthalates and chemical/physical parameters. The 
compost is comprised of leaf and grass clippings which are collected curbside, placed in 
windrows at the compost facility, mixed with clean sand, turned and ready for use within a year.  
In order to characterize the compost, representative samples from each windrow was collected by 
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combining four individual samples from each quadrant of the windrow.  In the case of the 
compost used for remediation of timber-derived contaminants in soil in this study, it was 
characterized by three samples, each reflecting a composite of six pooled samples. Samples were 
collected with clean metal shovels, placed in plastic bags or glass bottles, packed in ice and sent 
to a certified laboratory for analysis. 

2.7 Remediation of Timber-Contaminated Soils 

Study methods of soil remediation are reported for Garden 2 because remediation funds were 
available to BNAN for that garden. Timbers were removed from Garden 2 and disposed of by 
BNAN as hazardous waste. The soils located 6-8" from both sides of the timbers and to a depth 
of 6-8" were removed and mixed in a 1 part soil to 2.5 parts compost at the facility which makes 
compost for the city of Boston. This recommended ratio of 1:2.5 was based on a comparison of 
concentrations of PAHs from municipal compost and PAHs from the most contaminated soils, 
adjacent to the timbers. The soil: compost mixture was characterized by six samples, each 
reflecting a composite of six pooled samples. Samples were collected with clean metal shovels, 
placed in glass bottles, packed in ice and sent to the EPA laboratory or a certified laboratory for 
analysis. The samples were analyzed only for PAHs, lead and arsenic. 

2.8 Survey of Boston Community Gardeners 

A closed-ended survey with questions on safe gardening practice and crop preferences was 
administered anonymously to participants at a BNAN-sponsored workshop at the beginning of 
the 2006 gardening season. Participation in the survey was voluntary; and 79 of the 114 
gardeners (69%) present at the event completed the survey. This convenience sample represented 
approximately 10% of the community gardeners in Boston. The purpose of the survey was to get 
a better understanding of the demographics and practices of the gardeners in order to provide 
recommendations that are most meaningful and relevant. 

3. RESULTS AND DISCUSSION 

3.1 PAH Concentrations in garden plots bordered by creosote timbers  

 Soil concentrations at each distance are given in Table 1 for 16 PAHs and for total PAHs. All 
of the analyzed PAHs were detected adjacent to the timber. Of the carcinogenic PAHs, 
benzo(a)pyrene, benzo(a)anthracene and benzo(b)fluoranthene predominate adjacent to the 
timber. Of the non-carcinogenic PAHs, fluoranthene and pyrene are the dominant species. On 
average, the concentration of total PAHs in soil within 18 inches of creosote timbers was four 
times that of concentrations found in the center of garden plots and more than five times that of 
background PAH concentrations.   
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 Polycyclic aromatic hydrocarbon concentrations were highest in soil sampled adjacent to the 
timbers with concentrations decreasing with increasing distance out to 18 inches, eventually 
approaching background concentrations as shown in Figure 1. The association between distance 
from the creosote timbers and change in PAH concentrations was found to be significant, as 
tested by Spearman’s rank correlation, for all individual PAHs and their sum, with the exception 
of naphthalene (Table 1). 

 No significant difference was found in overall or individual PAH concentrations among the 
three plots sampled except for phenanthrene, which was found to be significantly higher in 
Garden 1 than in either of the plots in Garden 2 (p=0.0239).  Similarly, no significant difference 
was found in PAH concentrations between the two depths, 0-4 inches and 4-8 inches for all 
distances and analytes measured. Therefore further analyses were not stratified by plot or depth. 
Concentrations of all individual PAHs were not statistically lower in the background samples 
compared with the samples taken from the center of the garden plots.  

 

Table 1. PAH concentration in soil by distance from creosote timbers and results of correlation 
analyses 
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Figure 1. Change in total PAH concentrations from three garden plots by distance from creosote 
timbers compared to the background average. 

3.2 Arsenic concentrations in CCA-bordered garden plots 

A total of 24 soil samples were collected from garden plots bordered by CCA-treated timbers 
in the two gardens.  In 18 of the 24 samples, arsenic levels were below the detection limit of 20 
mg/kg.  Of the remaining 6 samples, all were taken from within 3 inches of the timbers, with no 
appreciable difference found between those taken at a soil depth of 0-4 inches and 4-8 inches. 
The arsenic in these samples ranged from 30-39 mg/kg (data not shown). 

3.3 Compost Contaminants  

Samples from the city compost (without street sweepings) contained very low concentrations 
of PAHs, phthalates, arsenic, lead and other metals.  As shown in Table 2, the concentrations of 
PAHs in compost are well below the concentrations measured in garden soil adjacent to the 
creosote timbers, and lower than concentrations in background samples. Concentrations of lead 
range from 117 mg/kg to 170 mg/kg, with a mean of 130 mg/kg. A sample of city compost to 
which street sweepings were added contained several PAHs (benzo(a)pyrene, 
benzo(a)anthracene, and benzo(b)fluoranthene) with concentrations that exceeded background 
levels of PAHs (data not shown).  
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Table 2. Summary statistics PAHs, arsenic (As), and lead (Pb) in compost (μg/kg) 

3.4 Soil Concentrations of PAHs Following Remediation  

Following removal of creosote timbers and dilution of soils with clean compost in the 
remediation garden (Garden 2), the concentration of PAHs decreased, as expected, as shown in 
Figure 2. With one exception, benzo(a)pyrene, the concentrations of individual PAHs are lower 
than the standards set by the Massachusetts Department of Environmental Protection (MADEP) 
for residential soils known as the MADEP S1 Standards. The mean benzo(a)pyrene 
concentration before remediation was 4.06 mg/kg and following remediation was 2.42 mg/kg 
compared to its S1 standard of 2 mg/kg. 
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Figure 2. PAH concentration in pre- and post-remediated soil compared with residential soil 
standards 

3.5 Survey of Gardeners  

Key results of the gardener’s survey are shown in Table 3. The majority of those surveyed are 
female, with nearly half of the population older than 45 years.  About one-third of the gardeners 
had children present when gardening. Nearly all gardeners consumed the food grown in their 
gardens and a small number (4%) relied entirely on their home-grown produce for their summer 
and fall source of vegetables (not shown). While the majority of these urban plots are small, a 
large number (70%) of those surveyed preserve or dry their produce for consumption later in the 
year. The most commonly grown crops were tomatoes, lettuce, onions, collards, and cucumbers, 
with evidence of cultural preference in the vegetables grown. As demonstrated by the survey 
results, the community gardens in Boston are used by people of all ages, growing food for 
consumption. 
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Table 3. Summary of key findings reported by community gardeners 

3.6 Discussion  

Polycyclic aromatic hydrocarbons are multi-ringed chemical structures with the greater 
ringed structures presenting both a greater health hazard and a greater resistance to breakdown in 
soil. Because PAHs are relatively hydrophobic, they can be persistent in the environment, 
particularly in soil and in sediment. PAHs have been well studied and much about their behavior 
in the environment is understood.  However, data regarding the migration and transport patterns 
of PAHs from creosote timbers have been limited to studies of aquatic environments and along 
railroad beds. This study is unique in its measurement of the transport of PAHs in garden soil 
from creosote timbers. The concentrations of both carcinogenic and non-carcinogenic PAHs 
exceed the Massachusetts Department of Environmental Protection’s S1 Standards, 
concentrations allowable for residential soils. As demonstrated in the analyses, the concentration 
of PAHs as a mixture is significantly higher adjacent to and out to 18 inches of the timbers than 
background levels, with most of the PAHs dropping below the S1 Standards between 6"-12". 
The PAH with the lowest S1 Standard is benzo(a, h)anthracene, however its concentration at and 
beyond the timbers is low, compared with the concentration at the timber and beyond for 
benzo(a)prene. Since the S1 Standard for benzo(a)pyrene is lower than that for the other 
individual PAHs, benzo(a)pyrene can be used as a guide for reaching urban background soil 
concentrations.   Because of anthropogenic sources of PAHs, concentrations are typically higher 
in the urban environment than in pristine environments and often these S1 standards are 
exceeded for urban soils, in the absence of an identifiable source.  

Boston residential yard waste is the only feedstock source for municipal compost. Thus, 
source separation and potential for elevated concentrations of contaminants is less of an issue for 
Boston compost than with more complex municipal programs that accept a variety of source 
materials (C. Ambrose Evans, 2006, unpublished). Residents collect and bag yard waste which is 
picked up curbside by the municipal composting truck. The contents are hauled to a municipal 
composting facility where the bags are ground by tub grinder and placed in outdoor windrows 
for about a year, or until the space is needed for new feedstock. The windrows are forced through 
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a screener, which removes larger debris, such as rocks or woody material that has not fully 
composted, before distribution.  

Field and laboratory studies have been conducted that examine the effects of composted 
material on the composition and concentration of PAHs. Various types of environmental 
conditions are supportive of the degradation. Both indigenous soil bacteria and various types of 
fungi which are present in compost have been shown to successfully degrade PAHs. Some key 
principles of PAH degradation are that many naturally occurring bacteria and fungi are capable 
of metabolizing PAHs; that oxygen must be present for the breakdown process, and that lower-
weight PAHs degrade rapidly while higher ring PAHs are resistant to microbial breakdown 
(Crawford et. al. 1993).  However, even in the case of the higher-ring PAHs, albeit when PAH 
concentrations are in the part per million range, there is evidence that a combination of 
remediation steps may have the potential to sufficiently degrade the PAHs (Kästner and Mahro 
1996).  Thus “clean” compost is a beneficial soil amendment in urban community gardens as 
both a dilution agent and also as a stimulant for biodegradation of PAHs. 

The uptake of PAHs by vegetables and fruits grown in contaminated soils appears to be 
minimal (Kipopoulou et al. 1999, Samsoe-Peterson et al. 2002, Schnoor et al. 1995). The 
hydrophobic nature of PAHs prevents translocation into the inner root system of plants (Samsoe-
Peterson et al. 2002, Schnoor et al. 1995, Simonich et al. 1995).  However, PAHs have been 
found in vegetables.  This is thought to be from atmospheric deposition of PAHs on leaves of 
plants (Samsoe-Peterson et al. 2002).  Carrots, which have a high lipid content, have been 
observed to have levels of PAHs that may be a result of growth in contaminated soils (Samsoe-
Peterson et al. 2002); therefore, these might be avoided when choosing crops to grow or be 
peeled before eating. A recent study demonstrated that small molecular weight PAHs, were 
found in oil extracted from olives collected in a rural area where old railway ties were stored 
(Moret et al. 2007).  

Due to the limited uptake of PAHs by plants, there are three routes of exposure to the PAHs 
that must be considered: inhalation of volatized PAHs or soil particles; ingestion of soil; and 
dermal contact with soil.  Because the PAHs of concern do not volatilize easily, our 
recommendations below focus on good gardening practices to minimize ingestion and dermal 
contact.  Young children should be carefully monitored in the garden area to prevent “curious 
ingestion” of the soil.  In general, thorough washing of all items harvested from the garden is 
advisable and will help prevent exposure to PAHs, whether from soil on the plant surface, or 
from atmospheric deposition.  To avoid dermal contact, gloves and proper clothing should be 
worn while working the garden.  Immediately after gardening, hands and shoes should be 
washed.   

The soil sample results obtained from the CCA timber-containing garden (not shown) are 
consistent with the literature.  In an experimental study by Lebow et al. (2004a), arsenic 
concentrations were measured in the soil adjacent to CCA-treated wood stakes.  The highest 
concentrations were found within 5cm laterally of the stakes.  At 6 inches, samples were much 
less likely to contain elevated concentrations of CCA components as compared to background 
levels.  In an observational study by Rahman et al. (2004), soil samples were collected adjacent 
to CCA-treated lumber in six established raised garden beds, each approximately 10 years old.  
Fifteen cm core samples were taken at distances of 0-2, 7.5-10, and 30-33 cm from the lumber.  



298                                                            Contaminted Soils, Sediments and Water – Risk Assessment

 

 

Highest concentrations of arsenic in soil were found 0-2 cm from the wood, with a steady decline 
in concentration at greater distances.  No samples beyond 10 cm were found to contain arsenic at 
a concentration greater than 20 mg/kg.  

Accumulation of arsenic in soil is a function of both the rate of leaching from the timbers and 
their subsequent mobility in the soil.  Lebow et al. (2004b) reviewed the results of numerous 
studies on wood preservative leaching and environmental accumulation and found that, 
“regardless of specific conditions, it is likely that rate of leaching occurring during the first year 
of exposure [to the elements] will be greater than that during subsequent years.”  It has also been 
found that arsenic tends to be quite immobile in soil (Lebow et al. 2004a, Lebow et al. 2004b).    

Methods are available to measure the uptake of arsenic and chromium in plants (roots, seeds, 
fruit) and to determine the mobility of the metal in the soil and its potential for uptake into 
plants. The literature strongly supports the conclusion that little chromium and arsenic is 
transported to storage organs of plants (seeds & fruit), but that underground plant tissues can be 
contaminated by virtue of the adsorption of soil adhering to the plant (Rahman et al. 2004 and 
others). Most of the data on plant uptake have been collected from soils that contain 
concentrations of arsenic that exceed 50 mg/kg. The most important potential transfer of soil 
arsenic is soil particles bound to the skin of root vegetables. Continuing studies are evaluating 
the affects of soil amendments such as iron, phosphate, sulphates, and organic content on the 
ability of soils to adsorb arsenic. 

4. CONCLUSION  

4.1 Safe Work and Treatment Practices  

An effective, low cost solution to the contamination of garden soil by PAHs derived from 
creosote-containing timbers is recommended based on the results of the analyses conducted in 
this body of work. The recommendations derive from the behavior of benzo(a)pyrene in the soil. 
Removal of the timbers is necessary, as they remain a continuous source of PAHs that will, in 
time continue to contaminate the soil. Any removal actions require notification and opportunity 
for discussion with gardeners and garden owners/managers. The work of remediation should be 
conducted on days when the wind is minimal and workers should wear garden work gloves. The 
timbers should not be burned, nor disposed of in the regular trash. They should be disposed 
according to state regulation. If possible, community garden associations should mix soil beneath 
and adjacent to creosote timbers to a distance of 18 inches from the timber and a depth of 8 
inches with clean compost in the ratio of 1 part soil and 1 part compost. Or, if not feasible, they 
can mix soil beneath and adjacent to creosote timbers to a distance of 9 inches and a depth of 8 
inches with clean compost in the ratio of 1 part soil and 3 parts compost.  The mixture would be 
placed into the excavated areas.  Extra soil/compost mixture can be spread throughout the 
garden. Due to the elevated concentrations of PAHs detected in the batch of compost that 
contained street sweepings, we recommend that only compost without street sweepings be added 
to community garden soil. The addition of clean compost with PAHs and metals in 
concentrations well below the MADEP soil residential standards will serve to a) provide a source 
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of microorganisms that may assist in the breakdown of the PAHs and b) dilute any remaining 
PAHs present in garden soil.  

Since most As leaching occurs during the first year of use and much of the leached arsenic 
remains near to the timber, we conclude that CCA lumber used for any length of time in the 
gardens should be removed and the adjacent soil, to a distance of 3 inches and depth of 8 inches, 
replaced with clean city compost or diluted in a 1:1 ratio with clean city compost. This 
conclusion is supported by results of As-contaminated soil diluted with City of Boston compost 
as shown in Figure 3 (Wellesley College, October 2007), bringing the concentration of As in soil 
well below the MA DEP S1 Standard.  

 

 

Figure 3. Dilution of Copper, Chromium, and Arsenic in Garden Soil by the Addition of 
Compost 

4.2 Gardener Education  

We strongly recommend that education continue with gardeners through annual meetings, 
newsletters, gardeners spring clean up meeting in their own gardens, and through the Master 
Urban Garden class. These venues provide the opportunity to disseminate information about 
good gardening practices such as wearing gloves, leaving gardening shoes at the door, washing 
produce before eating, adding clean organic matter to soil, and using mulch to lessen splashing 
of soil onto plants. 

PAHs are ubiquitous and will continue to deposit on the garden soil from the air, which is 
continuously being polluted by combustion from cars, industry, and home heating systems.  By 
following the suggestions mentioned above community gardeners can reduce their exposure 
while enjoying the benefits of gardening. 
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PART X: Sediments 

Chapter 24 
 
COMPARISON OF BACTERIAL LEVELS FROM WATER AND 
SEDIMENTS AMONG UPPER AND LOWER AREAS OF GUION 
CREEK 

Anna K. Yeung-Cheung §, Peter Chu and Jetmira Dega 
Dept. of Biology, Manhattanville College, 2900 Purchase St., Purchase, NY 10577 

ABSTRACT 

Harbor Island Park, located in Mamaroneck Harbor, was frequently closed due to EPA 
exceeding levels of enterococci found in the water.  A filter system, the Gunderboom® BPSTM 

(Beach Protection System), was installed in 2002 at the beach to lower bacterial levels in the 
swimming area.  Our previous studies in 2006 showed that the densities of E. coli and coliform 
bacteria recovered from water and sediment were significantly lower inside the Gunderboom® 

when compared to the outside and the surrounding watersheds: Mamaroneck River, Guion 
Creek, and Shore Acres Beach.  However, higher densities of bacteria were found in Guion 
Creek which directly drains into the harbor.  The current study focus in the comparison of E. coli 
and enterococci levels from water and sediment samples collected from the upper areas of Guion 
Creek (Beaver Swamp, the stream at Rye Neck High School and Upper Guion Creek) and the 
lower areas of Guion Creek (Lower Guion Creek, outside and inside of the Gunderboom®).  
Water and sediment specimen were collected bi-weekly at these 6 sites from May to November 
of 2007, especially after heavy rainfall.  The results showed that the densities of E. coli and 
enterococci were significantly lower inside the Gunderboom® which proved again the 
effectiveness of the filter in lowering bacteria in water.  In addition, the densities of enterococci 
and E. coli were found significantly higher in water and sediment samples collected in Beaver 
Swamp, Rye Neck High School and Upper Guion Creek than the other 3 lower regions.  In 
conclusion, our study suggests non-point source bacterial contamination located in the upper 
areas of the Guion Creek is contributing to the increased densities of E. coli and enterococci in 
Mamaroneck Harbor.  

Keywords: E. coli, enterococci, Guion Creek, Beaver Swamp, Gunderboom® 
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1. INTRODUCTION 

In the United States, marine and fresh water beaches are routinely analyzed for E. coli and 
enterococci bacteria for indications of possible contamination (US EPA 1986).  From 1999 to 
2000, 59 disease outbreaks in the United States were attributed to recreational water exposure, 
and 61% of these outbreaks were of gastroenteritis (Lee et al., 2002). Impairment of rural 
streams, lakes and coastal waters as a result of microbial pollution has a significant impact on 
human health.  Potential sources may include sewage overflows (Irvine & Pettibone 1993), 
leaking septic systems (Alhajjar et al 1988), an increased number of swimmers at beaches 
(Papadakis et al., 1997), fecal materials from humans, seagulls, geese and other warm-blooded 
animals (Alderisio & DeLuca, 1999, Levesque et al., 1993) and nearby boating activities that 
resuspend bottom sediment with bound E. coli (An et al., 2002). In addition, environmental 
factors such as rainfall and onshore winds can cause a dramatic increase in bacterial 
concentration and can exacerbate the contamination problem (Crowther and Wyer 2001). 
Locations on shoreline points were also found to contain significantly higher E. coli levels than 
offshore regions (McLellan and Salmore, 2003; Shibata et al., 2004).   

In addition, sediments also have the ability to impact the quality of water and can contain 100 
to 1,000 times as many fecal indicator bacteria than the overlying water (Van Donsel and 
Geldreich, 1971).  Sediments can serve as reservoirs for fecal pollution (Crabill et al., 1999) and 
a  previous study found the highest concentration of E. coli was in sediments near the beach 
shoreline, as compared to the submerged sediments and water of increasing depth (Whitman and 
Nevers, 2003). Recreational activity and wave action has the ability to release fecal bacteria 
bound to sediment and contribute to poor water quality (Ishii et al, 2007).  The majority of E. 
coli and enterococci bacteria in aquatic systems are associated with sediments and these 
associations influence their survival and transport characteristics (Jamieson et al, 2005).  

The Village of Mamaroneck is located in a densely populated area of Westchester County in 
New York State, receiving an annual average precipitation of 49 inches. It is an inlet at the west 
end of the Long Island Sound and is difficult for incoming water to be flushed out into the open 
ocean. Beaches face elevated counts of bacterial contamination which leads to beach advisories 
and closings. Harbor Island Park, located in Mamaroneck Harbor, has been frequently closed due 
to high levels of enterococci. The U.S Environmental Protection Agency reported in 2002 that 
Harbor Island Park, located in the far western portion of the Long Island Sound, was closed for a 
total of 365 days whereas in 2007 the beach was only closed for 15 days (USEPA Beacon, 
2008). Over time, Harbor Island Park has remained available to the public due to applied 
monitored beach system, the Gunderboom® Beach Protection SystemTM (Gunderboom® Inc., 
AK). It was reinstalled in 2002 to lower bacteria levels in swimming areas in order to prevent 
constant beach closings in Harbor Island Park. Water and Mya arenaria, from inside the 
Gunderboom® were found to contain lower concentrations of bacteria when compared to the 
samples collected outside the Gunderboom® (Yeung-Cheung and Melendez., 2007)  

Guion Creek, a freshwater estuary located upstream of Harbor Island Park has also been 
found with high levels of bacterial contamination. Our previous studies showed that Guion Creek 
had high levels of Escherichia coli (E. coli) and coliform bacteria from water and sediment 
(Yeung-Cheung et al. under revision). Most importantly, water from the creek flows into the 
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Mamaroneck Harbor where Harbor Island Park is located. It is important to understand the 
possible factors that might contribute to the high levels of bacteria found in Guion Creek.  

Upstream of Guion Creek is a 2-acre freshwater wetland called Beaver Swamp which is 
located in Village of Harrison, N.Y.. Water from Beaver Swamp runs through corporate office 
parks and residential neighborhoods to its confluence with a stream by Rye Neck High School 
(H.S.) in Mamaroneck. Immediately downstream from the confluence, the brook enters a 
residential area in the Village of Mamaroneck, flows a distance of 0.5 miles into Guion Creek 
and eventually to Mamaroneck Harbor (Comprehensive Storm-water Modeling, 1999). Today, 
Beaver Swamp is a wetland estuary, but its history of illegal dumping leaves room for 
speculation. According to Westchester County, the presence of a derelict automobile, shed, steel 
drums and car parts were contributing to the degradation of Beaver Swamp (Spano, 2009). The 
swamp has been ignored for decades allowing other factors such as storm-water runoff and the 
invasive species Phragmites to further degrade the wetland (Spano, 2009). The Westchester 
County Department of Planning and Westchester County Soil and Water Conservation District 
came to work together in an attempt to fix the pollution problems in Beaver Swamp beginning in 
1998 (Spano, 2009) . This was done by programs such as the Aquatic Restoration Project, which 
converted Beaver Swamp from a degraded marsh into a natural water filter. However, residents 
from Rye and Harrison continue to be affected by constant flooding of the swamp that not only 
damages homes but causes run-off to the downstream areas as well. These problems increased 
after the aquatic restoration project was completed, because additional fill was added during the 
process of removing contaminated soil (Spano, 2007). Now, storm water cannot be absorbed 
within the confines of the swamp. This has caused tremendous public pressure on government 
regulatory agencies to establish proper risk assessment and abatement procedures.   

In our studies, we focused in analyzing the concentrations of the indicator bacteria, E. coli 
and enterococci, collected from both water and sediment at the upstream and downstream areas 
of Guion Creek.  Our primary goal was to compare the levels of these bacteria recovered from 
samples collected at different areas of Beaver Swamp, Rye Neck H.S and upper Guion Creek 
with the downstream areas of Guion Creek in order to understand the distribution of bacterial 
contamination and possibly predict the origin of the non point source contamination in the areas.  

2. MATERIALS AND METHODS 

2.1  Study Area: 

All samples were collected weekly from May 2007- November 2007 from 6 locations: inside 
and outside the Gunderboom® of Harbor Island Park, lower and upper Guion Creek which flows 
directly into Mamaroneck Harbor, a stream bordering Rye Neck H.S. and Beaver Swamp, which 
is located in the town of Harrison (Figure 1). As the National Climatic Data Center of the 
National Oceanic and Atmospheric Administration (NOAA) did not maintain a weather 
recording station in Mamaroneck, N.Y., local rainfall amount was, therefore, monitored and 
recorded on the day before and during collection using monthly rainfall data from weather.com, 
sponsored by the Weather Channel.  
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2.2  Sample Collection: 

At each of the 6 sites, three samples of water were collected near the shore line during low 
tide using labeled sterilized polypropylene plastic bottles. These bottles were submerged 
approximately one meter below the water level and were tightly sealed with a cap.  Three 
samples of surface sediment, approximately five cm in depth, were also collected at each site and 
placed into clean zip lock bags.  The temperature and pH of the water and sediment were 
measured at each site and all the samples were brought back to the laboratory and immediately 
processed. Sample collection dates were performed approximately once per week and as close to 
dates of rain as possible, thus providing proof-of-principle conditions for bacterial count.  

2.3.  Analysis of Water and Sediment Characteristics: 

Copper and Zinc levels were also analyzed using the water samples taken at each collection. 
To measure the copper and zinc levels, 25 mL of water was used and added into each test vial 
respectively and the instruction procedure was followed (Chemetrics, VA) to obtain the proper 
copper and zinc reading from the photometer. 

The soil samples from each site were tested individually for their contents of sediment 
characteristics of sand, soil, and clay bi- monthly by following the protocol of the LaMotte 
Testing Soil Texture Unit Kit (LaMotte, MA).    

 

 

 

 

 

 

 

 

 

 

Figure 1.  Map of Mamaroneck Harbor, NY and the 4 other sampling sites. 1. Harbor Island 
Park: inside the Gunderboom®(40°56’39.57”N, 73°43’46.01W), 2. Harbor Island Park: outside 
the Gunderboom®(40°56’40.28”N, 73°43’45.79”W), 3. Lower Guion Creek (40°56’58.05”N, 

73°43’30.22”W), 4. Upper Guion Creek (40°57’10.47”N, 73°43’18.07”W), 5. a stream by Rye 
Neck High School (40°57’27.45”N, 73°42’52.13”W), and 6. Beaver Swamp (40°57’27.45”N, 

73°42’33.94”W) 
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2.4  Water and Sediment Sample Processing: 

A 100 mL water sample was further diluted at 1:10 and 1:50 with autoclaved distilled 
deionized water before use.  To process the sediment samples, ten grams of sediment was 
agitated in 100 mL of distilled deionized water in a sterile beaker for one minute. Once the 
sediment settled, the supernatant was removed. A further dilution was performed on sediment 
samples to obtain the countable number of bacterial colonies. At the end, the sediment used for 
dilutions was dried and weighed.  

A 40 mm Advantec membrane filter (Becton Dickinson, NJ) was then placed in a Buchner 
Funnel and 100 mL of the diluted sample was added to the filter and a vacuum filtration 
apparatus was used to create suction.  This process was repeated on another membrane to create 
two identical membranes from each sample. The membrane filter was rolled onto two different 
modified agar plates. For the recovery of E. coli, one of the two prepared membrane filters from 
each site was rolled onto Modified mTEC Agar plates (Becton Dickinson, NJ). The plates were 
initially incubated at 35˚C for two hours and then transferred to a second incubator at 44.5˚C and 
incubated for 24 hours. For enterococci plate preparation, the corresponding second membrane 
filter was rolled onto Modified mEI Agar plates (Becton Dickinson, NJ). These plates were 
incubated for 24 hours at 41˚C.  

2.5  Evaluation of bacterial colonies: 

After 24 hours of incubation, the mTEC Agar and mEI Agar plates were analyzed to 
determine the presence of E. coli and enterococci bacteria. Bacterial colonies were counted as 
colony forming unit (CFU) on modified agar plates. Colonies of E. coli on the membrane filter of 
the mTEC Agar plates were dark purple, while enterococci bacteria appeared as a blue halo on 
the membrane plates of the mEI Agar plates. The colonies that appeared on each plate were 
counted.  The density of the bacteria recovered from the water and sediment were expressed as 
CFU/100mL of water and CFU/g of dry sediment respectively. 

2.6 Statistical Analysis: 

The statistical analysis of water and sediment samples were performed using a one-way 
ANOVA, with a Posthoc Dunnett T3 for mean comparison using SPSS version 13.0 to evaluate 
the difference in recovery of bacteria among all 6 sites. In addition, the t-Test was done using 
Microsoft Excel version 2003 to evaluate the significant difference of the concentration of 
bacteria recovered between the areas above Guion Creek (defined as Beaver Swamp, Rye Neck 
High School and upper Guion Creek) to the other lower 3 regions (defined as lower Guion 
Creek, inside and outside Gunderboom®).  This distinction was made because a drainage pipe 
flows into Guion Creek near the northern portion of the creek. Therefore the data of upper Guion 
Creek was pooled as the collection points upstream from the drainage pipe and the data of lower 
Guion Creek was pooled as the collection points downstream from the drainage pipe. This 
bifurcation of collection points eliminated the confounding variable of having wash from the 
drainage pipe that may further influence heavy metal or bacterial count data. 
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3. RESULTS AND DISCUSSION 

3.1  Abiotic Factors of Water and Sediment 

At all 6 sites, the temperature of the water ranged from 7-26.5ºC and the temperature of 
sediment ranged from 14.5-33.6ºC on the date of collection from May to November. The average 
pH of the water and sediment at all sites were consistent at 7.4-7.9 and 6.8-7.0 respectively. 
Rainfall occurred 15 out of 20 days of sample collections with 6 days reaching amounts higher 
than an inch, ranging from 1.33 -7.12 inches and the remaining 9 days reached rainfall amounts 
less than 1 inch, starting from 0.1-0.78 inches. 

The average level of copper content recovered from water at 6 sites ranged from the lowest 
of 0.37 ppm found in Lower Guion Creek to 0.63 ppm in Beaver swamp (Table 1).  The average 
level of zinc content from water at all sites was negligible and was all less than 0.05ppm (Table 
1). Similar sediment properties were found in inside and outside the Gunderboom® and at Rye 
Neck H.S. These 3 sites have sediment compositions containing 94-95 % of sand, 4-5 % of silt, 
and 0.01-0.09 % of clay (Table 1). Lower Guion Creek also had a high percentage of sand (91%) 
and low amount of clay (0.01%), but a higher amount of silt content (8.9 %). However, upper 
Guion Creek and Beaver Swamp had the highest level of silt and clay content.  Sediment content 
collected from both sites contained 66% and 63 % of sand, 13% and 26 % of silt, 21% and 11 % 
of clay respectively (Table 1). 

Table 1.  The average copper and zinc content (ppm) in water and sediment components by 
percentage of substituent at 6 sites. 

  
Inside 
Gunderboom® 

Outside 
Gunderboom® 

Lower Guion 
Creek 

Upper Guion 
Creek 

Rye Neck High 
School 

Beaver 
Swamp 

Average Cu 
Content 
(ppm) 

0.57± 0.32 0.51± 0.28 0.37± 0.24 0.42 ± 0.12 0.54 ± 0.18 0.63 ± 0.49 

Average Zn 
Content 
(ppm) 

0.04 ± 0.02 0.03 ± 0.02 0.03± 0.02 0.03± 0.02 0.03 ± 0.04 0.05 ± 0.13 

Sediment 
Components 

94.4% sand      
5.59% silt       
0.01% clay 

95.2% sand        
4.71% silt         
0.09% clay 

91%   sand      
8.99% silt      
0.01% clay 

66% sand       
13% silt        
21% clay 

95% sand         
5%   silt 

63% sand     
26% silt      
11% clay 

3.2  Average Densities of Enterococci and E. coli recovered from water  

The level of enterococci from water collected at Beaver swamp, Rye Neck High School, and 
upper Guion Creek were significantly different when compared to the other three sites 
(P=0.019). The average concentrations of enterococci were lower in 100 mL water collected 
inside and outside the Gunderboom® of about 99.6 CFU and 339.2 CFU  when compared to 
water recovered at lower Guion Creek (1655.8 CFU), upper Guion Creek (2597.8 CFU), Rye 
Neck H.S (2520.1 CFU), and Beaver Swamp with the highest average of 3159.1 CFU (Figure 2, 
Table 2).  

Similarly, there was a significant difference of E. coli concentrations recovered from water 
collected at Beaver Swamp, Rye Neck H.S and upper Guion Creek when compared to the other 3 
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sites (P<0.05). The average concentrations of E. coli found inside the Gunderboom® was 
significantly less than the average concentrations found in all other areas (P<0.05). The highest 
average concentrations of E. coli was 3159.2 CFU/100 mL of water recovered from Beaver 
Swamp when compared to the lowest average of 257.0 CFU /100 mL of water recovered from 
inside the Gunderboom® (Figure 3, Table 2).  The bacteria levels were significantly lower from 
water inside the Gunderboom® when compared to the rest of the 5 sites (P=0.08 for enterococci 
and p<0.05 for E. coli). The levels of enterococci and E. coli in water were much higher in 
samples collected after heavy rainfall (Figures 2, 3). Higher levels of bacteria (both enterococci 
and E. coli) were generally found in water of Beaver Swamp, Rye Neck H.S, upper Guion creek 
and lower Guion Creek (Figure 4). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. The average and standard error of enterococci recovered in water from the 6 sites from 
May to November 2007 
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Figure 3. The average and standard error of E. coli recovered in water from the 6 sites from May 
to November 2007 
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Figure 4. Comparative graph of average concentration of enterococci and E. coli between each 
of the six sites 

 

 

Table 2. The summary of the average concentration and standard error of enterococci and E. coli 
recovered from water and sediment at 6 sites 

 
 
 

  
Inside 
Gunderboom® 

Outside 
Gunderboom® 

Lower Guion 
Creek 

Upper Guion 
Creek 

Rye Neck High 
School Beaver Swamp 

Enterococci 
/100 ml 
Water 

99.6 ± 9.9 339.2 ± 35.7 1655.8 ± 73.4 2597.9 ± 107.5 2520.1 ± 160.5 3159.1 ± 387.2 

E.coli /100 
ml Water 257.0 ± 92.5 483.7 ± 101.3 2002 ± 145.6 2349.2 ± 176.2 2808.8 ± 141.4 3159.2 ± 171.8 

Enterococci 
CFU/g of 

dry 
Sediment 

289.9 ± 40.9 544.6 ± 108.7 1715.1 ± 532.2 6062.0 ± 1033.0 3277.6 ± 510.6 5881.5 ± 1434.5 

E.coli 
CFU/g of 

dry 
Sediment 

243.5 ± 39.8 745.0 ± 101.6 1623.2 ± 367.9 5867.2 ± 860.1 4481.1 ± 506.1 10222.1 ± 2336.9 
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3.3  Average Densities of Enterococci and E. coli Recovered from Sediment 

The concentrations of enterococci recovered from sediments at Beaver Swamp, Rye Neck 
H.S and upper Guion Creek was significantly different when compared to the other 3 sites 
(P<0.05). The highest average of the concentrations of enterococci was similar at upper Guion 
Creek and Beaver Swamp with concentrations of 6062.0 CFU/g and 5881.5/g of dry sediment 
when compared to the lowest average concentrations of 289.9 CFU of enterococci/g of dry 
sediment recovered from inside the Gunderboom® (P<0.05) (Figure 5, Table 2). There was an 
average of 544.6 CFU of enterococci/g of sediment collected outside the Gunderboom®, 1715.1 
CFU of enterococci/g sediment collected at lower Guion Creek and 3277.6 CFU of enterococci/g 
of sediment at Rye Neck H.S (Table 2).  

Similar trends were found in the recovery of E. coli from sediment at 6 sites. The average 
concentrations of E. coli recovered from sediment was significantly higher in Beaver Swamp, 
Rye Neck H.S and upper Guion Creek when compared to the other 3 sites (P<0.05) (Figures 6, 
7). The highest average concentrations of E. coli was 10,222.1 CFU/g of dry sediment recovered 
from Beaver Swamp when compared to the lowest average of 243.5 CFU/g of sediment 
recovered from inside the Gunderboom® (P<0.05) (Table 2). The recovery of bacteria in 
sediment from inside the Gunderboom® was significantly lower when compared to the other 5 
sites (P<0.05).  During and after the heavy rainfall, the sediment from all 6 sites was also found 
to contain higher levels of enterococci and E. coli (Figures 5, 6). In general, higher levels of 
bacteria were found in sediments collected from Beaver Swamp, Rye Neck H.S, and upper 
Guion Creek (Figure 7). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. The average and standard error of enterococci recovered in sediment from the 6 sites 
from May to November 2007 
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Figure 6. The average and standard error of E. coli recovered in sediment from the 6 sites from 
May to November 2007 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.  Comparative graph of average concentration of enterococci and E. coli between each 
of the six sites 
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The Gunderboom® BPS™ filter was designed to control the flow of particles that associated 
with microbes in water. Our results further confirmed the potential for the Gunderboom® to be an 
effective way of reducing bacteria entering the enclosed water and sediment.  In our current 
studies, the bacteria levels were found significantly lower from water (P=0.08 for enterococci 
and p<0.05 for E. coli) and sediment (p<0.05 for both bacteria) collected inside the 
Gunderboom® when compared to outside the Gunderboom®. In addition, the levels of 
enterococci and E. coli were found to be 10 to 40 fold less in water and sediment collected inside 
the Gunderboom® in comparison with the most upstream area of Beaver Swamp. 

The previous study from our laboratory revealed high concentrations of E. coli and total 
coliform bacteria in water, sediment and mussels from Guion Creek (Yeung-Cheung et al., 2007; 
Persad and Yeung-Cheung 2007). In our current study, high levels of bacteria were recovered 
again from water and sediment from both the lower and upper Guion Creek areas when 
compared to samples collected inside the Gunderboom®.  Another finding revealed the bacterial 
levels from water and sediment collected from lower Guion Creek were lower than samples 
collected in upper Guion Creek. Despite their close proximity to one another geographically, 
lower Guion Creek has a much wider channel than upper Guion allowing for better water flow. 
Since collection took place during low tide, this is an additional contributor to reduced water 
flow. Our previous study showed that there is a correlation of slow water flow with high 
bacterial concentrations in mussels (Persad and Yeung-Cheung, 2007).  

When we examined the water and sediment from all 6 sites, the results showed that the 
bacterial levels were significantly lower (p<0.5) at the 3 lower areas (lower Guion Creek, inside 
and outside the Gunderboom®) when compared with the 3 upper areas of the Guion Creek (upper 
Guion Creek, Rye Neck H.S. and Beaver Swamp). Beaver Swamp located at the most upstream 
area in our studies, was found to contain the highest levels of bacteria in the water and sediment. 
The history of Beaver Swamp as an illegal dumping facility for almost a decade may provide 
some evidence for the high levels of bacteria found in water and sediment. In the attempt of 
reviewing the metal levels from water, very low and acceptable copper and zinc level were found 
in water at all sites. Further heavy metal testing should be performed. 

Several non-point and point sources can contribute to the presence of fecal indicator bacteria 
(E. coli and enterococci) in aquatic systems that can be detrimental to public health such as: 
humans, agriculture, water run-off, tidal actions, animal traffic, sustained winds, boats, dredging 
and polluted groundwater and environmental sources such as soil. Since it rained during 75% of 
our collections, field observations of constant flooding occurring in Beaver Swamp after heavy 
rainfall can lead to higher probability of bacteria being re-suspended from the soil. Higher 
amounts of bacteria were recovered from samples on several collection dates after rainfall. And a 
previous study indicated the effect of rainfall on the amount of bacteria recovered from water 
and sediment was temporary.  The concentration of E. coli from both water and sediment 
increased during rainfall, but the bacterial concentration quickly decreased to the pre-rain levels 
(Whitman et al., 2006). Further study is needed to investigate the actual origin of source 
contaminants influencing Beaver Swamp and Guion Creek. It is indeed the high concentrations 
of bacteria recovered from Beaver Swamp that illustrate that the attempts to clean the area did 
not prove effective in preserving Beaver Swamp. 
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In addition, Beaver Swamp and upper Guion Creek contained the highest percentage of clay 
and silt and the highest densities of bacteria recovered from the sediment. Sediment composition 
can be a factor in bacteria survival as the results from a previous study indicate that E. coli was 
greater in sediments containing at least 25% clay (Burton et al., 1987).  Sediment with fine 
particles provides protection from predators and as a result, bacteria survive and are able to 
accumulate (Davies and Bavor, 2000).  Previous study also showed E. coli in marine sediments 
remained culturable for a 68-day period and proved that sediment can be a favorable 
environment for bacteria (Davies et al., 1995).  Sediment properties, such as texture and 
permeability are factors that can affect the survival of bacteria.  Sediment, when compared to 
seawater contains a greater content of organic matter and aids in the longer survival of E. coli 
(Gerba and McLeod, 1976). E. coli also has the ability to live in forest soil for extended periods 
of time and can act as a continuous non-point source of contamination to nearby streams 
(Whitman et al., 2006).   

In our study, the Gunderboom® proves again to be an effective beach protection system in 
lowering the concentrations of the bacteria in Harbor Island Park.  However, the long term 
solution for the safe beach environment depends on finding the origin of the contaminations. Our 
results showed the upstream areas of Beaver Swamp, a stream at Rye Neck High School and 
Guion Creek all contains the high levels of bacteria in water and sediment. Future study should 
focus in the possible point source contaminations in these areas. 

4. CONCLUSION 

The Gunderboom® system is the first scale of such filter installed in a public beach of 
Mamaroneck Harbor. Its effectiveness of reducing bacteria was further proved in our experiment.  
Water samples collected from Beaver Swamp contained the highest concentrations of bacteria 
when compared to the downstream areas.  This proved the cleanup and restoration project on the 
swamp was not completely successful. High levels of bacteria found in water and sediment at 
upstream areas of the Harbor Island Park such as Guion Creek, a stream at Rye Neck High 
School and Beaver Swamp may act as a non-point source of bacterial contamination in the 
Mamaroneck Harbor. 
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PART XI: Site Assessment 

Chapter 25 
 
GEOPHYSICS FOR FUN AND PROFIT:  HOW TO MANAGE YOUR 
DUE DILIGENCE RISK 

Jesse N. Japitana§, Robert M. Cataldo 
ENSR, 2 Technology Park Drive, Westford, MA 

ABSTRACT 

Near-surface geophysics provides an efficient, cost-effective, and non-invasive method for 
the investigation and assessment of property.  When sequenced, implemented, and integrated 
properly, geophysics can enhance our understanding of site-specific subsurface conditions to 
optimize further intrusive investigation and corrective action.  Geophysical data allow for a more 
informed decision-making process when evaluating the benefits and potential liabilities 
associated with property acquisition. 

This paper focuses on geophysics as an innovative technical approach to manage risk and 
optimize site investigations.  In addition, the paper draws on case studies where geophysical 
investigations were used to confirm suspected underground features or identify previously 
unknown hazards that would have significantly impacted the development cost and timing of 
these sites had their existence gone undetected. 

Keywords: geophysics, site assessment, due diligence 

1. INTRODUCTION 

Geophysical evaluation is an efficient, straightforward, and inexpensive method to provide 
non-invasive information on a property.  By implementing one or more of the geophysical 
methodologies discussed in this paper, it is possible to identify and understand potential buried 
hazards before a shovel of dirt is removed from the site.  These non-invasive exploratory 
methods can greatly reduce the risk of missing critical subsurface problems or encountering a 
buried hazard by providing a screening tool and strategy for proposed follow-up subsurface 
investigations. 
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Massachusetts, 01886, USA, Tel: 978-589-3000 x 3394, Fax: 978-589-3705, Email: 
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2. MANAGING RISK AND UNCERTAINTY 

One of the primary reasons for conducting a due diligence assessment on a property that will 
either be purchased or sold is to understand the potential hazards and liabilities associated with 
the past and present activities conducted on-site.  In summary, the goal is to “manage risk”.   

There is an abundance of resources available to aid in understanding the past site usage, such 
as site permits, building plans or Sanborn mapping.  However, these resources do not address the 
uncertainty related to what was constructed and installed at the site prior to the issuance of 
permits or approvals, or was simply undocumented.  In addition, there is always the possibility 
that documents are no longer available; having been lost in a fire or flood, or stored away in an 
unknown repository.  Regardless of the reason, a clear understanding of what operations 
occurred and what the subsurface holds comes into question.   

Another obstacle that arises when attempts are made to identify the potential risks and 
hazards on a property occurs when invasive investigations are not permitted by the current site 
owner or facility operations.  It is also possible that the location of buried utilities or other 
subsurface hazards may render invasive methods as unsafe or impossible.  With these limiting 
factors, how can a potential buyer or financing institution gather useful information regarding the 
risks associated with the site?  In many instances, a geophysical investigation can be part of the 
solution to the problem. 

3. BENEFITS OF GEOPHYSICAL ASSESSMENTS 

Some benefits of utilizing geophysics as a first approach are listed below: 

• Non-invasive collection of data  

• Cost-effective 

• Quick mobilization 

• Fast on-site set-up and breakdown 

• Identification of hazardous prior to subsurface work 

• Permitting generally not required 

• Wide and comprehensive area of coverage  

• No generation of impacted media 

As with all investigatory tools, there are some limitations with geophysical methods, such as 
heavy use of rebar in concrete or buildings that are not accessible.  However, one of the major 
advantages with geophysics is that multiple options are available to assess different parameters 
over the same area of concern, thereby allowing for multiple views of the same information. 
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4. GEOPHYSICAL METHODOLOGIES 

There are several types of geophysical methods available; all of which can be used 
independently or in tandem with each other.  The five main types utilized for environmental and 
engineering work are listed below and summarized in Table 1.  

4.1 Ground Penetrating Radar 

This method is useful in a variety of settings to identify underground storage tanks, define 
aerial and vertical extent of buried debris, aid pipe and cable location, and delineate strong 
changes in lithology.  Depth of usage typically ranges from surface grade to 100 feet. 

4.2 Electromagnetics and Magnetometry 

This method, which has a variable depth range, is excellent for identifying larger subsurface 
anomalies with magnetic properties (iron, steel, etc.).  It can also be used to characterize changes 
in underlying bedrock horizons.  Electromagnetic surveys can also be utilized for groundwater 
contaminant plume mapping.   

4.3 Gravity Surveying 

This method detects changes in relative gravity of a buried object relative to the local gravity 
signature of the earth.  It is commonly used to delineate broader changes in trends (gravity fields) 
such as bedrock type or overburden deposits.  Depth of usage is typically from the surface to 100 
feet. 

4.4 Radio and Audio Frequency Location 

This method can be used to actively or passively induce a signal into the subsurface utilities 
via a transmitter.  Using a handheld receiver, the signal can then be used to trace buried storm 
sewers, electric lines, piping, etc.  This is the method commonly utilized to pre-dig prior to 
subsurface drilling and excavation activities.  Maximum effectiveness locating depth is 20 feet 
below surface grade if directly connected to the utility.   

4.5 Seismic Surveying 

This “tried and true” geophysical method uses multiple receivers (geophones) and an induced 
energy source (strike plate, vibrator, and compression device).  This method has a greater depth 
penetration than most other geophysical devices, but with generally lower resolution.  Seismic 
surveying takes up where the other devices leave off, and is commonly used to characterize 
bedrock topography and other underground geomorphic structures. 
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Table 1. Typical Geophysical Methods for Shallow Environmental and Engineering Applications, Benefits and Limitations. 

 Ground 
Penetrating Radar 

Electromagnetics 
and Magnetometry 

Microgravity 
Surveying 

Radio and Audio 
Frequency Location 

Seismic Surveying 

Type of 
Locatable Targets 

Metallic, plastic, 
geologic targets (e.g. 
USTs, utilities, voids, 

interfaces 

Ferrous and non-
ferrous metallic targets 
(USTs, drums, piping, 
debris, geology) and 
select groundwater 

contaminants  

Voids and cavities 
natural or man-made 

Utilities (e.g. water, 
gas, electric) 

Geologic targets 
(e.g. groundwater and 

rock interfaces) 

Effective 
Locating Depth 

Metal: generally 1-
inch diameter target size 
for each foot depth; Non-
metallic targets are site 
specific; max 100 feet 

depth 

Drum, piping and 
select targets to 15 foot 

depth; Saltwater and 
groundwater plumes over 

200 feet depth 

10 foot diameter 
cavities can be detected 

at 60 feet depth; max 
depth 100 feet 

Up to 20 feet depth 
when directly coupled to 

the utility line 

For engineering 
applications max depth 

of 200 feet  

Depth 
Estimation 

Yes. Dependant on 
soil heterogeneity 

Yes. Accuracy +/- 
15% under ideal 

conditions, but site and 
target specific 

Yes with 
complementary data sets 

Yes.  Accuracy +/- 
10% under normal 

conditions 

Yes. Depends on soil 
heterogeneity 

Soil or Backfill 
Effects 

Dry sandy soils best; 
saturated clay soils or 

saltwater limit 
penetration  

None unless backfill 
contains metallic debris 

None 
Poor tracing in dry 

or iron rich soils 
None 

Limitations Non-unique Non-metallic objects 
Very sensitive to 

natural or cultural ground 
motion; Non-unique 

Non-conductive 
pipes, possible signal 

bleed onto nearby 
conductors 

Non-unique 
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5. GEOPHYSICAL APPLICATIONS - CASE STUDIES 

In order to illustrate how geophysical investigation can help optimize site investigation, three 
case studies are presented here: 

5.1 Case 1:  Underground Storage Tank Location (Small Scale Assessment 
Area) – Southern Connecticut (Figure 1)

5.1.1 Site Specific Issues 

As part of due diligence property transfer, a Phase I investigation was completed during 
which historic Sanborn maps indicated a former gasoline and automotive service station once 
existed at the site.  Due to incomplete historic records documenting the management of the 
underground storage tanks (USTs) and associated piping for former service station, a 
geophysical survey was conducted.   

5.1.2 Setting 

The area of principle investigation is an irregular shaped 80-foot by 55-foot open lot at the 
south edge of a manufacturing plant in northeastern United States.  This area is bordered to the 
west by a state road and to the east by a hill, which slopes steeply toward a railroad easement. 
The ground surface in the survey area is asphalt paved with sparse brush and regional soils are 
glaciofluvial. 

5.1.3 Geophysical Methods 

Electromagnetic (EM) and ground-penetrating radar (GPR) techniques were employed for 
this investigation.  A Geonics EM61 electromagnetic conductivity meter was selected for the 
investigation to provide a rapid, non-invasive scan of the electromagnetic response of the site.  
The EM61 is a time-domain electromagnetic device that provides subsurface data to 
approximately 10-feet below surface grade (BSG) and is commonly used to detect ferrous and 
non-ferrous metal objects in the shallow subsurface.   This unit was selected based on historic 
records which identified that steel USTs once existed at the site.  A Geophysical Survey 
Systems, Inc. (GSSI) SIR-2000 GPR system outfitted with a 200 megahertz (MHz) antenna was 
used to further investigate areas exhibiting anomalous EM response.  Typical radar depth of 
penetration using this antenna ranges from 8 to 14 feet in developed urbanized setting.  

5.1.4 Outcome 

Geophysical findings identified two areas of concern which were interpreted to be the 
location of USTs with associated piping and an area of buried debris.  Geophysical data was used 
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Figure 1.  Case Study 1.  Ground penetrating radar (GPR) and electromagnetic (EM) survey at manufacturing facility located in 
southern Connecticut.  A contour map of the EM response is shown on the right.  GPR was used to investigate the high EM 

response (red).  Excavation revealed two underground storage tanks and associated piping
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to direct test pit activities and subsequently uncovered two steel USTs and associated piping runs 
and some buried metallic debris (i.e. car parts, bicycle wheel, concrete construction backfill). 

5.1.5 Client Benefits 

USTs were appropriately decommissioned and subsequent environmental investigation was 
conducted to determine the condition of the area prior to completing property transfer. 

5.2  Case 2:  Brine Contamination Delineation (Medium Scale Assessment Area) –
Southern Florida (Figure 2)

5.2.1 Site Specific Issues 

The site was developed for petroleum production in the mid-1960s and the area of concern 
was used as a saltwater injection well area.  Recent desire to redevelop the area prompted an 
environmental investigation, and chloride concentrations above applicable standards were 
identified.  Furthermore, the chloride plume has had 40+ years to migrate and initial groundwater 
studies are unable to define the extent of the chloride impacts.  Geophysics was employed to 
better estimate the horizontal and vertical extent of local chloride impacts. 

5.2.2 Setting 

The 4,800-foot by 4,800-foot survey area located in the southeastern United States is a flat 
land area surrounded by citrus groves featuring permeable surficial sands underlain by low-
permeability marls and clays.  Due to use of a portion of the site as construction backfill, several 
over-excavated areas contain impounded water. 

5.2.3 Geophysical Methods 

Two EM methods were used at this site to estimate the three-dimensional extent of chlorides 
in groundwater.  A Geonics EM34 frequency-domain EM instrument was used to map the aerial 
extent of the chloride plume.  The EM34 was operated in a horizontal dipole mode with a 20 
meter coil spacing and recorded apparent ground conductivity response to an effective depth of 
50 feet.  A Geonics EM47 time-domain electromagnetic (TDEM) survey technique was used to 
measure the vertical extent of the chloride plume.  An EM47 was used to record TDEM 
soundings at approximately 350-400 points (estimated 1 TDEM sounding per 250 feet) across 
the study area.  Operated at two frequencies (30 Hertz and 300 Hertz), TDEM soundings 
recorded conductivity response with an effective depth of 200 feet below surface grade. 
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Figure 2.  Case study 2.  Frequency domain [EM34 (top left)] and time domain electromagnetic [EM47 (bottom center)] 
survey to map a chloride (brine) plume at a former petroleum production area located in southeast Florida.  The EM34 

contour map (top and bottom right) show the aerial extent of the plume and the EM47 geo-electric cross-section (bottom left) 
shows the vertical extent of the contaminant plume
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5.2.4 Outcome 

The extent of chloride impacts in groundwater was mapped successfully and used to develop 
a more complete conceptual site model.  Data is currently being evaluated to support remedial 
activities. 

5.2.5 Client Benefits 

Cost savings were realized due to comprehensive area of data coverage used to optimize the 
number and location of intrusive soil borings for geochemical delineation of the chloride plume.  
Off-site impacts were also identified, which resulted in a proactive environmental response.    

5.3 Case 3:  Oil Field Decommissioning (Large Scale Assessment Area) –
Eastern Texas (Figure 3) 

5.3.1 Site Specific Issues 

Former oil production area in the southern United States which was abandoned in the 1940s.  
A residential community which flourished during oil production times sits on top of former 
structures and piping alignments.  Several property owners looking to sell their properties 
prompted an environmental investigation to assess soil and groundwater quality across 10 leased 
properties.  Geophysics was used to identify buried piping alignments and direct intrusive 
investigations. 

5.3.2 Setting 

Vegetated and open areas located within a residential community cover the former oil 
production areas.  Soils are generally dry sands underlain by shallow clay. 

5.3.3 Geophysical Methods 

Two frequency-domain EM methods (Geonics EM-38B and EM-31) were used to detect 
variations in ground conductivity that may be a result of a ground disturbance such as trenching, 
pipelines or utilities, or other buried conductive targets.  In addition to ground conductivity data 
collection, these EM instruments collected magnetic susceptibility data which can be used to 
identify metallic subsurface objects.  The Geonics EM-38B has an effective depth of 
investigation of 5 feet and the Geonics EM-31 can detect conductive responses to approximately 
15 feet. 
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Figure 3.  Case Study 3.  Electromagnetic (EM) survey of former crude oil production areas located eastern Texas.  The aerial photo 
on the right shows the vegetated and open residential areas covering former structures.  The contour map on the left is of EM response 

interpretations indentifying subsurface piping alignments and areas of suspected debris 
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5.3.4 Outcome 

Geophysical data were used to direct hydro-excavation to locate suspected piping alignments.  
Specifically, piping termination points were identified and investigated as locations of suspected 
contamination. 

5.3.5 Client Benefits 

Cost savings focused the drilling program by reducing the number of soil borings required to 
identify potential contamination areas.  Identified subsurface obstructions resulted in the 
increased health and safety awareness for future work. 

6.    SUMMARY AND CONCLUSIONS 

Geophysics is a proven tool in the evaluation of risk and hazards associated with the due 
diligence and environmental investigations at a broad array of sites and subsurface conditions.  It 
is also a cost-effective, safe and efficient tool when planning future site strategy and reducing 
both financial and legal liability. 
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CHARACTERIZATION OF A VOC PLUME MIGRATING FROM 
FRACTURED SHALE INTO A KARST LIMESTONE AQUIFER 
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Overcash Avenue, Building 14, Chambersburg, PA, United States, 17201. 

ABSTRACT 

 Delineation of the non-aqueous phase liquid (NAPL) source zone in the vicinity of an oil burn 
pit (OBP) at Letterkenny Army Depot (LEAD) revealed the presence of source material on both 
sides of a nearby groundwater divide resulting in a bilobate plume. While the northern lobe of 
the plume migrating from the OBP had been well defined, the southern lobe of the plume had 
been previously undetected. An investigation was initiated to determine whether the southern 
lobe of the plume had reached the Pinola Fault (900 ft downgradient), the formation contact 
between the Martinsburg Shale and the St. Paul Limestone, and if so, what impacts the plume 
was having on groundwater/surface water quality in the limestone aquifer. Dye tracing and 
aquifer tests had shown significant differences in groundwater velocities between the two rock 
types (i.e., ft/year in the shale versus >2,000 ft/day in the limestone).  

 The migration pathway and extent of the plume moving south was mapped using 
geoprobe/soil gas sampling, and verified by well installations. The soil gas results correlated 
extremely well with the travel path and extent of the contaminated groundwater within the shale. 
The strong soil gas/groundwater quality correlation was attributed to both shallow groundwater 
and slow velocities within the shale, which allowed for the accumulation of soil gas vapors. In 
this manner, the plume was effectively mapped down to the fault contact and the plume entry 
location into the limestone was identified. Volatile organic compound (VOC) sampling results to 
date indicate minimal impact from the plume on limestone groundwater quality. Rapid 
groundwater velocities and extensive karst development result in significant declines in 
contaminant levels a short distance from the fault. Dye tracing results from wells at the plume 
entry location and at numerous downgradient wells throughout the limestone basin appear to 
substantiate these findings. 

Keywords: Non-aqueous phase liquids; karst; dye tracing; soil gas 

 
§ Corresponding Author:  Paul G. Landry, P.G., 1400 Weston Way, West Chester, PA, 19380, 
610-701-7273, P.Landry@WestonSolutions.com 



328                                                            Contaminated Soils Sediments and Water – Site Assessment
 

 

1. INTRODUCTION 

 The Letterkenny Army Depot (LEAD) is situated on the western side of the Cumberland 
Valley, just north of Chambersburg, Pennsylvania, in the Valley and Ridge physiographic 
province. The bedrock underlying LEAD is composed of complexly folded and faulted 
Ordovician limestones and shales that were deformed during the tectonic events that formed the 
Appalachian Mountains (Becher and Taylor, 1982). The OBP at LEAD is located approximately 
300 feet east of the intersection of Georgia Avenue and Scale House Road (Figure 1), and is 
situated near the crest of a hill where 3 groundwater drainage divides converge. Underlying the 
OBP is the Martinsburg Shale Formation, a fissile to massive shale containing thin interbeds of 
siltstones, sandstones, and greywackes. The Martinsburg shale typically forms small ridges or 
upland areas in the valley as it is more resistant to chemical/physical weathering than the local 
carbonate rocks. Located approximately 900 feet south of the OBP is the Pinola Fault, a reverse 
thrust fault that forms the contact between the Martinsburg shale and the St. Paul Limestone. The 
St. Paul Limestone is a micritic, granular limestone that chemically weathers to form extensive 
karst features such as sinkholes, voids, and losing stream segments throughout the local valleys.  

 As part of the Comprehensive Environmental Response, Compensation, and Liability Act 
(CERCLA) investigations at LEAD during the 1980s and 1990s, the oil burn pit (OBP) soils 
were identified by the Army as an area of concern and a potential source of groundwater 
contamination. The OBP had operated in the 1970s and was used for fire training and the 
disposal of waste oil and solvents from industrial missions at LEAD. While several time-critical 
removal actions of OBP soils were performed by the Army in the late 1990s, groundwater 
investigations in the OBP area conducted through 2002 indicated that significant volatile organic 
compounds (VOCs) were present in the OBP area groundwater. In addition, non-aqueous phase 
liquids (NAPLs) were present in several OBP wells, with 1,1,1-trichloroethane being the most 
elevated contaminant of concern. As shown on Figure 1, a VOC contaminant plume was mapped 
emanating from the OBP toward the north and Meghan Mackenzie Run (MMR). In 2003, the 
Army initiated an investigation to delineate the extent of NAPL material in the area of the OBP. 

2. DELINEATION OF NAPL SOURCE ZONE IN OBP AREA 

 Due to both the presence of NAPL at the site and the complexities of the fractured bedrock 
system, the Army began negotiations with EPA Region III for a Technical Impracticability (TI) 
waiver as a component of the ultimate site remedy in early 2003. As a condition for TI waiver 
consideration, a thorough delineation of the NAPL source zone at the site was required. In 2003 
and 2004, the Army conducted a drilling and sampling program at the site to delineate the lateral 
and vertical extent of NAPL source material in the OBP area. The program involved the use of 
real-time field screening methods during drilling such as hydrophobic dye testing of rock and 
water samples and heated headspace analysis to screen for the presence of NAPL material. As 
shown on Figure 1, a series of 4 well locations (03-PDO-3 through 03-PDO-6) were proposed for 
this effort, moving outward from areas of the OBP known to contain NAPL material. Results of 
this effort indicated that NAPL material associated with the OBP were present in the 
groundwater south of the PDO OU 4/OU 2 drainage divide. As shown on Figure 2, two shallow 
monitoring wells (04-PDO-2 and 04-PDO-3) were installed in the northernmost revetment that 
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contained NAPL material and/or effective solubility concentrations of 1,1,1-TCA indicative of 
NAPL presence (ranging between 50 mg/L to 90 mg/L). 

3.   DISCOVERY OF CONTAMINATED SEEP AREA DURING TBR/OTL 
INVESTIGATIONS 

 Concurrent with the NAPL delineation program in the OBP area, the Army had also initiated 
investigation of the Transfer Burning Revetments (TBR) and Open Trench Landfill (OTL) sites 
located south of the OBP. The initial investigation at these sites included a surface geophysical 
survey, followed by sampling of test trenches, soil borings, and local drainage ways. Analytical 
results from these sampling efforts indicated that there were no apparent sources of VOCs 
present in the revetment area soils. However, in the drainage swale along the eastern edge of 
Scale House Road, a seep was discovered that contained 5,600 µg/L of 1,1,1-TCA. Subsequent 
re-sampling of this seep and the adjacent piezometer indicated consistent 1,1,1-TCA levels 
ranging from 4,000 to 4,200 µg/L (see Figure 2). 

 A follow-up investigation to evaluate the source and character of the seep contamination was 
performed that included a geophysical survey of the swale and the immediate vicinity upgradient 
of the seep in both the TBR and OTL areas. An extensive soil boring and sampling program 
conducted following the geophysics revealed that the source of the seep contamination appeared 
to be in the bedrock groundwater, and not in the soils upgradient from the seep. The maximum 
detected 1,1,1-TCA concentration in the soil samples was 240 µg/kg, whereas the aqueous 
samples from the seep contained 1,1,1-TCA levels in excess of 4,000 µg/L. 

4.   TWO-PHASED SOIL GAS SAMPLING PROGRAM PROVIDES USEFUL 
GROUNDWATER DATA 

 To further evaluate the source of the seep contamination and to potentially map the migration 
pathway of groundwater contamination moving farther downgradient, an extensive, 2-phase soil 
gas/sampling program was performed in 2003 and 2004 at the site. The soil gas/sampling 
program was performed using Geoprobe® drilling methods, whereby soil gas samples were 
collected at bedrock refusal and run through field calibrated flame ionization detectors (FIDs). 
The FIDs were selected due to their high sensitivity for 1,1,1-TCA (estimated >95% response 
factor).  For quality control, approximately 20% of all soil gas samples were retained in tedlar 
bags and sent for fixed laboratory analysis of VOCs. As shown on Figure 3, soil gas samples 
were collected from approximately 56 locations during Phase 1, and 67 locations during Phase 2. 
The Phase 2 soil gas locations are distinguished from the Phase 1 locations by the soil gas lines 
shown on Figure 3.  
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Figure 1. Geologic Map of the Oil Burn Pit Area Showing the Contaminant Plume Prior to the NAPL Delineation Program 



Characterization of a VOC Plume 331

 

 

 
Figure 2. Recent/Historical 1,1,1-TCA Groundwater Concentrations at the Oil Burn Pit, Transfer Burning Revetments and Open 

Trench Landfill Area Following NAPL Delineation Program 
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 Soil gas concentrations exceeding 100,000 µg/L were used to infer the presence of elevated 
1,1,1-TCA concentrations emanating from the groundwater at each location (see highlighted 
values on Figure 3). The results of the soil gas program indicated that elevated concentrations 
(>100,000 µg/L) of 1,1,1-TCA appeared to be volatilizing off the bedrock groundwater and a 
source of VOCs appeared to be present in the upper TBR area. These results verified the findings 
of the NAPL delineation program, which showed source material to be present just south of the 
MMR/PDO groundwater divide in wells 04-PDO-2 and 04-PDO-3 (Figure 2). As shown on 
Figure 3, elevated soil gas readings were mapped and traced from the uppermost revetment, 
down along Scale House Road in the vicinity of the seep area and well 99-OBP-2, and further 
toward the south-southwest and the Pinola Fault area.  

 The strong correlation observed between soil gas results and contaminant concentrations in 
groundwater were attributed to the combination of shallow groundwater levels (<20 ft), shallow 
depth to bedrock (15-20 ft), low seasonal variations in groundwater levels (5-7 ft) and the slow 
groundwater velocities (<1 ft/day) observed in the Martinsburg Shale at LEAD. 

5.   MONITORING WELL NETWORK VERIFIES THE MIGRATION 
PATHWAY OF THE PLUME 

 The soil gas results were used to sequentially cite the locations for groundwater monitoring 
wells and piezometers down to the Pinola Fault area between 2003 and 2006. As shown on 
Figure 4, the migration pathway of the groundwater plume was mapped down to its entry 
location in a persistently wet area adjacent to the Pinola Fault. Limestone well 04-PDO-11 
contained 1,1,1-TCA levels ranging from 750 to 1,000 µg/L, by far the most impacted limestone 
well in the PDO area of LEAD at the time. Subsequent well installations in this area on both 
sides of the of the Pinola Fault suggest that the plume is migrating primarily in the shallow, 
fractured bedrock zone within the shale, crossing the fault into the St. Paul Limestone and 
dispersing both laterally and vertically within the limestone. As shown on the hydrogeologic 
cross-section of the Pinola Fault area (Figure 5), the most elevated 1,1,1-TCA concentrations are 
found in the shallow bedrock wells on either side of the fault (06-PDO-4, 06-PDO-5, and 
05-PZ-4). 

 Additional limestone wells (05-PDO-2 through 05-PDO-4) installed downgradient from this 
plume entry location at the fault encountered significant karst solution features during 
drilling/installation (i.e., a 20-foot aperture void was encountered in monitoring well 05-PDO-2). 
In addition, concentrations of 1,1,1-TCA, and all VOCs, dropped significantly from the Pinola 
Fault area to these 3 wells (see Figure 4). Farther downgradient of these wells, concentrations of 
1,1,1-TCA in groundwater remain low throughout the limestone basin at LEAD down to the 
convergent surface water discharge at Rocky Spring. In fact, VOC levels throughout the PDO 
area at LEAD have been shown to be on a steady decline since the late 1980s. The Army 
theorizes that while the newly discovered plume has likely been discharging slowly from the 
shale into the limestone for many years, the extensive karst development in the St. Paul and 
Chambersburg limestones have a pronounced attenuating effect on the plume. In a series of dye 
trace studies completed by the Army in 1999-2000, groundwater velocities observed in the 
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limestone aquifer in this area of LEAD were shown to range from 1,080 ft/day to >4,800 ft/day 
(WESTON, 2004). To further verify the fate and transport of the newly discovered plume that is 
discharging across the Pinola Fault from the shale into the limestone, the Army initiated a dye 
tracing program in 2006. The results from Phase I of the Upper PDO dye tracing program are 
discussed briefly below. 

6.  UPPER PDO DYE TRACING PROGRAM – PHASE I RESULTS  

 As shown on the map provided as Figure 6 and Table 1-A, eosine dye was introduced into 
well 04-PDO-11 at the Pinola Fault on 5 December 2007 in accordance with the procedures 
detailed in the final technical plan (WESTON, 2006). Note: A second dye (sulforhodamine B) 
was also introduced in another area of the PDO (Pad 5 Landfill) (Table 1-B) to determine the 
fate and transport of contaminants from a smaller, localized source area, but these results will not 
be discussed herein. The results of the dye trace from the Pinola Fault area showed that well 04-
PDO-11 is in hydraulic communication with 7 of the 11 locations sampled during Phase I. 
Groundwater velocities ranged from a low of 21.5 ft/day to a high of 3,570 ft/day, indicating that 
multiple groundwater flow pathways exist in the karst basin. Dye from well 04-PDO-11 reached 
Rocky Spring House within 3 to 6 days (1,669 to 3570 ft/day), a travel distance of nearly 1.5 
miles to the southwest. Conversely, dye from 04-PDO-11 reached nearby downgradient well 05-
PDO-2 between 6 and 13 days (21 to 47 ft/day). Results of the dye trace also show well 04-PDO-
11 to be in hydraulic communication with well 81-4 (located approximately 2,350 
downgradient), with groundwater velocities ranging from 67 to 107 ft/day. The significance of 
this finding is that well 81-4 was shown to contain elevated concentrations of 1,1,1-TCA in the 
1980s (>1,000 µg/L). However, this well now contains less than 3 µg/L of 1,1,1-TCA and 
contains no VOCs in excess of EPA maximum contaminant levels (MCLs). The overall 
conclusion from Phase I of the dye study is that the extensive karst development in the limestone 
aquifer in the PDO area of LEAD results in significant attenuation of contaminant levels 
discharging across the Pinola Fault from the shale into the limestone. A second phase of the 
upper PDO dye trace is currently underway to determine the groundwater velocities in the 
Martinsburg Shale from the OBP source area down to the Pinola Fault. However, while dye was 
introduced into several well locations within the shale in April 2007, as of March 2008, no 
positive dye detections have yet been observed. These results further verify the extremely slow 
travel times within the Martinsburg Shale. 
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Figure 3. Soil Gas Results and Proposed Monitor Well Locations for Further Delineating the 
Extent of the OTL/TBR Area Groundwater Plume 
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 Figure 4.  Dye Injection and Sampling Locations in the Upper PDO/Pinola Fault Area 
Showing Recent 1,1,1-TCA Concentrations 
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Figure 5.  North South Hydrogeologic Cross-Section of the Pinola Fault Area in the Upper PDO
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Figure 6. Results of the Phase I Portion of the Upper PDO Dye Tracing Program, 5 Dec 2006 to 22 Jan 2007

Pad 5 
Landfill 
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Table 1-A. Summary of Groundwater Velocities Based on Results from Phase I of the PDO Dye Trace Limestone to Limestone from 
Pinola Fault Area to Rocky Spring—Letterkenny Army Depot-Chambersburg, PA 

Range of Groundwater 
Velocities 

Eosine Dye intro completed in 
well 04-PDO-11 @ 16:30 Hrs. 

on 12/5/06 
Date/Time of 

First Dye Arrival 

Time From Dye Intro to 
Range of 1st Arrival 

(Hours) feet/hour feet/day 
Sampling Location 

Distance From 
Intro Location

(feet) Placed Collected Early Late High Low High Low 
06-PDO-2U 5 ND ND       
06-PDO-2L 5 ND ND       
05-PDO-2 275 12/11/06 at 11:24 12/18/06 at 11:35 138.9 307.1 2.0 0.90 47.516 21.5 
05-PDO-3 600 ND ND       
05-PDO-4 1000 12/11/06 at 11:10 12/18/06 at 11:22 138.67 306.9 7.2 3.26 173.07 78.2 

81-4 2350 12/27/06 at 10:40 1/9/07 at 11:26 522.34 834.9 4.5 2.81 107.98 67.5 
98-PDO-6 2880 12/11/06 at 10:45 12/18/06 at 11:08 138.25 306.6 20.8 9.39 499.96 225.4 

83-18 2950 ND ND       
83-19 3560 12/8/06 at 08:20 12/11/06 at 10:18 63.84 137.8 55.8 25.83 1338.3 620.0 

00-PDO-3 6610 12/18/06 at 10:43 12/27/06 at 10:04 306.22 521.6 21.6 12.67 518.06 304.2 
RSH 9560 12/8/06 at 08:46 12/11/06 at 10:00 64.27 137.5 148.7 69.53 3569.9 1668.7 

Table 1-B. Summary of Groundwater Velocities Based on Results from Phase I of the PDO Dye Trace Limestone to Limestone from 
Pad 5 Landfill Area to Rocky Spring—Letterkenny Army Depot-Chambersburg, PA 

Range of Groundwater 
Velocities 

Sulforhodamine B Dye intro 
completed in well 06-PDO-6 

@ 12:00 Hrs. on 12/5/06 
Date/Time of 

First Dye Arrival 

Time From Dye Intro to 
Range of 1st Arrival 

(Hours) feet/hour feet/day 
Sampling Location 

Distance From 
Intro  Location

(feet) Placed Collected Early Late High Low High Low 
06-PDO-2U N/A ND ND       
06-PDO-2L N/A ND ND       
05-PDO-2 N/A ND ND       
05-PDO-3 N/A ND ND       
05-PDO-4 N/A ND ND       

81-4 2160 ND ND       
98-PDO-6 2660 12/8/06 at 08:00 12/11/06 at 10:45 68 142.8 39.1 18.6 938.8 447.2 

83-18 2620 ND ND       
83-19 3310 12/7/06 at 08:55 12/8/06 at 08:20 44.92 68.33 73.7 48.4 1768.5 1162.6 

00-PDO-3 6360 12/18/06 at 10:43 12/27/06 at 10:04 310.72 526.1 20.5 12.1 491.2 290.2 
RSH 9310 12/8/06 at 08:46 12/11/06 at 10:00 68.76 142 135.4 65.6 3249.6 1573.5 

ND-Indicates no dye detected at this location.  NA-Not applicable; location far upgradient from dye intro point. 
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AMBIENT AND LANDFILL-IMPACTED GROUNDWATER 
QUALITY IN THE HUDSON VALLEY OF SOUTHEASTERN NEW 
YORK STATE 
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ABSTRACT 

 A large amount of groundwater quality monitoring data has been collected in connection with 
solid waste landfills regulated by the New York State Department of Environmental 
Conservation.  Although sampling personnel and analytical laboratories are different for each 
site, a high degree of uniformity in methods is assured by state regulations which govern 
environmental monitoring at the landfills.  In this study, data for selected parameters was pooled 
from upgradient, presumably uncontaminated, monitoring wells installed in different rock 
formations at a large number of sites in order to characterize regional variability in ambient 
groundwater quality.  Parameters selected for this study are those considered to be most useful in 
detecting landfill-derived groundwater contamination and include alkalinity, ammonia, arsenic, 
chloride, chemical oxygen demand, hardness, iron, manganese, total phenols and total dissolved 
solids.  Comparisons are made with data from monitoring wells downgradient of the landfills and 
with other available data sets. Emphasis is placed on whether parameters exceed applicable water 
quality standards in ambient groundwater and whether the parameters selected are reliable 
indicators of landfill-derived groundwater contamination. This study should be particularly 
useful in cases where topography, property boundaries or other site constraints make it 
impossible to site a valid upgradient monitoring point or where groundwater quality impact 
assessments must be made using a single monitoring point. 

Keywords:  alkalinity, ammonia, arsenic, chloride, COD, hardness, iron, manganese, phenols, 
TDS, solid waste, landfill 
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1. INTRODUCTION 

 In evaluation of groundwater quality impacts from landfills or other contamination sources, it 
is always preferable to obtain site-specific upgradient or background water quality data for 
comparison with results obtained from a downgradient groundwater monitoring well.  This is not 
always possible.  There are cases where, due to the location of a monitored facility relative to 
groundwater flow divides, property boundaries or physical constraints, it may not be possible to 
install a monitoring well outside of the zone of potential facility-related groundwater 
contamination.  In other cases, it may be necessary to evaluate potential water quality impact 
based on results from a single monitoring point such as a residential water supply well which 
may be close to an unmonitored landfill or other contamination source.  In such cases, it would 
be helpful to have a numerical value which represents the upper threshold of ambient 
groundwater quality for a given parameter within the region. 

 New York State’s 6 NYCRR Part 360 Solid Waste Management Facilities Regulations require 
that operators of solid waste landfills install groundwater monitoring wells upgradient (where 
possible) and downgradient of the facility, sample the wells one or more times each year, and 
analyze the samples for a suite of parameters which include leachate indicators (e.g. alkalinity, 
hardness, COD), inorganic parameters (e.g., iron, manganese, chloride) and volatile organic 
compounds.  The data generated is routinely used to characterize groundwater quality impacts or 
evaluate effectiveness of remedial measures at individual sites.  Prior to this study, there has not 
been an effort to compile upgradient water quality monitoring data from multiple landfill sites 
and to use the pooled data to characterize ambient groundwater quality or define its variability on 
a regional basis. 

1.1 Study Area 

 The data were compiled from groundwater monitoring reports submitted in connection with 
inactive solid waste landfills which are regulated by the New York State Department of 
Environmental Conservation.  As shown in figure 1, the study area consists of seven counties 
within the Hudson Valley Region of southeastern New York State, corresponding to the 
geographic area which is administered by the Department’s Region 3 Office, headquartered in 
New Paltz, New York.  The counties included are Westchester, Putnam, Dutchess, Rockland, 
Orange, Ulster and Sullivan. 

1.2 Previous Studies  

 Previously published data sources which can be used to characterize groundwater quality 
within the study area include a series of water supply reports for individual counties prepared by 
the United States Geological Survey in cooperation with various governmental agencies or 
commissions in New York State (Asselstine and Grossman 1955, Frimpter 1970, Grossman 
1957, Perlmutter 1959, Soren 1961, Simmons et al. 1961).   Data from these county water supply 
reports along with other similar historical data sources can also be found in USGS reports which 
summarize water quality data for New York State (Heath 1964) or for the Hudson River Basin 
(Hammond et al. 1978). These reports are of significant historical interest but may not provide an 



Ambient and Landfill-Impacted Groundwater Quality 343
 

 

entirely adequate basis for characterizing current conditions with respect to ambient groundwater 
quality within the region.  Limitations and problems associated with use of this historic data 
include a rather short list of parameters, a lack of information regarding the specific analytical 
methods used to generate the data and the use of sample collection points which were designed 
and constructed for water supply rather than groundwater quality monitoring purposes.  Unlike 
the groundwater monitoring wells used to generate the contemporary data compiled for the 
present study, the water supply wells and springs used to generate the data presented in the 
historical water supply reports would generally have been designed and constructed in a manner 
which would not prevent infiltration of surface water, chemical interactions with well 
construction materials or mixing of groundwater from several discrete aquifer segments or water 
bearing zones. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.  Study area showing landfill sites, county boundaries and selected, generalized 
geologic mapping units.  Geologic mapping units are shown only to give an indication of their 
regional distribution and are not intended to provide geologic information relative to individual 
sites.  Areas not shaded are underlain by non-carbonate bedrock with relatively thin overburden. 
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2. MATERIALS AND METHODS 

2.1 Selection of monitoring points 

 A total of 46 landfills with regular groundwater quality monitoring programs were selected for 
inclusion in this study.   Data from upgradient groundwater monitoring wells at 42 of the sites 
were used to compile the ambient groundwater quality data set, referred to henceforth as the 
“ambient data set”.  Four of the 46 sites were not included in the ambient data set because they 
do not have an upgradient groundwater monitoring well.  Data from downgradient groundwater 
monitoring wells at 42 sites was used to compile the landfill-impacted groundwater quality data 
set, henceforth referred to as the “impacted data set”.  At all of the sites included in the impacted 
data set, the predominant waste type disposed of in the landfills was municipal solid waste 
(MSW).  Four of the 46 sites which have waste types other than MSW were excluded from the 
impacted data set to eliminate variability with respect to the type of water quality impact being 
evaluated.   The locations of sites which are included in the ambient set, impacted data set, or 
both data sets, are shown in Figure 1. Summary information regarding the composition of the 
ambient and impacted data sets is provided in Table 1. 

 

Table 1. Composition of Data Sets with Respect to Site & Well Characteristics 

Site & Well Characteristics 
Ambient  

data set 
Impacted 

data set 
Total number of sites included in data set 42 42 

Dutchess County 12 11 
Orange County 5 6 
Putnam County 4 4 

Rockland County 1 2 
Sullivan County 3 3 

Ulster County 16 14 

General site location

Westchester County 1 2 
Municipal solid waste 38 42 Landfill waste type

Other waste types 4 0 
Upgradient 42 0 Monitoring well position  

Downgradient 0 42 
Overburden 20 30 

Carbonate rock 6 2 
Monitored aquifer type

Non-carbonate rock 16 10 
 

 Data included in both the ambient and landfill-impacted data sets was collected over a time 
frame extending, roughly, from 1990 to 2007.  For the purposes of this study, temporal trends 
which may exist in the data, especially in the landfill-impacted data set, were not considered.  
Such temporal trends are beyond the scope of this study and will be considered in a later study 
focusing on post-closure trends in groundwater quality downgradient of the landfills. 
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 All of the landfills included in this study had at least three downgradient monitoring wells to 
choose from and many of the sites had more than one upgradient or background monitoring well.  
In selecting upgradient monitoring wells for inclusion in the ambient data set, an effort was made 
to minimize the potential for landfill-derived groundwater quality impact or impacts from other 
significant contaminant sources.  Preference was given to wells completed in bedrock, wells 
screened at deeper levels in the aquifer, and wells located as far upslope of the landfill boundary 
as possible.  In selecting downgradient monitoring wells for inclusion in the impacted data set, 
an effort was made to capture the full extent of landfill-derived groundwater quality impact. 
Here, preference was given to shallow wells located directly downgradient from the thickest 
portions of the landfill.  As shown in Table 1, use of these preferences resulted in a higher 
proportion of  bedrock monitoring wells in the ambient data set (22 of 42) and a lower proportion 
of bedrock wells in the landfill-impacted data set (12 of 42). Regardless of what preferences are 
used, a lower proportion of bedrock wells downgradient of the facilities is unavoidable because 
of the natural tendency for unconsolidated deposits to thicken in the down slope direction due to 
the typical geometry of glacial deposits such as kames, valley-fill outwash sands and gravels, or 
glaciolacustrine silts and clays. 

2.2 Parameters selected for evaluation 

 New York State’s Part 360 regulations require landfill operators to sample groundwater at 
landfills four times per year except where case-specific approval is granted for a reduced 
sampling frequency.  Twenty one “routine parameters” are analyzed during all quarterly 
sampling events and an additional 19 inorganic parameters and 47 volatile organic compounds 
are analyzed during annual “baseline” sampling events.  At most of the sites included in this 
study, the sampling frequency was initially quarterly and was subsequently reduced to one 
baseline sampling event per year. 

 The ten parameters selected for this study are ammonia, alkalinity, arsenic, chloride, chemical 
oxygen demand (COD), hardness, iron, manganese, total phenols and total dissolved solids 
(TDS).  These parameters were chosen because they are strongly associated with leachate or 
leachate-impacted groundwater, are frequently detected in downgradient monitoring wells and/or 
frequently exceed applicable water quality standards or guidance values.  With the exception of 
arsenic, all are routine parameters which were analyzed initially at a quarterly frequency.  With 
the exception of phenols, all of the parameters selected are detected more than 50% of the time in 
landfill-impacted groundwater monitoring wells. 

2.3 Data compilation, data quality screening and preliminary evaluation 

 Data for the ten parameters of interest were extracted from monitoring reports submitted on 
behalf of the landfill operators by analytical laboratories or environmental consulting firms after 
each individual sampling event.  In order to complete this “data-mining” effort, more than 1000 
individual monitoring reports had to be reviewed.  The data from all upgradient monitoring wells 
were combined in Microsoft Excel to create a single pooled data set to characterize ambient 
groundwater quality for each of the ten parameters.  In cases where a parameter was analyzed but 
not detected, the laboratory reporting limit was recorded along with the “U” data qualifier.  The 
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same approach was used to create the impacted data set using pooled data from all of the 
downgradient monitoring wells.   A third data set, referred to as the “historical ambient” data set 
was compiled using water quality data which was available  for six of the parameters (alkalinity, 
hardness, TDS, chloride, iron and manganese) in published water supply reports for Dutchess, 
Putnam, Rockland, Sullivan, Orange and Ulster counties. 

 To ensure that data used for statistical calculations would meet basic standards for quality and 
usability, a limited data quality evaluation was performed.  All detected values in each of the 
pooled data sets were retained but a portion of the non-detects were discarded based on review of 
the associated laboratory reporting limits (RLs) in relation to contract required quantitation limits 
(CRQLs) or alternative criteria.  In the case of the historic ambient data set, a small amount of 
non-detect data was discarded in cases where the data was reported as a zero value with no 
associated laboratory RL. 

 When dealing with non-detects, it is important to remember that the RL associated with the 
non-detect is not a function of actual groundwater quality.  Rather, it is a function of the 
precision, or lack of precision, associated with the laboratory analysis (Helsel 2005).   In reality, 
the RL represents the top of a range of possible values which might correspond to the actual 
parameter concentration in groundwater.  The number or percentage of non-detects in a data set 
tells us something about water quality but the usefulness of this information is greatly reduced 
when the RLs associated with the non-detects are elevated relative to the applicable water quality 
standard and/or typical detected values within the same data set. 

 Non-detects were not present in the data sets for alkalinity, chloride, hardness and TDS.  In the 
case of arsenic, phenols, iron and manganese, non-detect data was discarded if the RLs exceeded 
the contract required quantitation  limit (CRQL) as specified in the Department of Environmental 
Conservation’s Analytical Services Protocol (NYSDEC  2000).  In the case of ammonia and 
COD, very few of the non-detects had RLs low enough to satisfy  the applicable CRQLs and 
alternative screening criteria were needed to avoid drastic reductions in the size of the data sets. 
For these two parameters, non-detect data were only discarded in cases where the associated RLs 
exceeded the median concentration for detected values within the ambient data set. 

 Prior to selecting methods for statistical comparisons and graphing, a determination had to be 
made regarding whether the data sets were likely to follow a normal Gaussian distribution.  Four 
of the data sets (ammonia, arsenic, COD and phenols) contained a high percentage of non-detects 
and were therefore not suited for evaluations using parametric statistics which require that an 
absolute value, rather than just a relative value or rank, be known for each of the data points.   
For the remaining six parameters (alkalinity, chloride, hardness, iron, manganese and TDS), 
means, standard deviations and coefficients of variation were calculated and, with the exception 
of one parameter (alkalinity), coefficients of variation were greater than 1.0 indicating that the 
data were not normally distributed.  To further evaluate whether the data were normally 
distributed, skewness, kurtosis, and the D’Agostino-Pearson Omnibus tests were used in 
accordance with widely accepted guidance for evaluation of groundwater quality data (EPA 
1998).  All of these tests confirmed that the data were not normally distributed and would best be 
evaluated using non-parametric tests and graphing methods as discussed below. 
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2.4 Summary statistics and graphing methods 

 For all parameters, non-parametric summary statistics including the median (50th percentile) 
and the 10th, 25th, 75th and 90th percentiles were calculated.  In calculating these statistics, non-
detects were assigned a numeric value equal to the associated laboratory RL (i.e., the highest 
potential concentration which could have been present in the sample).  In the case of iron and 
manganese, where non-detects make up only a small percentage of the data sets, even though the 
non-detects were assigned the highest possible numeric values, they were still ranked below the 
10th percentile and had no effect on the calculated values for the summary statistics or the 
appearance of diagrams constructed using the summary statistics.  For these two parameters, and 
four parameters without any non-detects (alkalinity, hardness, chloride and TDS), truncated box 
and whisker diagrams showing the 10th percentile, 25th percentile, median, 75th percentile and 
the 90th percentile of each data set were plotted in accordance with standard practices (ASTM 
1995). 

 In the case of ammonia, arsenic, COD and total phenols, non-detects were more numerous and 
the highest potential concentrations for some of the non-detects were higher than the median or, 
in some cases, the 75th percentile for the data set.  As a result, it was not possible to calculate 
10th percentiles, medians or 75th percentiles without introducing uncertainty due to the need to 
assign an arbitrary numeric value to the non-detects.  For these parameters, statistics describing 
the lower portions of the distribution were omitted from the tables and frequency histograms 
were used to graph the data in lieu of box and whisker plots. 

 The non-parametric Mann-Whitney t-test was used to make comparisons between historical 
and contemporary ambient groundwater quality data sets and between ambient and landfill-
impacted data sets.  This test was only used for the six parameters which have few or no non-
detects and which are covered by both the contemporary and historical ambient data sets.  For 
the purposes of this test, as recommended by Helsel (2005), all non-detects were ranked as equal 
and assigned a numeric value equivalent to the highest RL in the data set. 

3. RESULTS AND DISCUSSION 

 Summary statistics for the contemporary (1990-2007) ambient groundwater quality data set 
are provided in Tables 2a and 2b.  Variability within the contemporary ambient data set due to 
aquifer type is illustrated in Figures 2a and 2b.  Table 3 provides summary statistics for the 
historical (1937-1960) ambient groundwater quality data set along with results of a statistical 
comparison between the historical and contemporary data sets.    Tables 4a and 4b provide 
summary statistics for the landfill-impacted groundwater quality data set and a statistical 
comparison between the ambient and impacted data sets. 

 Graphs comparing the various data sets are provided in Figures 3a through 3f  and 4a through 
4d.  A discussion of overall variability in the data sets and significant findings with respect to the 
ten parameters is provided below. 
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3.1 General sources of variability  

 Variability is expected to be present in both data sets due to differences in lithology as well as 
differences in the many drilling contractors, hydrogeologic consulting firms and analytical 
laboratories used to generate the data at the different landfill sites.  A factor which tends to limit 
this variability is the need for all facility operators to comply with State regulations which  
prescribe detailed requirements for all aspects of groundwater quality monitoring including 
monitoring well location, design and construction, well development, sample collection and 
handling, laboratory analytical methods and quality assurance/quality control (QA/QC).  
Department staff review water quality monitoring work plans and provide oversight as needed to 
ensure that applicable regulatory standards are consistently adhered to. Analytical methods used 
generally conform to those prescribed in the New York State Department of Environmental 
Conservation’s Analytical Services Protocol (NYSDEC 2000) and the U.S. Environmental 
Protection Agency’s (SW-846) Test Methods for Evaluating Solid Waste, Physical/Chemical 
Methods. 

3.2 Variability attributable to differences in aquifer types 

 A certain amount of bias may have been introduced unavoidably due to differences in aquifer 
type between the wells included in the study.  For the purpose of this discussion, aquifer types 
are divided into three basic categories: overburden, carbonate bedrock and non-carbonate 
bedrock. As discussed earlier, the proportion of monitoring wells screened in overburden is 
higher in the impacted data set than in the ambient data set and, to the extent that groundwater 
chemistry is different in overburden aquifers than in bedrock aquifers, this bias towards 
overburden wells may have affected the ambient vs. landfill-impacted water quality 
comparisons.  As shown in Figures 2a and 2b, the differences are not large, but hardness tends to 
be highest in carbonate bedrock and lowest in non-carbonate bedrock aquifers with overburden 
aquifers falling in between. In the case of manganese, concentrations are lowest in carbonate 
bedrock and highest in overburden, with non-carbonate bedrock aquifers falling in between.  
These differences are not unexpected, since the availability of calcium and magnesium would be 
highest in carbonate rocks and the solubility of metals such as manganese would be lowest in the 
relatively alkaline pH associated with carbonate-rich environments.  Overburden would also be 
expected to have a higher concentration of most dissolved constituents relative to non-carbonate 
bedrock due to the higher degree of weathering and the greater surface area available for 
interactions between solid and liquid phases.  For both parameters, differences between bedrock 
and overburden aquifers are most pronounced in the case of carbonate bedrock which affects a 
relatively small percentage of the samples in either of the data sets. 
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Figures 2a and 2b. Box and whisker diagrams showing variability attributable to aquifer type 
within the ambient hardness and ambient manganese data sets. (Abbreviations: O = overburden, 
CB = carbonate bedrock, NCB = non-carbonate bedrock) The light blue box encloses the 25th to 
75th percentiles of the data set. The median is represented by the blue horizontal bar, while the 
mean is represented by the black diamond. The upper and lower whiskers indicate the 90th and 

10th percentiles, respectively. The number above each plot is the number of samples. Applicable 
groundwater quality standards or guidance values are shown as a dashed red horizontal line. 

3.3 Ambient groundwater quality in relation to standards and guidance values 

 For each of the ten parameters studied, the 90th percentile of the ambient data set is suggested 
as an upper threshold value or screening level which can be used to define ambient groundwater 
quality for the region and to identify results which are indicative of groundwater quality impact 
from municipal solid waste landfills or other anthropogenic contamination sources. These values 
are presented along with other summary statistics in Tables 2a and 2b. 

 Seven of the ten parameters evaluated have applicable levels of concern such as promulgated 
federal and/or State groundwater quality standards, guidance values or maximum contaminant 
levels for drinking water.  Of these, iron and manganese are the parameters which most 
frequently exceed the applicable level of concern.  Iron exceeded its groundwater quality 
standard (0.3 mg/L) in 75% of the ambient groundwater quality samples.  The iron standard is 
based on aesthetic considerations such as taste and color rather than health effects.  Manganese 
exceeded the USEPA’s health-based guidance value (0.05 mg/L) in 65% of the samples, making 
this the parameter of greatest potential concern from a public health standpoint.  Like iron, 
manganese has traditionally been viewed as being primarily an aesthetic issue, but there are now 
an increasing number of studies indicating that manganese may have a number of adverse effects 
on human health (WHO 2004, ATSDR 2000). 
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 Numerous regional studies have shown that ambient concentrations of arsenic in groundwater 
may exceed the EPA’s maximum contaminant level (MCL) for drinking water (0.01 mg/L).  In 
addition to the most well known areas in Bangladesh and West Bengal, India, elevated arsenic 
has been documented in a number of regions throughout the world including China, Vietnam, 
Hungary/Romania, Argentina, Chile, the southwestern USA and Mexico (Smedley and 
Kinniburg 2002).  Areas where elevated arsenic concentrations have been reported in the eastern 
USA include New England (Ayotte et al. 2003), New Hampshire (Peters et al. 2006), 
Pennsylvania (Peters and Burkert 2008) and New Jersey (Serfes 2004),   Results of this study 
show that southeastern New York State can be added the list with 11.5% of  samples exceeding 
the MCL and a 90th percentile arsenic concentration of 0.013 mg/L in ambient groundwater. 

 Total phenols is another parameter with a health-based State groundwater quality standard 
(0.001 mg/L) which was frequently exceeded (27 percent) in samples in the ambient 
groundwater quality data set.  The significance of these results is difficult to interpret because the 
analytical method used does not distinguish between non-toxic and naturally occurring phenols 
such as tannins, lignin breakdown products or other plant-related sources and toxic industrial 
chemicals such as phenol, cresols or pentachlorophenol.  Experience with water quality 
monitoring programs has shown that total phenols often occur in groundwater which does not 
show any other landfill leachate indicators or other signs of anthropogenic contamination. 

 In addition to iron, manganese, arsenic and total phenols, total dissolved solids is a parameter 
which has a 90th percentile concentration above its applicable State groundwater quality 
standard (500 mg/L).   For these five parameters, concentrations above the applicable standard 
fall within the range of variability which is representative of ambient groundwater quality for the 
region and concentrations exceeding the standard cannot be used as a sole basis to conclude that 
groundwater has been impacted by a contamination source. 

3.4 Comparison of contemporary and historical ambient groundwater quality 
data 

 Comparison of Table 2a with Table 3, and inspection of Figures 3a through 3f show clear 
differences in ambient groundwater quality between the contemporary and historical data sets.  
For all six parameters, median concentrations are higher in the contemporary data sets than in the 
historical data sets.  Mann-Whitney t-tests show significant differences in data sets for all six 
parameters with “p” values in all cases less than 0.001.  By comparing the ratios of the medians, 
it is clear that these differences are much more pronounced in the case of iron and manganese 
than for the other parameters. 
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Table 2a. Ambient (Contemporary) Groundwater Quality Data Set – Summary Statistics 
Parameters which are always or nearly always detected 
Concentrations expressed in mg/L 

 

Table 2b. Ambient (Contemporary) Groundwater Quality Data Set – Summary Statistics 
Parameters which are always or nearly always detected 
Concentrations expressed in mg/L 

 

Statistic Alkalinity Chloride Hardness Iron Manganese TDS 
Count 912 922 897 947 921 907 

# Non-detects 0 0 0 31 34 0 
% Non-detects 0 0 0 3 4 0 

Minimum 2 0.02 0.27 0.005 0.001 5 
10th Percentile 24 1.4 29 0.1 0.014 69 
25th Percentile 71 2.8 57 0.3 0.037 118 

Median 142 6.6 170 1.2 0.12 233 
75th Percentile 227 26 280 5.5 0.5 322 
90th Percentile 316 78 424 19 1.5 526 

Maximum 800 1140 3400 872 40.6 6012
Mean 163.9 38.93 214.5 11.2 0.92 287 

Standard Deviation 128.7 98.01 248.9 47.7 2.96 314 
Coefficient of 

Variation 0.8 2.5 1.2 4.3 3.2 1.1 
Level of Concern None 250 None 0.3 0.05 500 

% Exceeding Level 
of Concern NA 4.6 NS 75 65 11 

Statistic Ammonia Arsenic COD Phenols 
Count 492 468 764 706 

# Non-detects 206 312 424 509 
% Non-detects 42 67 55 72 

Minimum
10th Percentile
25th Percentile

Median

Values undefined due to uncertainties caused by 
non-detects 

75th Percentile 0.11  
90th Percentile 0.6 0.013 38 0.015 

Maximum 3.1 0.29 776 1.2 
Contract Required Quantitation Limit 

(CRQL) 0.05 0.01 1.0 0.01 
% of Non-detects exceeding CRQL 57 0 100 0 

Level of Concern 2 0.01 None 0.001 
% Exceeding Level of Concern 0.6 11.5 NA 27 
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Table 3. Summary Statistics - Historical (1937-1960) Ambient Data Set 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

All concentrations expressed in mg/L 

 

 Iron and manganese are both parameters which exhibit redox-controlled solubility. The 
differences between historical and contemporary data for these two parameters are most likely 
attributable to a difference in sample preparation and turbidity.  Although no information 
regarding analytical methods is provided in the water supply reports from which the historical 
data set was derived, a number of references can be cited to show that it would have been 
standard practice during the time period when the historical data was generated for researchers to 
filter groundwater samples prior to analysis for metals (Fishman and Downs 1966, Fishman 
1993, Hem 1985).  In more recent times, the practice of field filtering has been largely 
abandoned due to extensive experience acquired through environmental monitoring programs 
which has shown that filtration of samples prior to metals analysis using traditional methods such 
as the 0.45 micron membrane filter can lead to aeration of anoxic groundwater samples resulting 
in precipitation and loss of dissolved iron and manganese as well as mobile colloidal phases 
(Puls and Powell 1992, Puls and Barcelona 1989).   Because field filtering is not permitted in 

 Statistic 
Alkalin
ity 

Chlori
de 

Hardnes
s Iron 

Mangan
ese  

TD
S 

Count 278 486 510 403 105 291 
Minimum 4 0.2 2 0 0.01 27 

10th Percentile 19 1.6 36 0.02 0.01 82 
25th Percentile 40 2.4 62 0.05 0.01 138 

Median 71 4.2 116 0.11 0.01 198 
75th Percentile 104 9 160 0.29 0.03 255 
90th Percentile 143 15 220 0.59 0.1 322 

Maximum 399 480 1100 4.60 2.5 
147
0 

Mean 79 9.2 122 0.28 0.08 214 
Standard 

Deviation 56 29 90 0.50 0.27 141 
Coefficient of 

Variation 0.71 3 0.74 1.79 3.60 
0.6

6 
Level of Concern None 250 None 0.3 0.05 500 

% Exceeding 
Level of Concern NA 0.4 NA 21 14 2.4 

Comparative Statistics: Contemporary (1990-2007) Data Set vs. Historical Data Set 
Mann-Whitney p 

value 
<0.000
1 

<0.00
01  

<0.0001
  

 <0.0
001 

<0.0001
  

0.0
006  

Ratio of Medians,  
Contemporary to 

Historical  2 1.6 1.5 11 12 1.2 
Ratio of 90th 
Percentiles, 

Contemporary to 
Historical  2.2 5.2 1.9 32 15 1.6 
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New York State regulations pertaining to groundwater quality monitoring at solid waste landfills, 
the contemporary monitoring data is not directly comparable to the historical data derived from 
filtered samples.  Further, it is believed  that the historical data underestimates the actual 
concentration of iron and manganese which is representative of ambient groundwater quality for 
the study area and that the higher values reported for the contemporary data set are more 
representative of true ambient groundwater quality. 

 When a comparison of the 90th percentiles of the contemporary and historical data sets is 
made, chloride, like iron and manganese, stands out from the other parameters as being higher in 
the contemporary data set.  This apparent increase in ambient chloride levels may be related in 
part to an increase in the amount of highway de-icing salt used now throughout the region as 
compared to what was used in the past.  This affect is not expected to be large, however, because 
most of the upgradient monitoring wells used in the study do not receive recharge from areas 
potentially impacted by road runoff. 

3.5 Comparisons of ambient and landfill-impacted groundwater quality 

 Differences between ambient groundwater quality and landfill-impacted groundwater quality 
are apparent by reviewing summary statistics (tables 2a, 2b, 4a and b) and graphs (figures 3a-f 
and 4a-d) for each of the ten parameters.  To facilitate comparisons, the ratio of the impacted 
median concentration (I-50) to the ambient 90th percentile concentration (A-90) concentration 
was calculated for each parameter.  In cases where the I-50/A-90 ratio is greater than one 
(alkalinity, hardness, total dissolved solids, manganese and ammonia), the parameter is 
considered to be a reliable indicator or landfill-derived groundwater quality impact.  To 
determine the relative degree of usefulness of the parameters in distinguishing ambient from 
impacted groundwater quality, the I-50/A-90 ratios were ranked.  Based on this ranking exercise, 
the relative degree of reliability for use in identifying landfill-derived groundwater 
contamination was determined to be as follows:  ammonia > manganese > alkalinity > TDS > 
hardness > chloride > COD > arsenic > iron.   In the case of phenols, a ratio could not calculated 
due to the high percentage of  non-detects in both the ambient and impacted data sets,  making 
this the least useful parameter for this purpose. 

 If the 90th percentile of the ambient data set is viewed as the threshold value for likely 
groundwater impact, the percent of samples in the impacted data set which exceeds this threshold 
can also be viewed as a measure of  a parameter’s usefulness in distinguishing between ambient 
from impacted groundwater quality.  As in the case of the I-50/A-90 ratios, the percentage of 
impacted samples above the A-90 values can be ranked to determine the relative usefulness of 
parameters.  Ranking of the >A-90 percentages yielded the following result with respect to 
relative usefulness of parameters:  ammonia > manganese > alkalinity > TDS > hardness > 
chloride > arsenic > COD > iron > phenols.  As in the previous exercise, the order of usefulness 
is similar, with ammonia, manganese and alkalinity being the three most useful contamination 
indicators and iron and phenols being the two least useful. 

 The relatively high ranks for ammonia and alkalinity as contamination indicators are not 
surprising because these are prominent constituents of landfill leachate which are related to the 
microbial decomposition of organic wastes within the landfill and are relatively mobile in 
groundwater.  Iron and manganese are both naturally occurring, abundant and ubiquitous 
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constituents of aquifers which can be mobilized by the reducing conditions in landfill leachate 
plumes but may also be elevated in ambient groundwater.  Based on the results of this study, 
manganese must be given greater weight than iron as an indicator of landfill-derived 
groundwater quality impact. 
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Figures 3a- 3f.  Box and whisker diagrams illustrating differences between 
ambient/contemporary, ambient/historical and impacted data sets for six parameters with 

relatively few non-detects. The light blue box encloses the 25th to 75th percentiles. The median is 
represented by the blue horizontal bar and the mean is represented by the black diamond. The 

upper and lower whiskers indicate the 90th and 10th percentiles, respectively. The number above 
each plot is the number of samples. Applicable groundwater quality standards or guidance 

values are shown as a dashed red horizontal line. 
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Table 4a. Summary Statistics – Landfill-impacted Groundwater Quality Data Set 
Parameters which are always or nearly always detected 

Concentrations expressed in mg/L 

3.6 Landfill-impacted groundwater quality in relation to standards and 
guidance values 

 Whereas ambient groundwater quality may often exceed applicable standards and guidance 
values, particularly in the case of iron and manganese, concentrations exceeding standards and 
guidance values are, as would be expected, much more prevalent in the landfill-impacted data 
set.  When percentages exceeding standards are compared between the two data sets, landfill-
impacted groundwater shows higher percentages for all parameters.   Increases in percentage 
exceeding standards rank in the following order: ammonia > TDS > chloride > arsenic > 
manganese > phenols > iron, again confirming the reliability of ammonia as an indicator of 
landfill-related water quality impact and the lack of reliability of iron. 

 
 

Statistic Alkalinity Chloride Hardness Iron Manganese TDS 
Count 973 996 967 1022 1014 970 

# Non-detects 3 0 0 9 0 0 
% Non-Detects 0.3 0 0 0.9 0 0 

Minimum 1 0.094 0.12 0.0022 0.0005 2.60 
10th Percentile 182 12.1 190 0.62 0.50 265 
25th Percentile 290 27 283 4.2 1.4 408 

Median 460 65 445 11 3.7 663 
75th Percentile 716 191 681 22 9.0 1200 
90th Percentile 1030 532 902 47 15 1831 

Maximum 5370 7270 7212 1330 81 9920 
Mean 535 252 537 25 6.3 984 

Standard Deviation 363 619.7 480.4 77 7.9 1109 
Coefficient of Variation 0.68 2.46 0.89 3.10 1.2 1.13 

Level of Concern None 250 None 0.3 0.05 500 
% Exceeding Level of Concern NA 21 NA 93 98 65 

Comparative Statistics – Ambient vs. Impacted Data Sets 
Impacted 50/Ambient 90 Percentile 1.46 0.83 1.05 0.58 2.47 1.26 

Ratios Ranked 8 4 6 2 9 7 
% Impacted Values > Ambient 90th 

P 70 44 56 29 73 62 

% Impacted > Ambient 90th P 
Ranked 8 5 6 2 9 7 
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Table 4b. Summary Statistics – Landfill-impacted Groundwater Quality Data Set 
Parameters which are frequently undetected 

Concentrations expressed in mg/L 
Statistic Ammonia Arsenic COD Phenols

Count 870 524 860 794 
# Non-detects 52 137 121 467 

% Non-Detects 6 26 14 59 
Minimum                Values undefined due to 

10th Percentile 0.16 uncertainties caused by non- 
25th Percentile 1.1 detects 

Median 5.2 0.01 30.6  
75th Percentile 15 0.027 70 0.01 
90th Percentile 43.5 0.05 112 0.035 

Maximum 200 15.5 2798 8.8 
Level of Concern 2 0.01 None 0.001 

% Exceeding Level of Concern 57 47 NA 38 
Comparative Statistics – Ambient vs. Impacted Data Sets 

Impacted 50th/Ambient 90th Percentile 5.5 0.77 0.81 NA 
Ratios Ranked 10 3 5 NA 

% Impacted Values > Ambient 90th P 81 43 41 19 
% Impacted > Ambient 90th P Ranked 10 4 3 1 

 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 

Figures 4a- 4d.  Frequency percentage histograms showing differences between ambient and 
impacted data sets for four parameters which are frequently undetected.  Non-detects are grouped 

together in a single bin to the left of the detected values. 
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4. CONCLUSIONS 

 This study shows that groundwater quality data generated through sampling of monitoring 
wells at regulated landfills can provide a valuable resource for characterizing groundwater 
quality on a regional basis.  Within the study area, it is apparent that contemporary data derived 
from groundwater monitoring wells is different than historical data derived from water supply 
wells which was previously used to characterize ambient groundwater quality. The biggest 
differences are seen in the case of iron and manganese and these differences are attributed to 
differences in sample preparation and turbidity. The contemporary data, which is derived from 
unfiltered samples, shows higher metals concentrations than the historic data derived from 
filtered samples and the contemporary data are considered to be more representative of true 
ambient groundwater quality. 

 Iron and manganese were the two parameters most commonly detected above the applicable 
level of concern in ambient groundwater samples.  Iron exceeded its New York State 
groundwater quality standard (0.3 mg/L) in 75 % of the samples and manganese exceeded its 
USEPA drinking water guidance value (0.05 mg/L) in 65 % of the samples.  Unlike iron, which 
is considered to be an aesthetic rather than a health concern, the widespread occurrence of 
manganese at concentrations above its health based guidance value may be of significance from 
the public health standpoint.  Arsenic, which exceeds the federal MCL from drinking water in 11 
percent of the samples, is also of potential health significance due to its well-documented human 
health effects. 

 Of the ten parameters studied ammonia, manganese and alkalinity were found to be the most 
reliable indicators of landfill-derived groundwater quality impact and iron and total phenols were 
found to be the least reliable. 
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ABSTRACT  

Phosphorus (P) loss from agriculture in runoff is a primary cause of eutrophication in 
freshwater. To identify the key areas with high-risk possibility of phosphorus loss is very 
important for the control and management of non-point source pollution. As a case study of 
Yellow River basin, Phosphorus Index (PI) was modified and applied here. This method ranks 
vulnerability to phosphorus loss by taking into account source factors (soil available phosphorus, 
application rate of phosphate fertilizer) and transport factors (soil erosion, runoff, distance to 
stream, slope). Finally make a comprehensive assessment of phosphorus loss through GIS 
platform. Results show that the percentage of regions with great high and relatively high risk of 
phosphorus loss is less than 1%, and 25% medium risk areas in the whole basin. Regions with 
high or medium risk located besides the rivers, where great high or relatively high soil available 
phosphorus, or phosphate fertilizer application rate, or intense soil erosion are observed. The 
regions with intense soil erosion and the regions with high-risk possibility of phosphorus loss are 
not always identical. Only when high-risk source factors and high-risk transport factors, appear 
at the same region, can be the high-risk areas of phosphorus loss observed. 

Keywords: agriculture non-point source pollution, phosphorus loss, phosphorus index, risk 
assessment, Yellow River basin 

1. INTRODUCTION 

Recent years, researchers and government officials recognized the importance of non-point 
source pollution and took many prevention and control measures in China. However, the 
agriculture non-point source pollution caused by fertilizer and pesticides, especially by 
phosphate fertilizer presented no alleviation and reduction trend. Overview of the non-point 
source pollution studies in China, mainly focused on mechanism by field experiments and load 
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calculation by models simulation. However, the results of field experiments cannot be extended 
to a lager-medium scale basin effectively and the parameters calibration and sensitivity analysis 
are still the bottleneck of models simulation.  As a result, to identify the critical source areas 
makes more sense than pollution load simulation by models on planning and management level. 
The areas with the relatively high proportion of pollution load export, i.e. the ratio of quantity of 
pollutants into the river to the generation quantity of pollutants, are called Critical Source Areas 
of the basin (Maas et al. 1985, 1987, 1988; Line et al., 1995; Endreny et al. 1999).  

In Yellow River basin flourishing agriculture, severe soil erosion, dense rainfall, uneven 
distribution of vegetation, especially sparsity on middle and lower reaches which make non-point 
source phosphorus pollution occur easily. Therefore, make a agricultural non-point source 
phosphorus loss risk assessment to identify the critical source areas in Yellow River basin which 
not only can be used as basis of pollution control and farmland management, but also the basis of 
making a reasonable water pollution prevention programm of basin. Thus it is of great 
significance to guarantee water supply and irrigation functions of Yellow River.  

Phosphorus Index (PI) system was developed and now widely used in U.S.A. Lemunyon and 
Gilbert (1993) first proposed PI system in field scale. This indexing procedure used the 
characteristic of the field site, including soil erosion, irrigation erosion, runoff class, soil P test, P 
fertilizer and organic phosphate application rates and methods to assess the degree of 
vulnerability of phosphorus movement from the site. PI is calculated as the sum of the rating of 
each factors multiply its weight factor ( ( )

1
 factor rating  weight

n

i
PI i

=

= ×∑ ).Gburek et al. (2000) 

modified the PI for the watershed scale in east-central Pennsylvania. There were two basic 
differences between these two PI systems. In the watershed-modified PI system, the phosphorus 
source and transport characteristics are evaluated separately and the hydrological return period is 
incorporated in the transport characteristics. The source characteristics in the watershed-modified 
PI are soil phosphorus test, phosphate fertilizer application rate and application method and 
organic phosphorus (animal manure and litter) application rate and application method. The 
transport characteristics are soil erosion, runoff class, and return period/contributing distance. 
The formula for watershed-modified PI is: 

( )

[(Erosion rating weight) (Runoff rating weight) (Return period rating weight)]  

        Source characteristic rating weight

PI = × × × × × ×

×∑
 

Sharpley (1995) used Pennsylvania PI in 30 small basins, there was a high correlation 
between the value of Pennsylvania PI with practical monitoring data of phosphorus loss amount 
(γ2=0.7). The above results demonstrated its effectiveness for evaluating intensity of phosphorus 
loss and identifying the critical source areas of agriculture non-point source phosphorus 
pollution. 
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2. BASIC DATA AND ORIGIN 

As a case study of Yellow River basin, the calculation unit is defined as administrative areas 
at the county level. Basic data consist of spatial data and attribute data. 1: 250000 Digital 
Elevation Map and 1: 4000000 Digital Map including administrative areas at the province and 
county level and surface water system were provided by National Geomatics Center of China. 1: 
1000000 soil type data was provided by Institute of Soil Science, Chinese Academy of Sciences. 
Attribute data include the application rate of phosphate fertilizer in 2000 provided by Soil and 
Fertilizer Institute, Chinese Academy of Agricultural. Soil available phosphorus content of 
different soil type investigated by the second nationwide general soil survey and monthly 
precipitation data during 1980~2000 from 74 precipitation stations in Yellow River basin.  

3. METHODS FOR ASSESSING AGRICULTURE NON-POINT SOURCE 
PHOSPHORUS LOSS 

This paper proposed a modified PI for Yellow River basin on basis of watershed-modified PI 
in Pennsylvania and analyzing the source and transport factors affecting the non-point source 
phosphorus pollutants into the river, the factors were selected because they influence phosphorus 
availability, uptake, retention, movement, and management at the watershed scale. Source factors 
mainly refer to which affect the phosphorus content in soil including soil available phosphorus 
and application rate of phosphate fertilizer. Transport factors refer to which affected phosphorus 
transfer from soil to water including soil erosion, runoff, distance to stream and slope. The slope 
factor was not mentioned in watershed-modified PI in Pennsylvania. Concrete methods are as 
follows:  

3.1 Source factors and gradation 

3.1.1 Soil available phosphorous 

Soil available phosphorus refers to phosphorus which can be absorbed by plants. The higher 
soil available phosphorus, the higher dissolved phosphorus concentration in runoff, the greater 
adsorbed phosphorus content on sediments generated by hydraulic erosion. Many studies 
confirmed soil available phosphorus was significantly correlated to dissolved phosphorus 
concentration in runoff and adsorbed phosphorus content on sediments(Liu, et al. 2003; Hanway 
and Laflen, 1974; Sharpley et al. 1981; Oloya and Logan,1980), especially between available 
phosphorus in topsoil and dissolved phosphorus concentration in runoff (Zhang, 2003).  

On the basis of the soil available phosphorus data, combing with the soil type distribution of 
Yellow River basin, mapped the distribution of soil available phosphorus content. According to 
the growth requirement for the crops in Yellow River basin, divided the content of soil available 
phosphorus into 5 ratings (Table 4).  
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3.1.2 Application rate of phosphate fertilizer 

The application rate of phosphate fertilizer and applying mode affect the dissolved 
phosphorus concentration in runoff and adsorbed phosphorus loss by soil erosion very much. 
Many studies indicated that the application rate of calcium superphosphate was liner with 
phosphorus concentration in runoff. Baker and laflen (1982) to confirmed this result by artificial 
simulation of rainfall, furthermore discussed the effects of different fertilization depth and mode 
on phosphorus concentration in runoff (McFarland et al. 1998).  

In this study, the application rate of phosphate fertilizer database was established, regarding 
county as a basic statistical unit.  

3.2 Transport factors and gradation 

3.2.1 Soil erosion 

Soil erosion and non-point source pollution have a close relationship, coexisting with each 
other, especially in agriculture non-point source pollution significantly (Alberts et al. 1982; 
Gregory et al. 1991). In this paper, the soil erosion amount was calculated by the Universal Soil 
Loss Equation (USLE) developed by Wischmeier and Smith (1965, 1978).  The formula is: 

X R K L S C P• • • • •=                          (1) 

Where X is the average annual soil loss amount, R is the rainfall erosivity factor, K is the soil 
erodibility factor, L is the slope length factor, S is the slope steepness factor, C is the crop 
management factor and P is the erosion control practice factor. Apparently, except for R factor, 
K L S C P• • • •  represents the underlying surface conditions which affect the soil and water loss. 
So the USLE can be modified into a form:  

X R G•=                                      (2) 

Where G is the underlying surface factor. Wischmeier empirical formula is used to calculate 
the rainfall erosivity. It has already been widely applied in Taihang mountainous areas (Ma, 
1989), Songhua Lake basin (Yu et al., 2001) and Tianjin Yuqiao Reservoir areas (Zhang et al., 
2003).  

2
12

(1.5 lg / 0.8188)

1
1.735 10 iP P

i
R × −

=

= ×∑                   (3) 

Where Pi is the average monthly precipitation (mm), P is the average annual precipitation 
(mm).  

In order to investigate the soil erosion situation in the area of large scale, the soil erosion and 
hydraulic erosion gradation standards in China was established in 1997, selecting average 
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erosion modulus (t/(hm2·a)) as the evaluating index (Table 1 and Table 2). They can reflect the 
soil erosion amount of different underlying surface under the average rainfall erosivity condition.  

According to the formula (2), under the condition of constant underlying surface and soil 
erosion amount keeping a direct ratio with rainfall erosivity, the estimating formula of soil 
erosion amount under different rainfall erosivity is:  

.
i

i grade i
avg

RX X
R

= ×                             (4) 

Where Xi is soil erosion amount of year i, Ri is the rainfall erosivity of year i, Ravg is the 
average rainfall erosivity and Xgrade,i is the soil erosion amount in year i corresponding to 
different underlying surface and erosion rating, determined by Table 1 and Table 2 (SL190-96, 
1997). In this paper year i was selected 2000. 

 

Table 1. Gradation standards of soil erosion intensity 

Rating Average erosion modulus    t/(hm2·a) 
Tiny <200, 500, 1000 
Light 200, 500, 1000~2500 

Medium 2500~5000 
Strong  5000~8000 

Extremely strong  8000~15000 
Serious >15000 

 

Table 2. Gradation standards of hydraulic erosion intensity  

Non-cultivated lands Ground slope Slope cultivated 
lands I II III IV 

5~8° Light  Light Light Light Medium 
8~15° Medium Light Light Medium Medium 

15~25° Strong  Light Medium Medium Strong  

25~35° Extremely 
strong Medium Medium Extremely 

strong 
Extremely 

strong 
＞35° Serious Medium Strong Serious Serious 

I: Forest cover percentage is 60~75%; II: Forest cover percentage is 45~60%; III: Forest cover 
percentage is 30~45%; IV: Forest cover percentage is less than 30%. 

According to the standard of the tolerance soil erosion of each area and in combination with 
actual situation of Yellow River basin, soil erosion was divided into 5 ratings in this study (Table 
4).  

3.2.2 Runoff  

The transportation of phosphorus from farmland to surface water is driven by rainfall-runoff 
(Sharpley et al. 1999). Sharpley and Smith (1989) confirmed that there was a high correlation 
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between runoff amount and phosphorus concentration in runoff (Sharpley et al. 1992). Also a 
study (Zhang et al.2003) showed the correlation coefficient was 0.86 between the phosphorus 
concentrations of overlying water in farmlands and agriculture runoff (Hu et al.2000).  

Runoff can be measured by flow rate, runoff depth and runoff modulus. In the watershed-
modified PI system, SCS curve number procedure was used to calculate runoff amounts (Gburek 
et al., 2000). In this study runoff depth was used. The average annual runoff depth could reflect 
the spacial variation of runoff generation conditions of different underlying surface. Runoff 
depth is calculated as:  

i iR P α= ×                                     (5) 

Where Ri is runoff depth (mm) in 2000, Pi is the annual precipitation (mm) in 2000 and α is 
annual runoff coefficient. Annual runoff coefficient comprehensively reflects the effects of 
human activities and underlying surface conditions on runoff generation. Zhang et al. (2001) 
divided Yellow River basin into 10 regions by annual runoff coefficient (Table 3). And it was 
considered that the precipitation in flood season when soil erosion often occurred, occupied 
60~90% of a year. Therefore, average annual runoff coefficient in flood season was chosen in 
this study.  

Table 3. Average annual runoff coefficients in Yellow River basin (1950~1999) [118] 

Region Average annual runoff 
coefficient 

Average annual runoff 
coefficient in flood season 

Upstream of Tangnaihai 0.27 0.23 
Tangnaihai to Lanzhou 0.3 0.23 
Upstream of Lanzhou 0.35 0.28 

Lanzhou to Toudaoguai 0.005 0.02 
Upstream of Toudaoguan 0.25 0.2 
Toudaoguai to Longmen 0.1 0.07 
Longmen to Sanmenxia 0.11 0.09 

Sanmenxia to Huayuakou 0.2 0.19 
Upstream of Huayuankou 0.17 0.14 

Downstream of Huayuankou 0.07 0.07 

The range of distribution of average annual runoff coefficient in flood season is 0~210mm. 
According to the gradation standard of the runoff counter map and in combination with actual 
situation of Yellow River basin, runoff depth was divided into 5 ratings in this study (Table 4).  

3.2.3 Distance to stream 

When the research scale extended from fields to a watershed, distance to stream became an 
important factor affecting the transportation of phosphorus (Magette, 1995). For phosphorus loss 
mainly caused by soil erosion and runoff scouring, with poor mobility of phosphorus in soil, the 
possibility of phosphorus entering the water is related to the distance to stream. The nearer to the 
stream, the higher possibility of the phosphorus loss. 
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According to the gradation standard of contributing distance factor in the watershed-modified 
PI system and taking the area of Yellow River basin into account, distance to stream was divided 
into 5 ratings (Table 4).  

3.3 Slope 

Slope is an important factor affecting runoff and soil erosion, so it is also a key factor for 
non-point source phosphorus load into the river. Zhang et al. (2003) simulated the phosphorus 
concentration in runoff with different slop through artificial rainfall in Dianchi Lake basin, and 
found that the phosphorus output increased with the rise of slop.   

The distribution of slope in Yellow River basin was extract from 1: 250000 Digital Elevation 
Map using ArcGIS 9.0 platform. Slope was divided into 5 ratings (Table 4). 

3.4 Modified Phosphorus Index system of Yellow River basin 

On basis of the watershed-modified PI system and analyzing the characteristics of Yellow 
River basin, 2 types, 6 factors were chosen to evaluate the phosphorus loss in Yellow River basin 
(Table 4). The weights of each factor were readjusted to suitable for study area. The formula for 
modified PI system of Yellow River basin is:  

( )Soil available phosphorus rating weight+Application rate of phosphate fertilizer rating weight

         [(Soil erosion rating weight) (Runoff rating weight) (Distance to stream rating weight) (Slo

PI = × × ×

× × × × × ×

∑
pe 

         rating weight)]×

 

 

Table 4. Modified PI system of Yellow River basin  

Factor (weight) Phosphorus loss rating (value) 

 None 
(0) 

Low 
(2) 

Medium 
(4) 

High 
(8) 

Very High 
(10) 

Soil available 
phosphorus (1.0) <2.7 mg/kg 2.7~6 

mg/kg 
6~9.5 
mg/kg 

9.5~16.8 
mg/kg 

>16.8 
mg/kg 

Source 
factors 

(weight) Application rate 
of phosphate 

fertilizer (0.75) 
<5 kg/hm2 5~20 

kg/hm2 
20~60 
kg/hm2 

60~120 
kg/hm2 

>120 
kg/hm2 

 None 
(0.6) 

Low 
(0.7) 

Medium 
(0.8) 

High 
(0.9) 

Very High 
(1) 

Soil erosion (1.5) <200 t/km2 200~800 
t/km2 

800~1500 
t/km2 

1500~2000 
t/km2 

>2000 
t/km2 

Runoff (0.5) <15 mm 15~45 mm 45~100 mm 100~150 
mm >150 mm 

Slope (0.75) <4° 4~8° 8~15° 15~25° >25° 

 None 
(0.2) 

Low 
(0.4) 

Medium 
(0.6) 

High 
(0.8) 

Very High 
(1) 

Transport 
factors 

(weight) 

Distance to stream 
(1.0) >30 km 18~30 km 8~18 km 3~8 km <3 km 
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The gradation of PI system of Yellow River basin is shown in Table 5, which indicates the 
potential of a site to deliver phosphorus to surface water, the same as in the watershed-modified 
PI system. 

 

Table 5 Gradation of PI system of Yellow River basin 

PI Rating Generalized interpretations of PI 
<0.25 Very Low If farming practices are maintained as the current level there is a low 

probability of an adverse impact to surface waters from P losses at the site. 
0.25~1.0 Low Although potential for P movement from the site is greater than from a field 

with a very low rating, current soil conservation and P management practices 
likely do not pose a threat to surface water bodies. 

1.0~2.5 Medium The chance for an adverse impact to surface water exists. Some remedial 
actions should be taken to lessen the probability of P loss. 

2.5~4.0 High An adverse impact to surface water to occur unless remedial action is taken. 
Soil and water conservation as well as P management practices are necessary 

to reduce the risk of P movement and water quality degradation. 
>4.0 Very high An adverse impact to surface water exists. Remedial action is required to 

reduce the risk of P loss. All necessary soil and water conservation practices, 
plus a P management plan must be put in place to avoid the potential for 

water quality degradation. 

4. RESULTS AND DISCUSSION 

4.1 Characteristics of the distribution of source factors 

The sites of soil available phosphorus belonging to low (2.7~6 mg/kg) and medium (6~9.5 
mg/kg) ratings covered 43% of the land surface of the basin. The very phosphorus deficiency 
sites (<2.7mg/kg) mainly distributed in the north of the whole basin, south central Inner 
Mongolia, south Shanxi and ShanXi province. The phosphorus-rich soil (9.5~16.8 mg/kg) 
mainly located in east ShanXi province, west Shandong province and northeast Sichuan 
province. The sites were very rich of phosphorus soil mainly located in east Qinghai province 
and local area of Hetao plain in Inner Mongolia. (Fig. 1)  

The distribution of the application rate of phosphate fertilizer in 2000 in Yellow River basin 
was shown in Fig. 2. Generally, it was higher in southeast than north and west of the basin. And 
the percentage of the areas of the application rate of phosphate fertilizer less than 5 kg/hm2 was 
75%, but the percentage of which more than 60 kg/hm2 was only 2.7%.  
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Figure 1. Spatial Distribution of Soil Available P Content in the Yellow River Basin 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Spatial Distribution of Application Rate of P Fertilizer in the Yellow River Basin 
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4.2 Characteristics of the distribution of transport factors 

There were great differences in spatial distribution soil erosion intensity (Fig. 3). The area 
where the soil eroded most seriously distributed in the Loess Hilly Region, the Loess Yuan 
Region and the Loess Terrace Region. Areas of tiny soil erosion(<200t/km2) were located in 
most parts of the Source Region, majority of the Ordos Plateau in Inner Mongolia and part of the 
plain downstream. The slightly soil eroded region(200～800t/km2) distributed in the Upper and 
Middle Yellow River, the Loess Terrace Region of lower Yiluo River and the eastern region of 
the Luliang Mountain. The area between the Daxia River and the Yao River as well as the lower 
reaches of the Huayuankou was identified as medium soil eroded region(800～1500t/km2). The 
area where the soil eroded strongly(1500～2000 t/km2) distributed in the middle of the Gansu 
province, Gully Region of Loess Plateau in northern Shanxi and the Loess Hilly and Gully 
Region. The extremely strong soil erosion region (>2000 t/km2) centralized in the bank along the 
main stream from Hekou to Wuding River. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Spatial Distribution of Soil Erosion in the Yellow River Basin 

Obvious spatial difference of the annual runoff depth in the Yellow River could be seen form 
Fig. 4. Runoff in the southern area was more than that in the northern area, where the Source 
Region upper Tangnaihai and region from Sanmenxia to Huayuankou was of abundant runoff. 
The area with runoff depth less than 15mm distributed mainly in the region from Lanzhou to 
Toudaoguai, while the area with runoff depth value between 15 mm and 45 mm centralized in 
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the western Hetao Plain and the region from Toudaoguai to Longmen. Area of runoff depth value 
between 45 mm to 100 mm widely distributed in the Yellow River Basin, including northern 
source region, region from Longmen to Sanmenxia and downstream Huayuankou. The southern 
part of source region Maqu to Longyangxia, region from Daxia River to Yao River and Yiluo 
River basin were identified as area with abundant runoff( runoff depth more than 100 mm).  

Based on the Yellow River water system map, the buffer zone took river as center was 
formed by calculating the distance between potential source and river, using the buffer function 
in ArcGIS. (Fig. 5) 

Slope distribution was gotten utilizing a DEM image at 1:25,0000 scale of the Yellow River 
basin. The gradient of slope vary greatly in the Yellow River basin, the area where the gradient is 
less than 4°distributed in the most of the middle and lower reaches of the Yellow River basin. 
Area with gentle slope(4°~8°) including Source Region, part of region from Lanzhou to 
Longmen and eastern Shandong province, while area with slope 8°~15°centralized in the mid-
eastern Source Region and parts of the southern Shanxi province. Area with slope 
15°~25°sporadically distributed in Source Region and parts of the southern Shanxi 
province.(Fig. 6) 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Spatial Distribution of Runoff Depth in the Yellow River Basin in 2000 
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Figure 5. Distance between Potential Source of P Pollution and River in the Yellow River 
Basin 

 

 

Figure 6. Spatial Distribution of Slope in the Yellow River Basin 
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4.3 Agriculture non-point source phosphorus loss assessment 

Based on the above classification of source and transport factors, PI was calculated using the 
formula of the modified PI system, therefore the phosphorus pollution risk ranking distribution 
of the Yellow River basin was mapping. Agriculture Non-point Source phosphorus loss risk of 
the Yellow River basin was classified into five grades according to the PI system, that is very 
low risk, low risk, medium risk, high risk and very high risk. 

The regions with extremely high and high risk of phosphorus loss accounted for less than 
1%, and 25% of the whole basin was identified as medium risk areas. Regions with high or 
medium risk located besides the rivers, where extremely high or high soil available phosphorus, 
or phosphate fertilizer application rate, or intense soil erosion were observed. The regions with 
intense soil erosion and the regions with high-risk possibility of phosphorus loss are not always 
identical. Only when high-risk source factors (high soil available phosphorus, high phosphate 
fertilizer application rate) and high-risk transport factors (intense soil erosion, short distance to 
river/stream), appeared at the same region, could be the high-risk areas of phosphorus loss 
observed, meanwhile, these regions contributed a lot to the Agriculture Non-point Source 
phosphorus loss.(Fig. 7) 

 

Figure 7. Spatial Distribution of Agriculture Non-Point Source P Loss Risk in the Yellow 
River Basin in 2000 
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5. CONCLUSIONS 

This research took the Yellow River basin as the case study area, and the spatial distribution 
characteristic of Agriculture Non-point Source phosphorus loss risk in the Yellow River was 
analyzed. As a result, the Critical Source Area and the main pollution factors of different regions.  

(1) The Agriculture Non-point Source phosphorus pollution was influenced by both natural 
and economic factors. Considering the different effects, those factors were divided into source 
and transport factors. On basis of the watershed-modified PI system and analyzing the 
characteristics of Yellow River basin, 6 factors were chosen to evaluate the phosphorus loss in 
Yellow River basin, those are soil available phosphorous and application rate of phosphate 
fertilizer as source factors and soil erosion, runoff, distance to stream and slope as transport 
factors. 

(2) The Agriculture Non-point Source phosphorus loss was determined by source and 
transport factors, these factors are multiply instead of add rules. Either of the factors could not 
determine the P loss risk. The high risky P loss region was the result of comprehensive action of 
source and transport factors. 

(3) The regions with extremely high and high risk of phosphorus loss accounted for less than 
1%, and 25% of the whole basin was identified as medium risk areas. Regions with high or 
medium risk located besides the rivers, where extremely high or high soil available phosphorus, 
or phosphate fertilizer application rate, or intense soil erosion were observed. 
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PART XII: Vapor Intrusion 

Chapter 29 

UPDATED MASSACHUSETTS INDOOR AIR QUALITY 
THRESHOLD VALUES: A CASE STUDY  
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ABSTRACT 

A sudden heating oil release occurred below a concrete slab of a residence in Massachusetts. 
The oil entered an open sump in the basement and migrated to a nearby stream. Remediation 
included deployment of absorbent booms, limited soil excavation, and in-situ treatment with 
hydrogen peroxide. Soil, sediment, groundwater, and indoor air samples were analyzed to 
delineate the extent of contamination, verify that remedial efforts were successful, and determine 
if a vapor intrusion pathway existed. Indoor air samples were collected on three events: at the 
time of release, after remedial activities, and four months later.  

Indoor air analytical results were compared to the new draft Threshold Values published by 
the MassDEP Indoor Air Working Group (June 2008). In each sampling event, various 
compounds were detected above the applicable Threshold Values. As suggested by the 
MassDEP, multiple lines of evidence were investigated to determine whether the exceedances 
were attributable to the release. The presence of mothballs, the construction and operation of the 
home heating system, analytical evidence of a potential historical release, and soil and 
groundwater analytical data were used as lines of evidence that a vapor intrusion pathway did not 
exist. 

Keywords: Indoor air quality, Threshold Values, typical indoor air concentrations, home 
heating oil, residence 

1. INTRODUCTION 

A spill of No. 2 fuel oil occurred in April 2007 in the basement of a Massachusetts residence 
when a technician accidentally stepped on, and broke, a transfer pipe to one of the two 330-

 
§ Corresponding Author: Richard G. Stromberg, 194 Forbes Road, Braintree, MA, USA, 
02184, 781.356.7300, rick.stromberg@lfr.com. 

 



376 Contaminated Soils Sediments and Water – Vapor Intrusion
 

 

gallon heating oil aboveground storage tanks (ASTs) in an unfinished part of the basement 
(Figure 1). Emergency efforts were undertaken that night to contain the spill in the basement.  

An emergency response company was contracted by the responsible party to provide 
Immediate Response Actions (IRAs) under direction of Massachusetts Department of 
Environmental Protection (MassDEP) Emergency Response personnel. It was estimated by the 
emergency response company that approximately 85-160 gallons of fuel oil were released from 
the AST. The fuel oil spilled onto the competent and uncracked concrete slab floor of the 
basement, draining into an inactive 12-inch diameter gravel-filled sump located approximately 
15 feet from the AST. The sump was an open gravel-filled conduit lined with a plastic pail 
without a pump. The fuel oil captured by the sump was believed to enter a french drain below the 
floor, which was connected to a 3-inch diameter perforated pipe that drained underground via 
gravity to a nearby catch basin (Figure 1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Site plan showing the point of the fuel oil release, the basement of the residence, 
and sampling locations. 
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Figure 2. Site plan showing the catch basin network, and the affected nearby stream and lake. 

 

Once the release reached the catch basin, it flowed north through solid drains, passing 
through two catch basins before discharging to a small stream. The stream discharged into a 
pond approximately 1/4 mile downstream (Figure 2), where a slight sheen was observed.  

Emergency response actions included deployment of absorbent booms to collect oil present 
in the pond and stream and sediment sampling. The results indicated that initial efforts were 
successful to demonstrate that no deleterious affects were noted on the stream system. As such, 
subsequent efforts were focused on the basement and affected soil and groundwater. 

In cases such as this, vapor intrusion is an issue that must be considered, evaluated, and 
mitigated if present. The presence of contaminants of concern (COCs) in soil and groundwater at 
significant concentrations directly below buildings can lead to the transfer of COCs from soil and 
groundwater into the vapor phase below the building. Many buildings, especially residences, are 
constructed with a sub-grade basement. The concrete floor slab of these basements is in direct 
contact with the vadose zone. If the floor slab has cracks in the concrete or holes to allow for 
utilities and/or sump pumps, a physical pathway exists for the migration of COC vapors from the 
vadose zone into the basement. Additionally, the act of heating and cooling the building creates a 
pressure differential between the vadose zone and the basement. This difference in pressure can 
promote the migration of COC vapors from the vadose zone into the building. This is commonly 
referred to as the “stack” effect (U.S. EPA, 2008). If conditions are right – COCs are present at 
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significant concentration in soil, groundwater and/or vapor; a physical pathway exists from the 
vadose zone into the basement; and if the chimney effect is applicable – potentially harmful 
concentrations of COCs can enter the basement and create what the MassDEP terms a Critical 
Exposure Pathway (CEP).  

In general, the procedure for determining a CEP includes comparison of soil and 
groundwater concentrations to regulatory standards designed to indicate the potential presence of 
a CEP; a visual inspection of the basement and floor slab to determine if a physical pathway 
exists; sampling of vapors from the vadose zone to measure concentrations of COCs; and/or 
sampling of indoor air quality to measure concentrations of COCs. After the latter of these, 
indoor air analytical results are compared to the typical indoor air concentrations developed by 
the MassDEP. Significant concentrations of COCs can exist in indoor air from sources unrelated 
to a release of hazardous material into the environment. Common household components can 
release hazardous materials into air including off-gassing from furniture and carpets, household 
cleaners, automobiles in attached garages, etc. It is important to try and distinguish what 
concentrations are from a release and what concentrations are typical of indoor air to avoid 
unnecessary, inefficient, or unsuccessful remedial actions. 

The MassDEP Indoor Air Working Group updated residential typical indoor air 
concentrations in June 2008 with a draft technical update entitled “Typical Indoor Air 
Concentrations” Technical Update (MassDEP, 2008a). This draft technical update is a work in 
progress and may change significantly before publication. Prior to this work, the MassDEP 
developed a list of background concentrations of volatile organic compounds (VOCs), volatile 
petroleum hydrocarbons (VPH), and extractable petroleum hydrocarbons (EPH) in residences 
(MassDEP 1994 and 2002). These were used as guidelines of what ranges of concentrations of 
VOCs, VPH, and EPH may be present at a site in the absence of a release. These values are 
based on the “United States Environmental Protection Agency (U.S. EPA) National Ambient 
VOC Database Update” (U.S. EPA, 1988) and a paper entitled “Assessment of Population 
Exposure and Carcinogenic Risk Posed by Volatile Organic Compound in Indoor Air” (Stolwijk, 
1990). The new Typical Indoor Air concentrations are meant to update and expand upon this list. 
The Indoor Air Working Group reviewed analytical data from eight field studies in order to 
quantify typical indoor air concentrations of COCs caused by storage of household or consumer 
products, cigarette smoke, ambient air, the off-gassing of building materials, and other sources 
not related to a release of COCs to the environment. Depending on the study, COCs included 
those reported in the MassDEP Air Petroleum Hydrocarbon (APH) and/or TO-15 analytical 
methods. Typical Indoor Air concentrations were derived from the 50th, 75th, and 90th percentile 
values calculated from the analytical data provided in the eight studies. 

Out of this effort came the development of Threshold Values as detailed in the draft 
Technical Update entitled “Indoor Air Threshold Values for the Evaluation of a Vapor Intrusion 
Pathway” (MassDEP, 2008b), hereby referred to as the MassDEP Draft Technical Document. 
Threshold Values were determined for each COC as follows: 

• The 90th percentile value from the typical indoor air concentrations was identified. 

• This value was compared to a risk-based concentration (RBC) calculated using an 
expected lifetime cancer risk of 1x10-6 and a hazard index of 0.2.  
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• If the RBC was greater than the 90th percentile value; the 90th percentile value was taken 
as the Threshold Value. 

• If the RBC was less than the 90th percentile value, but greater than the 50th percentile 
value; the RBC was used as the Threshold Value. 

• If the RBC was less than the 50th percentile value; the 50th percentile value was used as 
the Threshold Value. 

• If the COC was not detected in the eight studies consulted, or was detected less than 10 
percent of the time, the highest analytical reporting limit provided for MassDEP APH and 
TO-15 was used as the Threshold Value. 

• However, if the reporting limit was greater than the RBC; the RBC was used as the 
Threshold Value. 

In practice, Threshold Values can be compared to site-specific indoor air data to determine if 
further study is needed to evaluate the potential presence of a vapor intrusion pathway. In the 
case of residences, the presence of a vapor intrusion pathway is also considered a CEP that 
requires elimination or mitigation, to the extent feasible.  

If the site-specific indoor air quality data are at or below the Threshold Values, MassDEP 
considers further investigation unnecessary. However, if site-specific indoor air quality data 
exceed the Threshold Values, it is presumed that a vapor intrusion pathway exists and multiple 
lines of evidence must be used to demonstrate otherwise. 

LFR Inc. (LFR) investigated and remediated the subject heating oil release. Remediation 
included deployment of absorbent booms, collection of oil and affected water, limited soil 
excavation, and in-situ treatment with hydrogen peroxide. Remedial actions were conducted 
under emergency response and phased response actions as provided in the Massachusetts 
Contingency Plan (MCP). LFR collected soil, sediment, groundwater, and indoor air samples to 
delineate the extent of contamination, evaluate if remedial efforts were successful, and determine 
if a CEP existed. Results from water and soil samples showed that remedial efforts were 
successful. Indoor air sampling results taken at the time of release were indicative of a heating 
oil source; initial post-remedial sampling were consistent with the previously published 
background concentrations resulting from a non-heating oil source (such as gasoline from in-
building storage of automobiles or use/storage of other petroleum based products). LFR was 
poised to close the case; however, comparisons to the new draft Threshold Values revealed 
exceedances. An extensive indoor air quality assessment was conducted including sample 
collection in multiple areas of the residence during different times of the year, removal of 
potential indoor petroleum sources (e.g., lawnmower, automobiles, fuel cans) prior to sampling, 
and a detailed survey of the presence of potential household contributors (e.g., mothballs, paint, 
home heating source). 
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2. MATERIALS AND PROCEDURE 

LFR conducted soil, groundwater, and indoor air quality investigations at the residence. With 
respect to indoor air, LFR collected three indoor air samples shortly after the release in April 
2007 using evacuated, passivated stainless steel canisters for analysis of APH. Samples were 
collected over a 24-hour period. Weather conditions on that day were 44ºF with rain. Conditions 
in the house were maintained as usual during sampling, with the windows closed. One sample 
was collected on the first floor near the kitchen (AS-3), one in the finished part of the basement 
(AS-2), and one in the unfinished part of the basement where the spill occurred (AS-1).  

After remedial efforts were completed, LFR collected two indoor air samples for APH in 
November 2007 using evacuated, passivated stainless steel canisters equipped with 24-hour 
regulators (10:00 am to 10:00 am). Weather conditions on that day ranged from 30ºF to 41ºF and 
sunny. One sample was collected on the first floor in the kitchen (Kitchen) and one in the 
unfinished basement where the spill occurred (Basement). These were approximately co-located 
with the previous AS-3 and AS-1 samples, respectively.  

A third, more extensive indoor air sampling event was conducted approximately four months 
later in March 2008. Forty-eight hours prior to the sampling event, LFR requested that the 
homeowner remove potential sources of COCs from the attached garage, including automobiles 
and a lawnmower. LFR collected four indoor and one outdoor air samples over a four hour 
period (8:00 am to 12:00 pm) for APH analysis. Weather conditions on that day were 34ºF and 
snowing. One sample was collected on the first floor in the kitchen (A3), one next to the 
doorway from the finished to the unfinished part of the basement (A2), one in the unfinished part 
of the basement near the ASTs (A1), one in the garage (A4), and one outdoors (A5). 
Concurrently, LFR conducted a survey of potential sources of COCs in the basement and the 
garage.  

3. RESULTS AND DISCUSSION 

LFR conducted three rounds of indoor air sampling: one prior to remedial efforts (April 
2007), one shortly after remedial efforts (November 2007), and one four months later (March 
2008). A summary of these results are presented in Table 1, alongside the draft Threshold 
Values.  
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Table 1. Indoor Air Quality Sampling Results 
Sample 

Location 
Basement: Near 

Tanks/Burner 
Basement: 

Other Side First Floor Ga
rage 

Out
side 

Date 4/2
007 

112
007 

3/
2008 

4/
2007 

3/20
08 

4/
2007 

11/2
007 

3/
2008 

3/2
008 

3/2
008 

Thres
hold 

Values 

Benzene N
D 

5.9
4 

N
D 

N
D ND N

D 7.44 N
D ND ND 2.3 

Ethylben
zene 

13.
4 

2.3
6 

N
D 

2.
65 ND N

D 6.45 N
D ND ND 7.4 

Total 
xylenes 69 5.1

6 
N

D 
12

.17 ND 8.
11 

25.3
2 

N
D 6.4 ND 20 

Naphthal
ene 

71.
2 

3.4
1 18 8.

79 ND 7.
24 ND 5.

5 ND ND 0.61 

C5-C8 
Aliphatics 

37
4 358 50 70

.8 65 66
.4 381 63 33 ND 58 

C9-C12 
Aliphatics 

59
50 147 11

0 
27

7 50 21
5 193 48 69 ND 68 

C9-C10 
Aromatics 

65
8 ND N

D 
57

.9 ND 35
.4 ND N

D ND ND 10 

  ND - Non-detect 
All units are in micrograms per cubic meter (µg/m3) 
Bold indicates the value exceeds MassDEP Draft 2008 Threshold Values 

 

In the April 2007 sampling event, prior to remedial efforts, Threshold Value exceedances 
were detected in all sampling locations for COCs such as ethylbenzene, total xylenes, 
naphthalene, and several petroleum hydrocarbon fractions. In the November 2007 sampling 
event, after remedial efforts, Threshold Value exceedances were detected for benzene, 
naphthalene, C5-C8 aliphatics, and C9-C12 aliphatics. At this time, soil samples collected did 
not contain concentrations of these compounds above the applicable S-1 MCP Method 1 Cleanup 
Standards (MassDEP, 1993) and groundwater concentrations were largely non-detectable. This 
included soil samples collected two months prior to the indoor air sampling event from the sump 
where the initial spill occurred. Under different circumstances, the absence of significant 
concentrations of these COCs in soil samples and groundwater would lead to closure using a 
Method 1 Risk Assessment (CMR 40.0941). However, due to the release within the footprint of 
the residence, it was necessary to demonstrate that the soil concentrations of the COCs were not 
likely to be a significant contributor to the Cumulative Receptor Risk Assessment combined with 
the Method 1 Risk Assessment (CMR 40.0941[1][d][1]). Site-specific indoor air or sub-slab 
vapor concentrations were needed to evaluate the potential for vapor intrusion. According to the 
MassDEP Draft Technical Document, (MassDEP, 2008b) these occurrences of Threshold Value 
exceedances suggested a vapor intrusion pathway potentially existed, and multiple lines of 
evidence would be needed to show otherwise.  

In order to fully evaluate the potential for a vapor intrusion pathway LFR conducted a third, 
more extensive, indoor air sampling event in March 2008. At this time, the furnace system was 
operating normally and all windows were closed. Odors were noted in the basement from 
occasional wind-induced backflow conditions through the furnace exhaust flue. Data from this 
sampling event still included Threshold Value exceedances for naphthalene, C5-C8 aliphatics, 
and C9-C12 aliphatics in various locations (Table 1). In this case, it should be presumed that a 
vapor intrusion pathway exists unless multiple lines of evidence are used to demonstrate 
otherwise. 
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In addition to indoor air samples, a survey was conducted of potential sources of COCs. 
Materials present in the basement included 31 5-gallon latex paint cans, 20 cans of wood finish, a 
refrigerator, a washer/dryer, bleach, mink oil, fast plug cement, a box of mothballs, a hot water 
heater, an oil-fired furnace, and two 300-gallon fuel oil ASTs. LFR also noted the following in 
the garage: WD40™, Armor All™, a barbeque with propane cylinder, brake fluid, transmission 
fluid, Tough Stuff™, Ant-B-Gone™, d-Con™, weed preventer, fertilizer, car wash/wax, deer 
repellent, Miracle Grow™, and washer fluid.  

The removal of potential COC sources prior to the March 2008 sampling event resulted in 
the decrease of several, typically gasoline-associated, compounds including benzene, 
ethylbenzene, total xylenes, and C5-C8 aliphatics (Table 1). This suggests that the previous 
indoor air concentrations of these COCs may have been influenced by the presence of an 
attached garage located next to the upstairs sampling point, where air was circulated by a forced-
air heating system. The attached garage is used to store automobiles, a lawnmower, gasoline 
cans, etc. The idling of an automobile, even for a brief moment, during start up and parking, 
emits gasoline components into the garage atmosphere, which may potentially migrate into the 
living quarters. Other COCs were not significantly affected by the prior removal of household 
sources and may have been influenced by the remaining potential household sources (i.e., those 
noted in the inventory). 

Based on the trends in concentrations and the site-specific circumstances (e.g., household 
materials present, heating source, and conditions), LFR concluded that the Threshold Value 
exceedances were not attributable to the No. 2 fuel oil release in April 2007. Below are the multiple 
lines of evidence LFR identified to refute the presence of a vapor intrusion pathway in the March 
2008 sampling event, as directed by the MassDEP Draft Technical Document (MassDEP, 2008b). 
Pertinent soil and groundwater data referenced in the discussion is included in Tables 2 and 3. 

Table 2. Pertinent Soil Analytical Results. 

Depth BTEX Naphthalene C5-C8 
Aliphatics 

C9-C12 
Aliphatics 

C19-C36 
Aliphatics 

C9-C18 
Aliphatics Sample 

fbgs 

Date 

mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg 
B-1 3-5 6/7/07 NT NT NT NT 27 17 
B-1 5-7 6/7/07 NT NT NT NT ND<3.7 ND<3.7 
B-1 1.5 6/15/07 NT NT NT NT ND<3.7 5.5 
B-1 2.5-3 9/26/07 ND ND<0.3 ND<1.5 ND<1.5 ND<3.8 6.7 
B-2 1.5 6/26/07 NT NT NT NT ND<3.8 ND<3.8 
B-3 1.5 6/26/07 NT NT NT NT 61 81 
B-3 1.5 9/26/07 ND ND<0.28 ND<1.4 ND<1.4 ND<3.8 7.7 
B-3 2.5-3 9/26/07 ND ND<0.4 ND<2 ND<2 6.6 15 
B-4 1.5 6/26/07 NT NT NT NT 59 160 
B-4 1.5 9/26/07 ND ND<0.3 ND<1.5 ND<1.5 ND<3.6 ND<3.6 
B-4 2.5-3 9/26/07 ND ND<0.27 ND<1.3 ND<1.3 56 26 
B-5 1.5 6/15/07 NT NT NT NT ND<3.7 ND<3.7 
B-5 1.5 9/26/07 ND ND<0.3 ND<1.5 ND<1.5 19 34 
B-5 1.5 11/27/07 NT NT NT NT ND<0.38 4 

fbgs – feet below ground surface        NT – Not Tested 
mg/kg – milligrams/kilogram         ND<0.3 – Not Detected above reporting limit of 0.3 mg/kg 
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Table 3. Pertinent Groundwater Analytical Results. 

BTEX Naphthalene C5-C8 
Aliphatics 

C9-C12 
Aliphatics 

C9-C10 
Aromatics 

C19-C36 
Aliphatics 

C9-C18 
Aliphatics Location 

ID Date 

µg/L µg/L µg/L µg/L µg/L µg/L µg/L 
SUMP#1 4/17/07 203* 97 ND<500 1,180 835 230 866 
SUMP#1 5/9/07 NT NT NT NT NT 43,500 93,900 

SUMP#1 6/7/07 NT NT NT NT NT ND<100 110 
SUMP#2 6/7/07 NT NT NT NT NT ND<100 ND<100 
SUMP#2 9/11/07 ND ND<10 ND<100 ND<100 ND<100 NT NT 

SUMP#2 9/26/2007 ND ND<10 ND<100 ND<100 ND<100 ND<100 ND<100 
SUMP#2 11/27/07 ND ND<10 ND<100 ND<100 ND<100 1600 200 
CB#001 4/24/07 NT NT NT NT NT ND<150 ND<150 

CB#080 4/24/07 NT NT NT NT NT 250 ND<150 
CB#106 4/24/07 NT NT NT NT NT ND<150 ND<150 
MW-1 6/15/07 NT NT NT NT NT ND<100 ND<100 

MW-1 8/29/07 ND ND<10 ND<100 ND<100 ND<100 NT NT 
MW-1 9/26/2007 ND ND<5 NA NA NA ND<110 ND<110 
MW-1 11/27/07 ND ND<10 ND<100 ND<100 ND<100 120 ND<100 

MW-1 3/1/08 NT NT NT NT NT ND<150 ND<150 
MW-2 7/13/07 NT NT NT NT NT ND<100 ND<100 
MW-2 8/29/07 ND ND<10 ND<100 ND<100 ND<100 NT NT 

MW-2 9/17/07 NT NT NT NT NT ND<100 ND<100 
MW-2 9/26/07 ND ND<10 ND<100 ND<100 ND<100 ND<100 ND<100 
MW-2 11/27/07 ND ND<10 ND<100 ND<100 ND<100 ND<100 ND<100 

MW-2 3/1/08 NT NT NT NT NT ND<150 ND<150 
MW-3 7/13/07 NT NT NT NT NT 160 ND<110 
MW-3 8/30/07 ND ND<10 ND<100 ND<100 ND<100 NT NT 

MW-3 9/26/07 ND ND<10 ND<100 ND<100 ND<100 ND<100 ND<100 
MW-3 11/27/07 ND ND<10 ND<100 ND<100 ND<100 ND<100 ND<100 
MW-4 8/30/07 ND ND<10 ND<100 ND<100 ND<100 ND<100 ND<100 

MW-4 9/26/2007** ND ND<10 ND<100 ND<100 ND<100 ND<110 ND<110 
MW-4 11/27/07 ND ND<100 ND<1000 ND<1000 ND<1000 ND<100 ND<100 
 
 
μg/L – micrograms per liter MW = Monitoring well BTEX – Benzene, Toluene, Ethylbenzene and Total Xylenes 
NT – Not Tested  CB = Catch basin   ND – Not Detected, with reporting limits as available   
* B< 20; T = 22; E = 26; X = 155 μg/L   ** Samples collected on 9/26/07 and 10/3/07 
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3.1 Naphthalene 
• If the presence of naphthalene is attributable to the subsurface release, it is likely to be 

detected in the affected soil or groundwater. Naphthalene has a relatively high aqueous 
solubility (~30 mg/l) and a low dimensionless Henry’s constant (~0.02). A relatively high 
aqueous solubility and a low dimensionless Henry’s constant indicate the COC is 
favorably detected in soil and groundwater, rather than air. In this case, naphthalene was 
detected in indoor air samples but not in soil or groundwater samples. This opposing 
situation suggests that the source of the naphthalene is not from affected soil or 
groundwater.  

• The unfinished basement contains two oil tanks and a furnace with a release valve that 
allows small amounts of exhaust gas back into the basement on occasion. The home is 
heated by forced hot air, which recirculates the air through return registers located on the 
first floor. 

• LFR analyzed soil samples from below the concrete slab in the basement, including total 
petroleum hydrocarbon fingerprinting. This analysis allows for identification of the 
source of the petroleum. The fingerprint analysis revealed the presence of two distinctly 
different petroleum types. The first was identified as No. 2 fuel oil (the material 
associated with the April 2007 release), and the other was identified as motor oil (not 
present in the April 2007 release). The presence of motor oil may be attributed to possible 
historical releases related to construction practices of the time or previous home owner 
disposal practices.  

• An old box of Enos brand mothballs was stored in the basement and observed after the 
third round of indoor air sampling. Mothballs have historically contained high 
concentrations of naphthalene. 

• Although the recent concentrations in indoor air samples exceeded Threshold Values, in a 
study of indoor air background in Massachusetts sites by Haley & Aldrich, Inc. as 
presented at the “RCRA Corrective Action Conference” in June 2006 (Rago et al., 2005), 
naphthalene was detected in 16 of 100 APH samples, ranging from 2.12 μg/m3 to 41.5 
μg/m3. In comparison, the recent concentrations of naphthalene in indoor air at the site 
ranged from 5.5 and 18 μg/m3. Of the 16 detected instances of naphthalene in the 
background study, six were homes with natural gas heat, nine were in homes with oil 
heat, and one was a home heated by propane. The three highest detected naphthalene 
concentrations in the background study were from homes heated with No.2 fuel oil. The 
subject residence is atypical in that it has two fuel oil ASTs. This poses a greater 
possibility of releases to air from openings, connections, and vents. 
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3.2  C5-C8 and C9-C12 Aliphatic Petroleum Ranges 

• No C5-C8 aliphatics or C9-C12 aliphatics were detected in soil samples collected from 
the basement sump area where the spill occurred at various sampling events including as 
early as June 2007, shortly after the release occurred.  

• No detectable concentration of C9-C18 aliphatics were found in the sediments sampled in 
the catch basins and the stream at the time of the release. While these data were collected 
using a different analytical method (i.e., EPH versus VPH) the C9-C12 aliphatic range is 
included within the larger C9-C18 aliphatic range.  

• No detectable concentrations of C9-C18 aliphatics were found in soil during the drilling 
of four groundwater monitoring wells installed in the vicinity of the release shortly after 
the release occurred.  

• No detectable concentrations of C5-C8 aliphatics and C9-C12 aliphatics via VPH 
analysis and C9-C18 aliphatics via EPH analysis were found in groundwater samples 
during several sampling events from June 2007 to March 2008.  

• At one sampling event (April 2007) of the water present in the sump area where the 
release occurred, a detectable concentration of C9-C12 aliphatics (1.8 mg/l) was found 
however, results from all subsequent sampling events at this location did not detect C9-
C12 aliphatics. C5-C8 aliphatics were not detected at any sampling events in this 
location.  

• C5-C8 aliphatics are not present at significant concentrations in typical No. 2 fuel oil 
composition and C9-C12 aliphatics are of the lower carbon number range typically found 
in No. 2 fuel oil. Heavier (>C12) carbon range aliphatics are more common constituents. 
The detections of constituents found in the water from the sump area where the release 
occurred were relatively carbon-heavy, including C9-C18 aliphatics at 93.9 mg/l [with a 
low percentage of C9-C12 aliphatics at 1.9 percent], C19-C36 aliphatics at 43.5 mg/l, and 
C11-C22 aromatics at 35.8 mg/l.  

• Lower-end carbon ranges (i.e., C5-C8 and some C9-C12) are typically found in lighter 
end petroleum products such as gasoline and other light petroleum products commonly 
found in households.  
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4. CONCLUSION 

LFR investigated and remediated a No. 2 fuel oil release under the concrete slab in the 
basement of a residence in Massachusetts. Indoor air samples were collected shortly after the 
spill, after remediation, and four months later. At each of the sampling events, various COCs 
were detected at concentrations greater than the applicable Threshold Value. Indoor air quality 
sample results from the third sampling round still exhibited Threshold Value exceedances. 
However, using the multiple lines of evidence collected including analytical uncertainty, the 
presence of mothballs, the construction and operation of the home heating system, analytical 
evidence of a potential historical release of different oil and hazardous materials, and soil and 
groundwater analytical data, LFR was able to demonstrate to the MassDEP that a vapor intrusion 
pathway resulting from the April 2007 release no longer existed. 
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