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Environmental forensics is the systematic and scientific evaluation of physical,
chemical, and historical information for the purpose of developing defensible scientific
and legal conclusions regarding the source or age of a contaminant released into the
environment. As such, there is a multitude of forensic techniques available for
contaminant age dating and source identification including, but not limited to aerial
photo interpretation/photogrammetry, chemicals associated with discrete chemical
processes, identification of the manufacturer of a particular product, chemical additives
and/or impurities, chemical profiling, degradation modeling, corrosion models,
contaminant transport modeling, surrogate chemical analysis, chronological changes in
chemical processes resulting is diagnostic markers, compound specific isotopic analysis,
polychlorinated biphenyl (PCB) congener analysis and degradation product ratio
analysis. Given the range of available environmental forensic techniques, selected
methods are presented to illustrate the applications of environmental forensics to
identify the age and source of a contaminant release.

1. Introduction to Environmental Forensics
1.1 Definitions

Environmental forensics is defined as the systematic and scientific evaluation of
physical, chemical and historical information for the purpose of developing defensible
scientific and legal conclusions regarding the source or age of a contaminant release
into the environment.

1.2 Historical Perspective

Environmental forensics evolved in the 1980s as a result of the potential liability (as
defined by laws in the United States) of parties who allegedly released a contaminant
into the environment. Since this time, other countries, such as those in the European
Union, have enacted similar laws requiring the same environmental tools provided by
environmental forensics.

1.3 Applications

Applications of environmental forensic techniques include their use for identifying the
responsibility for areas of known contamination, to allocate responsibility for
remediation in areas of mixed waste streams from multiple parties, identification of
historical property owners responsible for a contaminant release, developing the
probability that chemical exposure caused manifest or latent injuries, distinguishing
between anthropogenic and anthropomorphic contaminants, and for marine oil
pollution, determining the spill source.

2. Generic Forensics Techniques for Contaminant Age Dating and Source
Identification

The following sections describe generic forensic techniques that may be useful in

determining the age and source of a release. There is no technique that applies perfectly
to every chemical released at every site. The forensic investigator must identify the
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methods most likely to assist the progression towards scientifically valid and defensible
conclusions.

2.1 Underground Storage Tank Corrosion Models

A common environmental forensic question regarding the allocation of responsibility
for a contaminant release is when potential contaminants, sometimes stored in an
underground storage tank, were first released. In most instances, tank corrosion models
can provide probability statistics to produce a range of likely release dates, as corrosion
pitting and perforation leak data is normally distributed.

The corrosion rate of an underground storage tank and associated piping is influenced
by the thickness of the metal and the electrical resistivity of the soil. The thicker the
tank or piping wall, the longer it takes for corrosion to occur. Soil with resistivity values
below 10000 ohm-centimeters are corrosive, respective to steel while soil with
resistivity values of 2 000 ohm-centimeters are five times more corrosive than 10 000
ohm-centimeter soils. Soil with resistivity values below 1000 ohm-centimeters are
considered extremely corrosive, although rarely encountered.

The primary soil measurements typically used in underground storage tank corrosion
models include the following:

e Soil moisture content;

e Soil resistivity;

e Water soluble chloride and sulfate concentrations (the higher the chloride and
sulfate content, the greater the corrosion rate for steel tanks);

e pH,and

e Bicarbonate concentration.

Generally, the evaluation of these five soil parameters along with information specific
to the tank construction and materials, provide the analytical framework for determining
the likely corrosion rate. Examples of corrosion models for underground storage tanks
include the Mean Time to Corrosion Failure (MTCF), the Tank Environmental Profiling
(TEP) and the Tank Suitability Study (TSS) methods, and the Rossum Pitting model. Of
these models, the Rossum Pitting Model is frequently used to estimate when an
underground storage tank began leaking in environmental forensic investigations and is
therefore selected to examine in detail.

Rossum developed Equation 1 to solve the time when a leak first occurs in a pipe or
outer surface of an underground storage tank:

T, =(p/10- pH)(z/K,K, )" (1/A)*" )

Where T, is the time for the first leak to occur; p is the resistivity in ohms-centimeter;
pH is a measure of acidity or alkalinity of the soil; z is the wall thickness of the metal;
K, is an empirical constant equal to 170 for soil with good aeration, 222 for soil with
fair aeration and 355 for soil with poor aeration; K, is the relative pit depth, equal to 1
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for wrought iron, 1.06 for steel and 1.4 for cast iron; A is the area of exposed pipe or
underground storage tank surface; a is an empirical constant for wrought iron equal to
0.13, for steel 0.16, and for cast iron 0.22; and n is an empirical constant for soils with
good aeration, equal to 1/6, for soil with fair aeration equal to 1/3 and for poor aeration
equal to %.

Rossum also provided a solution for the number of leaks that can occur at any time as
expressed by Equation 2:

L= A(K,K,/2)"*[t(20- pH)/p]"" )

Where L is the number of leaks and t is time.

Given that the parameter values used in the Rossum model are available or are
reasonably estimated, the forensic scientist can estimate when a leak first occurred. The
ability to provide a range of values for Equations 1 and 2 also provides the ability to use
probability statistics to assign confidence levels to estimate when a release first
occurred.

The Rossum Pitting model, as with other corrosion models, presents a simplified
expression for estimating when an underground storage tank began leaking and the
number of leaks. Other considerations influencing the corrosion rate include the
following:

e the presence of cathodic protection, a sacrificial anode, which can retard the
corrosion rate estimate by the model;

o the presence of inter-connected tanks and piping of different composition and wall
thickness;

e the presence of a surface coating on the exterior of the tank, often similar to asphalt;

e the historical presence of a fluctuating groundwater table which was in contact with
the tank and associated piping for some portion of time each year, and

e evidence that leakage occurred from tank overfilling/spills as opposed to tank
corrosion.

The final consideration can be examined by identifying whether soil at the ground
surface, and especially near the fill port of the underground storage tank, indicates the
presence of the same contaminants that are identified at depth in samples adjacent to or
below the underground storage tank. Care must be exercised when reaching conclusions
regarding the source of the contaminants detected in soils adjacent to the underground
storage tank and piping and whether the contaminant distribution reflects a combination
of surface and tank failure releases.

2.2 Commercial Availability of a Chemical
A forensic investigator can sometimes use the commercial availability of a chemical to

age date a contaminant release and sometimes to distinguish between potentially
responsible parties. This indirect linkage to a particular party can sometimes be the only
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means available to bracket ownership or site operation timeframes with possible
chemical use and release. This approach is not applicable only to chemicals with
relatively narrow availabilities. Chemicals with broad historical availability can often be
further differentiated by the presence and/or concentration of additives (reaction
inhibitors, antioxidants, light inhibitors, oxygenates, stabilizers, etc.), which can
sometimes be associated with relatively narrow timeframes that parallel evolving
industrial practices or regulations. Commercial availability analysis is particularly
useful for fuel additives, chlorinated solvents, pesticides, herbicides, fungicides, and
chlorofluorocarbons. Table 1 summarizes when several commonly encountered
contaminants became commercially available.

Contaminant Year
Chlorinated Solvents

Carbon tetrachloride 1907
Chloroform 1922
Tetrachloroethene (PCE) 1925
Trichloroethene (TCE) 1908
1,1,1-Trichloroethane (TCA) 1946
1,1,2-Trichloroethane 1941
1,2-Dichloroethane 1922

Pesticides / Herbicides / Fungicides

Aldrin 1948
Bromacil 1963
Chlordane 1947
DDT 1942
Dibromochloropropane (DBCP) 1955
Dieldrin 1948
Dinoseb 1945
Parathion 1947
Phorate 1954
Toxaphene 1947
Trifluralin 1960

Polychlorinated biphenyls (PCBs)

PCBs (non-specific) 1929
Aroclor 1016 1971
“Late production” Aroclor 1254 1974
Gasoline additives

Ethanol 1930
Tetra-ethyl lead (TEL) 1923
Ethylene dibromide (EDB) 1928
Methy|-tertiary-butyl ether (MTBE) 1979
Ethyle-tertiary-butyl ether (ETBE) 1969
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Table 1. Commercial availability of select contaminants.
2.3 Chemicals Unique to a Manufacturing Activity

While chemical availability and usage trends are easily identified, they cannot be
exclusively used as the only evidence of chemical use at a facility. For many chemical
families, a high degree of overlapping availability and usage timeframes makes it
unreliable as a stand-alone link between operations and chemical use. The infrastructure
required for different manufacturing activities may provide insight into potential source
locations. The point at which a contaminant is allowed entry into the environment (i.e.
floor drains, sumps, transfer piping, storage areas, underground storage tanks,
equipment outlets or overflows, etc.) is often related to site activities for a given
timeframe. In a scenario where manufacturing activities have changed over time due to
change in ownership or tenancy, existing infrastructure may sit unused whereas other
newly constructed infrastructure is installed. These unique operational features are often
the best or only evidence that can be examined alongside contaminant distribution to
develop causal relationships.

Unique formulations of chemicals can be indicative of the manufacturing requirements
and can sometimes be used to date the timing and/or origin of a release. A stabilizing
chemical such as 1,4-dioxane in TCA can be used to date a release and to suggest likely
manufacturing activities. Unstabilized TCA is unsuitable for many metal cleaning
operations, particularly in the heated environment of a vapor degreaser. 1,4-dioxane was
first incorporated into TCA products by Dow in May 1960, designed to prevent
corrosion of aluminum, iron, and zinc surfaces. The coincidence of TCA and 1,4-
dioxane in an environmental sample may therefore suggests a post-1960 release from an
operation involving degreasing metals which are reactive with unstabilized TCA.
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availabilities.]

Joreskog, K. G., Kloven, J. E., and R. A. Reyment (1976). Geological Factor Analysis, Elsevier Scientific
Publishing Company, Amsterdam, pp. 178. [This book includes discussion on PCB pattern recognition.
The cosine theta metric, which uses the congener profiles of two different PCB patterns by treating each
as a multi-dimensional vector, is also discussed.]

Joshi, S., Donahue, B., Tarrer, A., Guin, J., Rahman, M., and B. Brady (1989). Methods for monitoring
solvent condition and maximizing its utilization, STP 1043, ASTM, Philadelphia, PA, p.80. [Reviews
methods relevant to solvent use and accumulation of additives in spent solvent.]

Kaplan, 1., Alimi, M., Galperin, Y., Lee, R. and S. Lu (1995). Pattern of Chemical Changes in Fugitive
Hydrocarbon Fuels in the Environment, SPE 29754, Society of Petroleum Engineers, Houston, TX, pp.
601-617. [Discusses terpanes and steranes, which are diagnostic biomarkers found in hydrocarbon
releases. Also contains information relative to using select PAHSs in distinguishing hydrocarbons and
pristane/phytane ratios to estimate degree of weathering.]

Kaplan, I. and Y. Galperin (1996). How to recognize a hydrocarbon fuel in the environment and estimate
its age of release, in Bois, T. and B. Luther (Eds.), Groundwater and Soil Contamination: Technical
Preparation and Litigation Management, John Wiley & Sons, Somerset, NJ, pp.145-200. [This article
examines methods for age dating a hydrocarbon release, specifically the use of pristane/ phytane ratios.]
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Kaplan, I. R., Y. Galperin, H. Alimi, R. P. Lee, and S.-T. Lu, (1996). Patterns of chemical changes during
environmental alteration of hydrocarbon fuels, Ground Water Monitoring and Remediation, 113-124.
[Identifies ratios between compounds more and less susceptible to biodegradation which allow a
qualitative comparison of the degree of biodegradation and BTEX ratios as a means to age date a release.
PIANO composition numerical data used in Figure 3.]

Kaplan, I. R., Y. Galperin, S. Lu, and R. P. Lee (1997). Forensic environmental geochemistry
differentiation of fuel-types, their sources, and release time, Organic Geochemistry, 27: 289-317.
[Discusses methods available for fingerprinting and age-dating petroleum hydrocarbons, including
PIANO analysis, pristane/phytane ratios, BTEX ratios, additives, and biomarkers].

Kircher, C. (1957). Solvent Degreasing - What Every User Should Know, ASTM Bulletin, January p.44.
[Provides information relative to the acid acceptor additives found in TCE.]

Kirschner, E. (1994). Chemical Engineering News, June 20, 72, p.13. [Provides information relative to
the applications of TCE.]

Kram, M. (1988). Use of SCAPS petroleum hydrocarbon sensor technology for real time indirect DNAPL
detection, Journal of Soil Contamination, 17(1): 73-86. [Summarizes select additives added to gasoline
and diesel products.]

Kvenvolden, K. A, J. B. Rapp, and J. B. Bourell (1985). In: L. B. Magoon, G. E. Claypool (eds), Alaska
North Slope Oil/Rock Correlation Study, American Association of Petroleum Geologists Studies in
Geology, No. 20, 593-617. [This chapter introduces the use of the triplet ratio, a diagnostic biomarker
ratio, in a study on Alaskan North Slope crude].

Kvenvolden, K. A, F. D. Hostettler, J. B. Rapp, and P. R. Carlson (1993). Hydrocarbon in oil residues on
beaches of islands of Prince William Sound, Alaska, Mar. Pollut. Bull., 26: 24-29. [Includes discussion of
the application of biomarker 18a(H)-Oleanane.]

Kvenvolden, K. A., F. D. Hostettler, P. R. Carlson, J. B. Rapp, C. N. Threlkeld, and A. Warden
(1995).Ubiquitous tar balls with a California-source signature on the shorelines of Prince William Sound,
Alaska, Environ. Sci. Technol., 29: 2684-2694. [This article differentiates crude oils using biomarkers,
specifically concluded that oils found in Prince William Sound resembled natural seepage from
California’s Monterey Formation.]

Kvenvolden, K. A., F. D. Hostettler, R. W. Rosenbauer, T. D. Lorenson, W. T. Castle, and S. Sugarman
(2002). Hydrocarbons in recent sediment of the Monterey Bay, National Marine Sanctuary, Marine
Geology, 181: 101-113. [This article identifies likely crude oils using biomarkers.]

Landmeyer, J., Chapelle, F., Bradley, P., Pankow, J., Church, C., and P. Tratnyek (1998). Fate of MTBE
relative to benzene in a gasoline-contaminated aquifer (1993-98), Ground Water Monitoring and
Remediation, Fall: 93-102. [Compares fates of MTBE and benzene, found MTBE to migrate at
approximately the same speed as groundwater, compared to benzene which travels at about 80% the
speed of groundwater.]

Larafgue, E. and P. L. Thiez (1996). Effect of water washing on light end compositional heterogeneity,
Org. Geochem., 24(12): 1141-1150. [Analyzes weathering of light end hydrocarbon, identifies physical
weathering as the dominant type in released gasoline.]

Leahy, J. G. and R. R. Colwell (1990). Microbial degradation of hydrocarbons in the environment,
Microbial Rev., 54: 305-315. [An analysis of hydrocarbon microbial degradation, identified as the
primary degradation process.]

Lee, L., Hagwell, M., Delfino, J., and S. Rao (1992). Partitioning of polycyclic aromatic hydrocarbons
from diesel fuel into water, Environmental Science and Technology, 26: 2104-2110. [Includes
information relative to anti-knock additives.]

Lowenheim, F. and M. Moran (1975). Faith, Keyes and Clark’s Industrial Chemicals, 4th ed. New York,
Wiley & Sons, 1975. [Discusses various industrial chemicals and provides information relative the
applications and additives found in PCE and TCE.]

Luhrs, R., Pyott, C., and N. Stewart (1992). Graphical evaluation of gasoline contaminated water: a
powerful new approach, in Proc. Of the national Groundwater Association Focus Conference on Eastern
Regional Ground Water Issues, October 13-15, Newton, MA, p. 15. [Reviews methods to age date
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gasoline in groundwater, includes measured half-life values for various related chlorinated and BTEX
compounds and discussion of using BTEX ratios to age-date a hydrocarbon.]

Mabey, W. and T. Mill (1989). Critical review of hydrolysis of organic compounds in water under
environmental conditions, Physical Chemistry Reference Data, 7: 383-415. [This article reviews
hydrolysis reactions and measured half-life values for various organic compounds.]

Marchal, R., S. Penet, F. Solano-Serena, and J. P. Vandecasteele, Gasoline and diesel oil biodegradation,
Oil & Gas Science and Technology, 2003, 58(4): 441-448. [Analyzes gasoline and diesel biodegradation.]

Martin-Hayden, J. and G. Robbins, (1997). Plume distortion and apparent attenuation due to
concentration averaging in monitoring wells, Ground Water, 35(2): 339-347. [Discusses plume distortion,
apparent attenuation, and chemical degradation pathways associated with chlorinated solvents.]

McCarty, P. and L. Semprini (1994). In Handbook of Bioremediation. Eds. Robert Norris, Lewis
Publishers, Boca Raton, FL, p.87. [Introduces bioremediation concepts and provides information relative
to topics that are used in environment forensics such as chemical degradation pathways of chlorinated
solvents, including the transformation of TCA to 1,1-DCE.]

McKirdy, D. M., R. E. Cox, J. K. Volkman, and V. J. Howell (1986). Botryococcane in a new class of
Australian non-marine crude oils, Nature, 320: 57-59. [Includes discussion of the application of
biomarker Botryococane (Cs4H7).]

McKirdy, D. M., R. E. Summons, D. Padley, K. M. Serafini, C. J. Boreham, and H. I. M. Struckmeyer
(1994). Molecular fossils in coastal bitumens from southern Australia: Signature of precursor biota and
source rock environments, Org. Geochem., 21:265-286. [Includes discussion of the application of
biomarker Botryococane (CzsHqo).]

McNab, W. and B. Dooher (1998). A critique of a steady-state analytical method for estimating
contaminant degradation rates, Ground Water, 36(6): 983-987. [Analyzes complications that can arise
when using a first-order degradation rate equation.]

Mertens, J. (1991). In Kirk-Othmer Encyclopedia of Chemical Technology, 4th ed., J. Kroschwitz, and M.
Howe-Grant, eds., New York, NY. Wiley & Sons. [Provides information relative to the use of
epichlorohydrin as a metal stabilizer in TCE.]

Mohr, T. (2001). Solvent stabilizers. White Paper, Santa Clara Valley Water District, June 14, p.52. [This
paper provides information relative to PCE stabilizers.]

Moldowan, J. M., F. J. Fago, R. M. K. Carlson, D. C. Young, G. V. Duyne, J. Clardy, M. Schoell, C. T.
Phillinger, and D. S. Watt (1991). Rearranged hopanes in sediments and petroleum, Geochemica et
Cosmochimica Acta, 55: 3333-3353. [Includes discussion of the application of biomarker Cs 17a(H)-
Diahopane (CzoHsy).]

Montgomery, J. (1991). Groundwater Chemicals Field Guide, Lewis Publishers, Chelsea, Ml, p. 271.
[Comprehensive review of chemicals in groundwater, includes measured half-life values for various
chlorinated compounds and discusses variability of half-lives based on matrix properties.]

Mormile, M., Liu, S., and J. Suflita (1994). Anaerobic biodegradation of gasoline oxygenates:
extrapolation of information to multiple sites and redox conditions, Environmental Science and
Technology, 28: 1727-1732. [ldentifies that MTBE degrades anaerobically under sulfate and iron
reducing conditions.]

Morrison, R. (1999a). Environmental Forensics: Principles and Applications, CRC Press, Boca Raton,
FL. [Textbook covering many aspects of environmental forensics including commercial availabilities and
applications of several commonly encountered contaminants. Also summarizes select additives added to
hydrocarbon products.]

Morrison, R. (1999b). Use of proprietary additives to date petroleum hydrocarbons, Environmental
Claims Journal, 11(3): 81-90. [Summarizes select additives added to hydrocarbon products.]

Morrison, R. (2003). Environmental Claims Journal, 15(1), p.93. [This article provides information
relative to PCE stabilizers.]

Morrison, R. D, Murphy, B. L., and R. E. Doherty (2006). Chlorinated Solvents, In: Morrison, R., and B.
Murphy (Eds.), Environmental Forensics: Contaminant Specific Guide. Elsevier, Oxford, UK.
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[Introduces and explores the application of environmental forensics to chlorinated solvents and provides
information relative to chlorinated solvent chemistry, production, commercial applications and
availabilities.]

Morrison, R. D., and J. R. Hone (2010). Age dating the release of PCE, TCE, and TCA using stabilizers
and feedstock impurities as indicators, In: Environmental Forensics, Proceedings of the 2009 INEF
Annual Conference, Morrison, R., and G. O’Sullivan (Eds.), Royal Society of Chemistry (RSC)
Publishing, Cambridge, UK. pp. 289-304. [This manuscript discusses various methods used to age date
PCE, TCE, and TCA using stabilizers and feedstock impurities.]

Murrisepp, A. M., K. Urof, M. Liiv, and A. Sumberg (1994). A comparative study of non-aromatic
hydrocarbons from kukersite and dictyonema shale semicoking oils, Oil Shale, 11: 211-216. [Includes
discussion of the application of macrocyclic alkanes biomarkers.]

Nyer, E., Kramer, V., and N. Valkenburg (1991). Ground Water Monitoring Review, 11, p.80. [Discusses
the application of 1,4-dioxane as a chemical stabilizer for 1,1,1-tetrachloroethane.]

Odermatt, S. (1994). Natural chromatographic separation of benzene, toluene, ethylbenzene, and xylenes
(BTEX compounds) in a gasoline contaminated groundwater aquifer, Organic Geochemistry, 41: 1141-
1150. [Identifies BTEX ratios as a means to age-date a hydrocarbon release.]

Oung, J. N. and R. P. Philp (1994). Geochemical characteristics of oils from Taiwan, J. Southeast Asian
Earth Science, 9: 193-206. [Includes discussion of the application of irregular isoprenoids biomarkers.]

Ourisson, G. and P. Albrecht (1992). Hopanoids, 1. Geohopanoids: The most abundant natural products
on Earth? Acc. Chem. Rev., 25: 398-402. [Includes discussion of the application of extended hopanes
(beyond Cy) biomarkers.]

Page, D. S., P. D. Boehm, G. S. Douglas, A. E. Bence, W. A. Burns, and P. J. Mankiewicz (1996). The
natural petroleum hydrocarbon background in subtidal sediments of Prince William Sound, Alaska, USA,
Environ. Toxicol. Chem., 15:1266-1281. [Includes discussion of the application of biomarker 18a(H)-
Oleanane.]

Pankow, J., Feenstra, S., Cherry, J., and C. Ryan (1996). Dense chlorinated solvents and other DNAPLSs
in groundwater: history, behavior, and remediation, in Pankow, J. and J. Cherry (Eds.), Dense
Chlorinated Solvents and other DNAPLs in Groundwater, Waterloo Press, Portland, OR, p. 80. [Reviews
chlorinated solvents and other DNAPLs in groundwater, includes measured half-life values for various
chlorinated compounds.]

Pankow, J., Thompson, N., Johnson, R., Baehr, A., and J. Zogorski (1997). The urban atmosphere as a
non-point source of the transport of MTBE and other volatile organic compounds (VOCs) to shallow
groundwater, Environmental Science and Technology, 31: 2821-2828. [ldentifies challenges to using
MTBE to age date a release presented by its high solubility in water.]

Peters, K. E. and J. W. Moldowan (1993). The Biomarker Guide: Interpreting Molecular Fossils in
Petroleum and Ancient Sediments, Prentice Hall, New Jersey. [Introduces biomarkers, also called
biogenic precursors, which are preserved throughout the oil formation process, resulting in a unique
biomarker fingerprint for every crude oil.]

Prince, R. C. (1993). Petroleum spill remediation in marine environment, Crit. Rev. Microbiol., 36: 724-
728. [An analysis of hydrocarbon remediation, identifies microbial degradation as the primary
degradation process.]

Quensen, J. F. Ill, Boyd, S. A, and J. M. Tiedjie (1990). Dechlorination of four commercial
polychlorinated biphenyl mixtures (Aroclors) by anaerobic microorganisms from sediments, Appl.
Environ. Microbiol., 56: 2360-2369. [This article reports that Aroclor 1254 that has undergone
dechlorination displays depletion of the more heavily chlorinated homologs and enrichment of the lighter
homologs, resulting in a homolog profile that resembles unaltered Aroclor 1242.

Raymond, R. Hudson, J., and V. Jaminson (1976). Oil degradation in soil, Applied and Environmental
Microbiology, 31(4): 522-535. [Analyzes oil degradation in soil, summarizes biodegradation rates for
various BTEX and PAH compounds.]

Reisch, M. (1994). Top 50 chemicals production rose modestly last year, Chemical and Engineering
News, 72(15): 12-15. [Identified MTBE as the most widely used oxygenate additive in gasoline in 1993.]
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Rhue, R., Mansell, R., Ou, L., Cox, R., Tang, S., and Y. Ouyang (1992). The fate and behavior of lead
alkyls in the environment: a review, Critical Reviews in Environmental Control, 22(3/4):169-193. [This
article provides a descriptive history of tetraethyl lead used as an anti-knock additive in gasolines.]

Riva, A., P. Caccialanza, and F. Quagliaroli (1998). Recognition of 18a(H)-oleanane in several crudes
and Tertiary-Upper Cretaceous sediments, Org. Geochem., 13: 671-675. [Includes discussion of the
application of biomarker 18a(H)-Oleanane.]

Rogers, K. M., J. D. Collen, J. H. Johnston, and N. E. Elgar (1999). A geological appraisal of oil seeps
from the East Coast Basin, New Zealand, Org. Geochem., 30: 593-605. [Includes discussion of the
application of biomarkers Cy-C3o analogues of steranes at positions 4 and 24.]

Roggemans, S., C. L. Bruce, P. C. Johnson, and R. L. Johnson (2001). Vadose zone natural attenuation of
hydrocarbon vapors: An empirical assessment of soil gas vertical profile data. A summary of research
results from API’s soil and groundwater technical task force 15. [Analyzes natural attenuation of
hydrocarbon vapors, identifies physical weathering as the dominant type in released gasoline.]

Rohmer, M., P. Bisseret, and S. Neunlist (1992). The hopanoids, prokaryotic triterpenoids and precursors
of ubiquitous molecular fossils, In: Biological Markers in Sediments and Petroleum (J. M. Moldowan, P.
Albrecht, and R. P. Philp, eds), Prentice Hall, NJ, 1-17. [Includes discussion of the application of
extended hopanes (beyond Cg) biomarkers.]

Rushneck D. R., Beliveau, A., Fowler, B., Hamilton, C., Hoover, D., Kaye, K., Berg, M., Smith, T.,
Telliard, W. A., Roman, H., Ruder, E., and L. Ryan (2004). Concentrations of dioxin-like PCB congeners
in unweathered Aroclors by HRGC/HRMS using EPA Method 1668A, Chemosphere, 54: 79-87. [This
article identifies EPA Method 1668 as inadequate for environmental forensic investigation because PCB
products cannot always be differentiated by analyzing only the coplanar congeners. [This article also
contains a reference data set which can be used for PCB pattern recognition.]

Sander, L. C. and S. Wise (1997). Polycyclic Aromatic Hydrocarbons Structure Index. National Institute
of Standards and Technology (NIST) Special Publication 922, Chemical Science and Technology
Library, National Institute of Standards and Technology, Gaithersburg, MD. [General information on
PAH chemistry and production.]

Scalia, S., Testoni, F., Frisina, G., and M. Guarnerij (1992). J. of the Soc. of Cosmetic Chemists, 43,
p.207. [Discusses the application of 1,4-dioxane as a chemical stabilizer for 1,1,1-tetrachloroethane.]

Schmidt, G. (1998). The effect of petroleum weathering on pattern recognition and dating, in Proc. of
Environmental Forensics: Determining Liability through Applied Science, International Business
Communications, Southborough, MA, p.13. [Discusses weathering effects on hydrocarbons, specifically
Cy7/pristane ratios of fresh petroleum (approximately 2.0) which decreases with degradation.]

Schultz, D. E., Petrick, G., and J. C. Duinker (1989). Complete characterization of polychlorinated
biphenyl congeners in commercial Aroclor and Clophen mixtures by multidimensional gas
chromatography — electron capture detection, Environmental Science and Technology, 23: 852-859. [This
article contains a reference data set which can be used for PCB pattern recognition.]

Schwarzenbach, R., Gschwend, P., and D. Imboden (1993). Environmental Organic Chemistry, Wiley &
Sons, New York, NY. [Introduces organic chemistry and provides information relative to topics that are
used in environment forensics such as chemical degradation pathways.]

Seifert, W. K. and J. M. Moldowan (1978). Application of sternaes, terpanes, and monoaromatics to the
maturation, migration, and source of crude oils. Geochemica et Cosmochimica Acta, 42:77-95. [Includes
discussion of the application of biomarker Methyl-hopane (CH3-CzoHs;).]

Seifert, W. K. and J. M. Moldowan (1981). Paleoreconstruction by biological markers, Geochemica et
Cosmochimica Acta, 45: 783-794. [Includes discussion of the application of biomarker Botryococane
(C34H70)-]

Seifert, W. K. and J. M. Moldowan (1986). Use of biological markers in petroleum exploration, In:
Methods in Geochemistry and Geophysics (R. B. Johns, ed), 24:261-290. [This chapter reviews the
application of biomarkers in exploration and, specifically, using biomarker cross-plots to evaluate the
thermal maturity of oils or source rocks.]
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Selima, H. and L. Ma (1998). Physical Nonequilibrium in Soils Modeling and Application, Ann Arbor
Press, Chelsea, MI, p.492. [This paper discusses various techniques used to model contaminant transport
and how selection of a technique can have profound effect on the output value.]

Shepherd, C. (1962). Trichloroethylene and Perchloroethylene, in Chlorine: Its Manufacture, Properties,
and Use, J.S. Sconce, ed., American Chemical Society, Reinhold Publishing Corp., New York. [Provides
information relative to the thermal stability additives found in TCE products.]

Smith J. And L. Eng (1997). Groundwater Sampling: A Chemist’s Perspective, Trillium Inc., Coatesville,
PA, p. 13. [Discusses methods to age date a TCA release, specifically using the ratio of TCA to 1,1-DCE.
Provides equation for calculating time since TCA was released into groundwater and identifies several
issues that could impede the validity of the degradation model.]

Smith, J. (1999). The determination of the age of 1,1,1-trichloroethane in groundwater, in Conference
Abstracts, Second Executive Forum on Environmental Forensics, International Business
Communications, Southborough, MA, p. 1. [Discusses methods to age date a TCA release, specifically
using the ratio of TCA to 1,1-DCE.]

Solano-Serena, F., R. Marchal, M. Ropars, J. M. Lebeault, and J. P. Vandecasteele (1999).
Biodegredation of gasoline: kinetics, mass balance and fate of individual hydrocarbons, J. App.
Microbio., 86: 1008-1016. [Analyzes gasoline biodegradation.]

Sosrowidjojo, I. B., R. Alexander, and R. I. Kagi (1994). The biomarker compaosition of some crude oils
from Sumatra, Org. Geochem., 21: 303-312. [Includes discussion of the application of biomarker
Bicadinanes (CgoHsy) ]

Steffan, R., McClay, K., Vainberg, S., Condee, C., and D. Zhang (1997). Biodegradation of the gasoline
oxygenates methyl-tert-butyl ether, ethyl-tert-butyl ether and tert-amyl-methy! ether by propane oxidizing
bacteria, Applied Environmental Microbiology, 63: 4216-4222. [Compares biodegradation of several
oxygenate additives and provides a history of their use.]

Stormant, D. (1960). SOCAL jilts ethyl for methyl, Oil and Gas Journal, 58(18): 74. [Discusses the
introduction of tetramethyl and trimethyl lead-based additives in 1960.]

Stout, S. A., A. D. Uhler, T. G. Naymik, and K. J. McCarthy (1998a). Environmental forensics:
Unraveling site liability, Environ. Sci. Technol., 32: 260A-264A. [This article provides an overview of
environmental forensics to allocate liability and includes information related to using biomarker
signatures to distinguish between crude oils of different sources.]

Stout, S., Uhler, A., and K. McCarthy (1998b). PAH can provide a unique forensic “fingerprint” for
hydrocarbon products, Soil and Groundwater Cleanup, June/July: 58-59. . [This article provides an
overview of PAH application for fingerprinting hydrocarbons and provides a recommended list of PAHs
used to distinguish hydrocarbons.]

Stout, S., Seavey, J., Dahlen, D., McCarthy, K., and A. Uhler (1999). Application of low boiling
biomarkers in assessing liability for fugitive middle distillate petroleum products. Session 2.
Environmental forensics, in Conference Abstracts, 9" Annual West Coast Conference on Contaminated
Soils and Water, Association for the Environmental Health of Soils, Oxnard, CA, p. 1. [Discusses
methods available for fingerprinting hydrocarbons using biomarkers.]

Stout, S. A, A.-D. Uhler, K. J. McCarthy, and S. Emsbo-Mattingly (2002). Chapter 6: Chemical
Fingerprinting of Hydrocarbons, In: Introduction to Environmental Forensics (B. L. Murphy and R. D.
Morrison, eds), Academic Press, London, 139-260. [Introduces environmental forensics methods
available for fingerprinting hydrocarbons. Features topics such as PIANO analysis and provides
information related to using biomarker signatures to distinguish between crude oils of different sources.]

Summons, R. E. and L. L. Jahnke (1992). Hopenes and hopanes methylated in Ring A: Corralation of
hopanoids from extant methylotrophic bacteria with their fossil analogues, In: Biological Markers in
Sediments and Petroleum (J. M. Moldowan, P. Albrecht, and R. P. Philp, eds), Prentice Hall, NJ, 182-
194. [Includes discussion of the application of biomarker Methyl-hopane (CH3-CsHs;) and Cyg Csy
dinosteranes.]
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Swannel, R. P. J.,, K. Lee, and M. McDonaph (1996). Field evaluation of marine oil spill bioremediation,
Microbial Rev., 60: 340-365. [Studies oil bioremediation, identifies constituent compositions as a means
to qualitatively age-date an oil.]

United States Environmental Protection Agency (USEPA) (1979). Source Assessment: Solvent
Evaporation-Degreasing Operations, EPA-600/2-79-019f. [Reviews methods relevant to solvent use and
accumulation of additives in spent solvents.]

USEPA (2011a). Polychlorinated Biphenyls (PCBs) congener table,
http://www.epa.gov/osw/hazard/tsd/pcbs/ pubs/congenertable.pdf [Lists PCB congeners.]
USEPA (2011b). Polychlorinated Biphenyls (PCBs) overview,

http://www.epa.gov/epawaste/hazard/tsd/pcbs/ pubs/about.htm. [Provides an overview of the history of
use, production, and environmental issues related to PCBs.]

van Aarssen, B. G. K., H. C. Cox, P. Hoogendoorn, and J. W. de Leeuw (1990). A cadinene biopolymer
present in fossil and extract Dammar resins as source for cadinanes and dicadinanes in crude oils from
Southeast Asia, Geochemica et Cosmochimica Acta, 54: 3021-3031. [Includes discussion of the
application of biomarker Bicadinanes (CzoHsy).]

Vogel, T., Criddle, C., and P. McCarty (1987). Environ. Sci. Technol., 21, p.722. [Discusses chemical
degradation pathways associated with chlorinated solvents.]

Volkman, J. K., P. Keaeney, and S. W. Jeffrey (1990). A new source of 4-methyl and 5a(H)-stanols in
sediments: Prymnesiophyte microalgae of the genus Pavlova, Org. Geochem., 15: 489-497. [Includes
discussion of the application of biomarkers Cy-Cso analogues of steranes at positions 4 and 24.]

Volkman, J. K, D. G. Holdsworth, G. P. Neill, and Jr. H. J. Bavor (1992a). Identification of natural,
anthropogenic and petroleum hydrocarbons in aquatic environments, Sci. to. Environ., 112: 203-219.
[This article provides information related to using biomarker signatures to distinguish between crude oils
of different sources.]

Volkman, J. K., T. O’Leary, R. E. Summons, M. R. Bendall (1992b). Biomarker composition of some
asphaltic coastal bitumens from Tasmania, Australia, Org. Geochem., 18: 669-682. [This article provides
information related to using biomarker signatures to distinguish between crude oils of different sources.
Includes discussion of the application of biomarker Methyl-hopane (CHs-CgHs; and Cps Cgg
dinosteranes.]

Volkman, J. K., A. T. Revil, and A P. Murray (1997). Application of biomarkers for identifying sources
of natural and pollutant hydrocarbons in aquatic environments, In: Molecular Markers in Environmental
Geochemistry (R. P. Eganhouse, ed.), American Chemical Society, Washington DC, 83-99. [This article
provides information related to using biomarker signatures to distinguish between crude oils of different
sources.]

Walker, J., Colwell, R.; and L. Petrakis (1976). Biodegradation rates of components of petroleum,
Canadian Journal of Microbiology, 22:1209-1213. [This article identifies biodegradation rates of
hydrocarbon components and provides information related to the persistence of biomarkers in the
environment. It also summarizes biodegradation rates for various BTEX and PAH compounds.]

Wang, P., M. Li, and S. R. Larter (1996). Extended hopanes beyond C,q in crude oils and source rock
extracts from the Liaohe Basin, N. E. China, Org. Geochem., 24: 547-551. [Includes discussion of the
application of biomarker B-Carotane (C4H-g) and extended hopanes (beyond Cy).]

Wang, Y., Jeffrey, A, and G. Smith (2010). Forensic applications of environmental isotopes in
chlorinated solvent applications, In: Environmental Forensics, Proceedings of the 2009 INEF Annual
Conference, Morrison, R., and G. O’Sullivan (Eds.), Royal Society of Chemistry (RSC) Publishing,
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