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Overview of Forensic
Analytical Methods:

Geochemical Testing Techniques for Petroleum
Hydrocarbons and Related Contaminants -
GC, GC/MS, GC-IRMS

Allen D. Uhler, Ph.D.
Battelle Memorial Institute
Duxbury, MA

Presentation Outline

+ Environmental Forensics, and the Role of Advanced Chemistry

+ Hydrocarbon Chemistry

- Petroleum

- Tars

— Combustion Residues (Urban Runoff) Questions
+ Analytical Methods welcomed

- Gas Chromatography throughout!

— GC/Mass Spectrometry

— GCllsotope Ratio Mass Spectrometry
+ lllustrative Examples, Where Appropriate

Overview of Forensic Analytical Methods 2

erview of Forensic Analytical Methods



=nvironmental Forensics Workshop

Environmental Forensics

“The systematic
investigation of a
contaminated site(s) or
an event(s) focused on
defensibly allocating
liability for the
contamination.” 1

'Stout, S.A., A.D. Uhler, T. G. Naymik and K.J. McCarthy.
1998. Environmental Forensics: Unraveling Site Liability.
Environ. Sci. Technol., 32: 260A-264A.

Overview of Forensic Analytical Methods 3

Questions Addressed in
Environmental Forensic Studies
« WHAT, WHERE, & WHEN?

- Unambiguous contaminant identification(s)

~  Welldefined spatial extent of contaminant(s)

— Age-constraints on release(s) of contaminant(s)
Detailed Site Assessments
Remedial Design/Monitoring
Risk Assessments

¢ WHO?
— Defensible Allocation of Responsibility
Due Diligence Investigations

Toxic Torts
Spills & Leaks
NRDA Assessments

Overview of Forensic Analytical Methods 4
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Advanced Chemical Analyses are a Critical
Element in Integrated Environmental Forensics
Investigations

Site History -

<" Modeling § ; \

,'*7‘“‘""“‘““('7:’“" Regulatoryl,:: Hydrology'\

/" Records ‘.- History 4
Research | :

ST SIS SO SE. S S SUU SR,
Reduce Technical Uncertainty c———_> Greater Defensibility

Overview of Forensic Analytical Methods 5

Detailed Chemical Analysis
in Environmental Forensics

+ A suite of analytical tool(s) by which the molecular distributions within
complex organic pollutants are assessed

+ Advanced methods are designed “drill down” to unravel the complex
mixture of hydrocarbons that comprise source materials and
environmental contamination

+ Advanced methods almost always involve modified EPA or proven,
but non-regulatory methodologies

+ Robust and defensible quality control, data quality objectives, and
quality assurance is imperative in developing high quality, defensible
data

+ Information-rich data from such measurement programs can be used
to support the identification and differentiation of site contamination

Overview of Forensic Analytical Methods 6
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Communicating Technical Information

The contamination on your property consists of
a highly weathered fuel oil #6 with unusually low The contamination on
epimerization ratios, high concentrations of your property... blah,
dibenzothiophenes, tetracyclic triterpenoids and blah, blah, blah, blah,
aaf3-28,30-bisnorhopane. blah, blah, bisnor-btah-
It must have migrated from your neighbor. ane, blah, blah blah..
it must have migrated
from your neighbor.

What the chemist says What interested parties hear

Overview of Forensic Analytical Methods 7

Chemometrics

L 4

Utilizes a quantitative chemical data set to numerically compare
chemical signatures and either correlate or differentiate samples
and suspected sources

+ Expresses complex chemistry data in more understandable graphic
representations of site conditions

Diagnostic ratio analysis
Multivariate data analysis
Mixing Models

o 8888

Overview of Forensic Analytical Methods 8
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Hydrocarbon Contamination

+ Hydrocarbons of environmental concern
- Petroleum-derived
* Fuels (gasoline, diesel, Jet, etc.)
* Wastes
— Coal-derived
¢ Tars (Manufactured Gas Plant wastes)
* Tar products (creosotes, oils, fuels)
~ Urban runoff

+ Combinations of residual fuel, lubrication oil, combustion products
+ Enriched in polycyclic aromatic hydrocarbons (PAH)
* Focus on sediments

« Each of these classes of hydrocarbons have unique chemistries that
can be leveraged in environmental forensics investigations

Qverview of Forensic Analytical Methods

Processes Affecting the Chemistry
of Hydrocarbons

+ Feedstock (Crude Oil, Tar)
+ Refining (Crude Oil, Tar)

+ Weathering

Overview of Forensic Analytical Methods 10
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Crude Oil/Petroleum

« A naturally occurring fluid mixture of:
— Aliphatic hydrocarbons
- Aromatic hydrocarbons
— NSO-derivatives

— Asphaltenes

1415
‘APl = ———=—— -1315
! RD {5%/g5°F}

Overview of Forensic Analytical Methods 11

Crude Oil Chemistry in Forensics

* Crude OIIS from different 25 == == Ponca City, OK (Ordovician)
geologic basins, fields, and A E;g:yr,"%&x
reservoirs can be chemically 20 ‘,' \ | T S e WY (Paocene)
distinct A ',- \ i

& Chemistry is influenced by R e e

3 LA
— Source rock type/maturity  § | ! L\ N
= T \ / \.
— Reservoir temperature AN \, 3 \
. . 05 LN —
— Reservoir degradation At N
I ~’~__ TN s

00 ™
3 5 7 9 11 13 15 17 19 21 23 26 27 29 31 33 35

C atoms/molecule

“Feedstock chemistry affects Product chemistry”

Overview of Forensic Analytical Methods 12
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Distillation
Cracking
Extraction
Reforming
Isomerization
Alkylation
Hydrogenation
Blending

Coking

Crude Qil Refining in Forensics

Overview of Forensic Analytical Methods 13

& Each class of petroleum
products have distinct
chemical compositions by
virtue of their refining
characteristics

+ Distinguishing differences in
the subtle chemical features
among similar products is
often the central theme in
many environmental
forensics investigations

Temperature in C

450

500

Petroleum Product Chemistry

30200C
100200 C
150260 C ¢
‘Gasoline Kerosenefjet fuels i oS
CrCop  Naphiha «) Dieseifusi oils (CnCa) Lubricating oits

Overview of Forensic Analytical Methods 14
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Unique Chromatographic Features of Petroleum

Crude Oil ; @ sg‘“m; SIanEaTdJ

Fevpunse >

Agaporse
Fespense -»

Overview of Forensic Analytical Methods 15

Tar Products - Unique Hydrocarbon Contaminants

Pyrolysis product produced from coal, oil, or
mixtures of coal and oil, including:
+ Manufactured Gas Plant (MGP) Wastes
¢ Coal Carbonization Plants
¢ Tar Processing Facility Products
~ Dozens of intermediate distillation
products
+ Wood Treating Facilities

Tar products are distinguished by:

+ (Relatively) simple chromatographic
signatures

+ Compositionally dominated by PAH

¢ PAH patterns dramatically different than
petroleum

Overview of Forensic Anaiytical Methods 16
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Tar Products — Unique Hydrocarbon Contaminants

The unusual composition of tar-derived wastes and products result in
distinct gas chromatographic features that are dominated by non-
alkylated PAH compounds.

1

Coal Tar
Selected PAH
R 3 1 Naphthalene
4 2 Methylnaphthalenes
ALLJL@LLHLLMJH — 3 Phenanthrene
4 Pyrene
Creosote 5 Chrysene

6 Benzofluoranthenes

Overview of Forensic Analytical Methods 17

Urban Runoff

+ Unique form of hydrocarbon contamination
+ Complex mixture of non-point source contamination

& Comprised of residual petroleum and PAH-enriched
combustion residues

Overview of Forensic Analytical Methods 18
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Hydrocarbon Characteristics of Urban Runoff

Py
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GC/FID chromatograms and PAH distributions for sediments impacted by urban background
(A) Thea Foss Waterway, WA (B) Eagle Harbor, WA
(C) Portland Harbor, OR and (D) Elizabeth River, NJ sites.

Overview of Forensic Anatytical Methods 19

Environmental Weathering

+ Hydrocarbons released into
the environment are altered
by the combined effects of:

— Evaporation
- Dissofution/water-
washing

— Absorption i
TNV Erika, Dec. 1999 released 3MM gallons
- Biodegradation of heavy fuel oil off coast of France

+ The environmental chemist must understand the
implications of these processes in the measurement and
interpretation of advanced chemical characterization of

hydrocarbons.

Overview of Forensic Analytical Methods 20
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Analytical Strategies - Hydrocarbons

+ Often a gas chromatographic
analysis (e.g. product fingerprint’) is
sufficient to answer the question at
hand, “what kind of hydrocarbon
product is found at the site?”

+ More often than not, more detailed
chemical analyses are warranted to
differentiate among sources or track
hydrocarbon residues in the
environment

« Standard EPA Methods of analysis
are generally insufficient to address .
petroleum identification Peel the Onion!

Overview of Forensic Analytical Methods 21

Limitations Of Standard EPA Methods
in Forensic Studies

Method Utility Limitations

EPA 413.1 » Total extractables

Gravi matl:ic « Screening tool for TPH « Subject to multiple interferences
Detection limit limitations

.

Total extractable hydrcarbons

Subject to multiple interferences

False positives and negatives very common
Detection Limit fimitations

EPA 4181
Infra-red

Product ID subject to interpretation

TPH

.
Egé,g?éﬁ = Product type ID e Similar product types cannot be differentiated
« Initial weathering information | e False positives are common (i.e. biogenic hydrocarbons})
EPA 8260 « BTEX only; misses 100+ important hydrcarbons
GC/PID « BTEX « Provides litle/no diagnostic source information
GC/MS o Detection Limit limitations

Reports only 16 Priority Pollutant PAH s

ignores the most important petroleum-related PAHs
Provides little/no diagnostic qualitative information
Detection limit limitations

EPA 8270 e Hazardous waste site
GC/MS assessments

Overview of Forensic Analytical Methods 22
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Recommended Measurements and
Target Compounds in Forensic Studies

Measurement Target Compounds Utility

Extractable hydrocarbons

TPH and Product ID Screen
EPA 8015M (GCIFID, GC/Mg) | 1012 petroleum hydrocarbons (TPH)
Cs-Ca satuurates

Concentration of Petroleum
Primary Product ID, weathering state

© ;Sagfzfl:? "o * Product ID and differentiation
Volatile Organic Compounds Isoparaffins : g(voducl ;\Iteranon
EPA 8260 M (GC/MS) Aromatics aporation
Naphthenes  Water washing
* Biodegradation indices

Olefins

Petroleum-diagnostic PAH * Long-term product/source ID
PAR and other heteroalomic AH | 2- to 4- ring petrogenic PAHs * Long-term weathering
EPA 8270M (GC/MS) Diagnostic Ci to Cs alkyl homologues | e Biodegradation indices
S-containing PAH » Petroleum vs other sources

C and H stable isotopes

Ancilary measurements gl;esspecia(ion : ;?:ﬁn;;nufacturer differentiation
Density
Overview of Forensic Analytical Methods 23
Tier 1
GC/AD Qualitative
sorsM I Product Composition
A Tiered Strategy e et
[_ -
+ Logical flow of analysis . .
dictated by hydrocarbon = cremessns oot
type
+ Additional degrees of P P _
analytical complexity i aron ool
added commensurate ™ [
with data needs o
< Ancillary measurements bt el R
or techniques should be | for Sowce identitcation
Individual Ayl ieads Somnes

CNS tsolopes.
Simuiated Distitalion Curves
Den

used as needed to build el
the case »—»@m I«

Overview of Forensic Analytical Methods 24
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Gas Chromatography

+ An analytical chemistry technique used
to separate and identify hydrocarbon
chemicals in a complex mixture such as
a petroleum product or environmental
sample

< Various detection systems — simple to
complex

+ Forensic methods founded on
petroleum geochemistry and
environmental chemistry literature

+ Optimized for hydrocarbon
characterization

Overview of Forensic Analytical Methods 25

Gas Chromatography

SAMPLE ANALYTE
INJECTOR DETECTOR

'e'f H
SAMPLE

I3

DATA
SYSTEM

T GC OVEN/
CARRIER
COLUMN

GAS

Overview of Forensic Analytical Methods 26
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Applications of Optimized GC with Flame
lonization Detection (GC/FID)

+ Hydrocarbon product | ’ | { l { ‘ ” Crude
identification
.)‘ 4 H}I .

¢ Measurement of n-alkanes,

.Il
isoprenoids
Unweathered
+ Measurement of total Diesel
petroleum hydrocarbons _

+ Hydrocarbon fraction-specific
analysis for risk assessment Weathered

Diesel

=

Overview of Forensic Analytical Methods 27

Anatomy of a GC/FID Chromatogram ~
Hydrocarbon Analysis

Hydrocarbon Range
A=

4
' cy Cas

Resolved (Individual) Peaks
= Chemical Compounds

onse

ale Internal Standards

Unresolved Complex Mixture
(Uucm)

e
s

Retention or Elution Time (min)

Overview of Forensic Analytical Methods 28
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GC/FID Provides a Synoptic Analysis over the
C,-C,, Hydrocarbon Range

[Analysis 20737311 “hydrocarbons chanl ” Projecs Bydmearbors
nirument chasl 08 17553 Sk Lo Mithod madh14
ootz
™
o
- GASOLINE DIESEL RESIDUAL
RANGE RANGE RANGE
100
150
1o
i
™
1o
o
%
®
n
@ .
Biomarkers
» ——
© 30
0 | Ll >
» —>
3 o i £ B 3 3 £ Bl
g —

wwwww Tieme 03 Oct 1957 w1 0424 37
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Response ->

Gasoline Standard

Hydrocarbon Products Can Be Easily Identified by
Properly Optimized GC/FID

Overview of Forensic Analytical Methods 30
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Hydrocarbon Products Can Be Easily Identified by
Properly Optimized GC/FID

Kerosene Standard

Response -»

1} 8 16 24 32 40 43 56 64 72 80
Time, minutes ->

Overview of Forensic Analytical Methods 31

Hydrocarbon Products Can Be Easily Identified by
Properly Optimized GC/FID

Gasoline and Diesel Standard

Response >

Overview of Forensic Analytical Methods 32
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SAMPLE
INJECTOR

Gas Chromatography-Mass Spectrometry

A powerful analytical tool to separate and identify chemicals based on
their characteristic molecular structure and fragmentation pattern

il

Semivolatile Range

PAH and alkyl PAH
- Biomarkers
~ Alkyl cyclohexanes
~ Adamantanes

— Homo- and hetrocyclic

DATA
SYSTEM
GC MASS
(;AEEISE OVEN/ SPECTROMETER
COLUMN DETECTOR
Overview of Forensic Analytical Methods 33
Applications of GC/MS

Advanced measurement of diagnostic, often low-level, constituents
of hydrocarbon products or residues

Volatile Range
— 100s of important gasoline
constituents

+ Paraffins

¢ Isoparaffins
+ Aromatics

+ Naphthenes
+ Olefins

+ Additives
(MTBE, TBA, TAME, etc.)

- Alkyl lead compounds

Overview of Forensic Analytical Methods 34
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Semivolatile GC/MS:
Diagnostic Homo- and Heterocyclic PAH

+ Diagenic Sources

— Biologically Mediated >_C§j<\:§ Retene

- Natural
+ Petrogenic Sources
- Petrogenesis 1,9-Dimethyl-
— Refining T-ethyl phenanthrene

& Pyrogenic Sources
~ Partial Combustion

— Carbonization (Coal Tars) C% Phenanthrene

— Pyrolysis

~ Pyrosynthesis
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Advantages of Measuring an Extended List of PAH
and Alkyl PAH Homologues

+ Standard EPA Method

10000

Full Suite of PAH

8270 only measures 16 o
Priority Pollutant PAH — s
insufficient to characterize  f.,
sources of hydrocarbons 0

9

+ Forensic GC/MS methods teryy

focus on >50 PAH, C,-C,
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PAH,,,, 91,600 mg/kg |
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alkyl homologues, and S-,
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Advanced PAH Analysis Provides Diagnostic
“Fingerprint” for Hydrocarbons

+ Petrogenic

~ Alkyl > Parent /\
~ Little 4 to 6 Ring
T

+ Pyrogenic — Type 1
~ Parent > Alkyl

- High 2 and 3 Ring
i

+ Pyrogenic — Type 2
— Parent > Alkyl
— High 4 to 6 Ring

Urban Runoff

Crude

ar

I
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PAH ‘Fingerprints’ of Selected Petroleum

Products
~i| GASOLINE -} DIESEL FUEL #2
S 7500 ma/kg ! H 33,800 mglkg
H .
1] KerosenE "] § FUELOIL #6
. 10,300 mgtkg 17,700 mofkg
B

.......................................
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Distribution and Sources of PAH at Site:
Coal Tar or Diesel Fuel?

FACTOR SCORE PLOT -PAH DATAFOR SITE
SOLS

TP #1 SOL - COAL TAR DOMINANT

PC2

Sahdonao
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Biomarkers by GC/MS
+ Definition — organic compounds in oil that structurally resemble
biochemical compounds
- “biomarkers”
— “biological markers”

~ “molecular fossils”

BIOCHEMICALS BIOMARKERS
Oil Formation
——-’
HO!
CHOLESTEROL CHOLESTANE
Overview of Forensic Analytical Methods

4

Common Types of Biomarkers

+ Sesquiterpanes (Cys)
- acyclic & bicyclic == Euesmane
+ Diterpanes (Cy) —

- acyclic & (bi, tri, tetra) cyclic
Phytane (Cxn}

+ Triterpanes (Cyp)
- acyclic & (1ri, tetra, penta) CYCliC mummm—

Hopane

(Cy Hs3)
¢ Steranes (Cyy) C‘&EVY

Cholestane (Cz7)
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Example -
Using Biomarkers in Contaminant “Mapping”

& NAPL(s) exist across
adjacent sites

« Exhibit variable
degrees of weathering

¢ Multiple source areas
on each site

What is the source(s) of NAPL contamination?
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Selected Biomarker Ratios Reveal
Three Types of Middle Distillates Exist

No retene
A

7
.

35 -
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: =&
25 Diesels refined from crude
oil containing retene

20% v - v
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Retene/P4total (%)

MDR (4MDT/-MDT)
= \
AY
]

Geographic distribution of NAPL ‘types’ supports a
scenario for distinct source areas and a mixing
region near the property boundary.
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Volatile Hydrocarbons:
Advantages of Measuring >PIANO Compounds by GC/MS

« Standard EPA Method
8260 only measures
BTEX Priority Pollutants
insufficient to characterize
complex gasoline-range
hydrocarbons.

¢ Forensic GC/MS methods
focus on >100 Paraffins,
Isoparaffins, Aromatics,
Napthenes, Olefins
(PIANO) and important
gasoline additives.

¢ Forensic data allow
compositional differences
to be identified.

Abundance :
E uidadislualislalady

Abundance

Retention Time (min)
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Volatile Hydrocarbons:
Advantages of Measuring >PIANO Compounds by GC/MS

4 Conventional EPA 8260 GC/MS
BTEX data unable to depict
compositional features among
NAPL gasolines.

@ Forensic GC/MS PIANO analysis
reveals compositional differences
(and similarities) among site NAPLs
and offsite NAPLSs in street.

40 @ Station A
3.5 | M Sation B
3.0 o O Street

Lisatliiietiiissboedlillintss
Forensic GC/MS PIANO Data
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Isotopic Composition of Hydrocarbons in
Environmental Forensics

+ The principal “building blocks” of hydrocarbon compounds—carbon
and hydrogen—as well as common heteroatoms—e.g., sulfur and
nitrogen—exist in nature as mixtures of stable isotopes

+ The ratios of these isotopes are a function of the geoclogic origin of
the hydrocarbons

+ |sotope ratios are conventionally expressed as delta values (3) in
units of parts per million

+ Isotope ratio values are negative if the *C/'2C ratio is lower than the
standard value (0%o) and positive if the '3C/'2C ratio is greater than
the standard value:

13C/12C sample - 13C/'2C standard
813C(%o) = x 1000
13C/12C standard
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Isotopic Composition of Hydrocarbons in
Environmental Forensics

+ Traditional applications of isotope
composition in forensics has focused
on the features of “whole products”
(r.e., reference samples or NAPLs)

+ Gas Chromatography-Isotope Ratio
Mass Spectrometry (GC-IRMS)

- Measures isotope ratios for
individual hydrocarbon compounds
after they have been separated by
a gas chromatograph

— Provides a means for developing
isotopic source information
(“fingerprinting”) on a compound-
specific basis
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*

The most commonly measured bulk
(whole product) isotope ratios are
carbon and hydrogen

Isotopes measured using a dual
collecting mass spectrometer

Sample is combusted with catalyst to
produce CO, and H,0

Carbon dioxide is measured in the
mass spectrometer for masses
44(12C150,), 45(*C'60,) and the
13C/12C ratio

The water produced during
combustion is converted to hydrogen
gas, and measured in the mass
spectrometer as (*H,) and (DH)

Isotope ratios for carbon can be
measured with a precision of +0.2%o
and 6{;{0 hydrogen with a precision of
+

Bulk Isotopic Features in Environmental Forensics

00
™ . /S
/
Fow| DieselFuels 7
é from Property 2 y; LS
[=}
8 - / RO -
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ol T20E . _Diesef Fuels
// from Property 1

24 25 26 27 8
-5C13 (ppm)

Example: NAPLs found in pools
beneath adjoining bulk fuel storage
facility sites—both comprised of
weathered diesel fuel—were shown
to arise from distinct sources, based
on bulk isotope features.
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Compound-Specific Isotopic Features in
Environmental Forensics: GC/IR-MS

Volatile and semi-volatile organic
compounds are amenable to
GC/IR-MS

Compounds in samples separated
by GC, then individually
combusted with catalyst to
produce CO? (for §°C) and water
(for 8D)

Other combustion catalysts
available for other isotopes (e.g.,

3

Precision of better than +~2%

Biodegradation results in isotopic
fractionation, so isotope
measurements of field samples
must be used cautiously

"Smallwood et al. 2001. Env. Forensics, 2:215-221

32’—”

-81°C (MTBE)
8 121 Q

8

QPP IY
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Example: GC/IR-MS was used in a recent
investigation to determine that there are regional
differences in the isotopic composition of MTBE in
dispensed gasolines!.

The results indicated that that GC/IR-MS has utility
in spill-source correlation analysis in MTBE

contamination investigations.
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Summary

+ Molecular characterization remain the cornerstone of environmental forensics
investigations at hydrocarbon-contaminated sites
- Gas Chromatography
- Gas Chromatography/Mass Spectrometry
+ Design a Phased Approach
— Integrate the analytical program with other elements of the investigation
(e.g. site geology, records research, regulatory changes)
- Develop an analytical program that meets
the goals of the investigation )
— Understand the Analytical Toolbox and e
available options
¢ Consider emerging analytical techniques
that allow you to “peel back more of the onion”
- Isotope ratio mass spectrometry [%
- Organic petrographic analysis _'_.é.;=
- Multi-dimensional gas chromatography s
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