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Goals — To Forensically Identify Crude O1l and Refined
Petroleum Products Released Into The Environment

Study the ultimate fate ot spilled petroleum products — can we predict how spilled products will
weather?

Can we provide useful an timely information to spill response and damage assessment
professionals?

By comparing results from spills that have occurred over the past 40 years can we forecast and
hindcast complex petroleum weathering effects such as biodegradation, photooxidation,
evaporation, and dissolution.

Utilize traditional and non-traditional biomarker compounds to identify release sources.
*Adding new forensic compounds to our arsenal.

To do this, we seek to compare and contrast the composition of spilled products in order to
identity molecular insights that expand our traditional approaches to studying spills.
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We Study Crude O1l and
Refined Petroleum Product Spills

A D

Hebei Spi_r{t; South Korea (2007) Exxon Valdez (1989) Pres’éige; P—ortugal (2002) B
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We Study Crude O1l and
Refined Petroleum Product Spills

Natural oil seeps, Gulf of | Mex1co (everyday) Natural oil seeps; Santa Barbara, CA (everyday) Sundarbans Bangladesh (2014)
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We Study Crude O1l and
Refined Petroleum Product Spills
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What happens to petroleum in the environment?

Methane release
to the atmosphere

= 0il slick on surface
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About half the methane
- dissalves in the water column

migrate up through =
the water column

Prevailing current

Light petroleum hydrocarbons
evaporate to the atmosphere

rS
Qil in the water column
Deposition of heavy
petraleum hydrocarbons ~80
meters

~5-30 kilometers

— E g g Oil reservoir

Figure not to scale
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GCxGC Facility at WHOI

https://www2.whoi.edu/site/gcxgcfacility/
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Forensically Usetul Petroleum Biomarkers

8
0 Environmentally recalcitrant molecules are the most usetul

compounds for fingerprinting petroleum products.
0 These molecules should NOT be susceptible to:

O vaporation

OPhotooxidation

ODissolution (water-washing)

OBiodegradation
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Deepwater Horizon

Sterane, Diasterane, Hopanoid Biomarkers

Deepwater Horizon
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Biomarker Comparison — Louisiana Crudes

EPA WP-681 Deepwater Horizon  c,Ts
. DiaC,,Ba-20S
DiaC,,Ba-20S 27 -
/ DiaC,;Ba-20R DiaC,,Ba-20R Ts

Eugene Island Biock sso Cocodrie, LA
DiaC,,3a-20S DiaC,7a-20S
DiaC,,Ba-20R Ts DiaC,,Ba-20R
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Biomarker Comparison

[xtoc I, Deepwater Horizon, and Exxon Valdez
w

DiaC,sBa-205
and CaBB-20R (a) Ixtoc 1
DiaC;;Ba-208

(a) Ixtoc | Crude
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Biomarker Comparison

[xtoc I, Deepwater Horizon, and Exxon Valdez

biphytane/n-C35

Biomarker Ratio Deepwater Horizon Exxon Valdez
Ts/Tm 1.30 0.78
Ts/H 0.23 0.20
Tm/H 0.18 0.26
Dia C27Ba-20S/H 1.18 0.36
Dia C27Ba-20R/H 0.90 0.31
C28aBB-20R/H 0.37 0.27
C28aBB-20S/H 0.21 0.18 biphytane/H : Dia C27Ba-20R/H
C29aBB-20R/H 0.64 0.35 [
C29aBB-20S/H 0.32 0.25
NH/H 0.52 0.67
C29-Ts/H 0.24 0.22 norbiphytane/H | ‘ ' C28aBB-20R/H
HH(S)/H 0.50 0.57
HH(R)/H 0.36 0.41
norbiphytane/H 1.72 0.80
biphytane/H 1.42 0.66
norbiphytane/biphytane 1.22 1.21
norbiphytane/n-C34 0.32 0.67
biphytane/n-C35 0.33 0.71

norbiphytane/n-C34

norbiphytane/biphytane Dia C27Ba-20S/H

HH(RYH [ C28aBB-20S/H

HH(S)H [ C29aBB-20R/H

C29-Ts/H C29aBB-20S/H

NH/H
—|xtoc|l ==—=Deepwater Horizon Exxon Valdez
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Biomarker Comparison
NIST SRM-1582 (crude o1l) Replicate Analysis

What are:
ACEL 38 ring,
Norbiphytane,
and Biphytane?
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Side Track: Non-traditional Biomarkers
for Environmental Forensics

Archeal Core
Ether Lipids
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Prokaryotic

17a(H),21B(H)-22S-pentakishomohopane

2a-methyl-17a(H),21B8(H)-hopane
(cyanobacterial origin)

Eukaryotic Archeal

24-ethyl-5a(H),14a(H),
17a(H)-20R-cholestane

Ty
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Traditional & Non-traditional Biomarkers
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Archeal Core Ether Lipids PNAS 2007

Biphytane

Molecular evidence of Late Archean archaea and the
presence of a subsurface hydrothermal biosphere
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Hi Iﬂ;ﬁthd anul isereegized archaeal lipids and bacterial lipids,
» Bructurally changed by thermal s rﬁss,gre present in solvent extracts
of 2,707- to 2,685-million-year-old (Ma) ijetasedimentary rocks from
@ '.l'immins, ON, Canada. These Iipids‘aamar in conventional gas chro-
matSdtamm ls.mubhu:lt&rﬂarex mixtures and include cyclic and
acyclic biphytanes, C3s—Cao derivatives of the biphytanes, and Ca1-Cas
extended hopanes. Biphytane and extended hopanes are also found
in high-pressure catalytic hydrogenation products released from
solvent-extracted sediments, indicating that archaea and bacteria
were present in Late Archean sedimentary environments. Postdepo-
sitional, hydrothermal gold mineralization and graphite precipitation
occurred before metamorphism (=2,665 Ma). Late Archean metamor-
phism significantly reduced the kerogen’'s adsorptive capacity and
severely restricted sediment porosity, limiting the potential for post-
Archean additions of organic matter to the samples. Argillites ex-
posed to hydrothermal gold mineralization have disproportionately
high concentrations of extractable archaeal and bacterial lipids rela-
tive to what is releasable from their respective high-pressure catalytic
hydrogenation product and what is observed for argillites deposited
away from these hydrothermal settings. The addition of these lipids
to the sediments likely results from a Late Archean subsurface
hydrothermal biosphere of archaea and bacteria.

fossils diagnostic of bacteria and eukarya have been extracted from
2,700-Ma sediments of the Hammersley Basin of Western Australia
and provide direct evidence for a Late Archean existence of these
two domains of life (18). Hydrothermal settings further may
enhance the potential for Archean molecular fossils to survive
because high-pressure and -temperature aqueous solutions sup-
press the thermal destruction of hydrocarbons (19).

This investigation was conducted to assess the abundance and
preservation of molecular fossils within Late Archean hydrother-
mal environments and hydrothermally altered sediments. Samples
were collected from the lower greenschist metasediments (20, 21)
of the Tisdale and Porcupine Assemblage (=2,707-2,685 Ma) from
the southern Abitibi greenstone belt near Timmins, ON, Canada.
Here we report the occurrence of hydrocarbon molecular fossils
diagnostic of archaea and bacteria among the solvent-extractable
lipids and high-pressure catalytic hydrogenation (HPCH) products
(22) of these samples. We provide evidence that these lipids are of
Archean age and that a portion of the organic matter trapped in
these sediments was derived from a subsurface hydrothermal
biosphere.

Results and Discussion
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Archeal Core Ether Lipids PNAS 2007

Woods Hole Oceanographic Institution

GCXGC-FID chromatograms
(mountain plots) of the solvent
extract from sample OC-114m of
the Hoyle Formation.

(Upper) Enlargement of region
with archaeal core lipids. Multiple
peaks joined to a single molecular
structure are diastereomers.

(Lower) Complete chromatograph.
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/hopane pipeline

(b) beach

2015 Refugio O1l Spill

Standard Handbook
Qil Spill Environmental Forensics

Fingerprinting and Source Identification

Figure 8.21 GC x GC-FID biomarker regions of (A)
fresh oil collected 150 m from the ruptured pipeline on
May 20, 2015; (B) fresh oil collected on May 19, 2015,
on the beach and ~450 m down current from the location
where the oil first entered the ocean; and (C) naturally
seeped oil collected in 2005 directly at Coal Oil Point,
Santa Barbara, CA.
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Archeal Core Ether Lipid Biomarkers
N
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Archeal Core Ether Lipid Biomarkers — Other Examples
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Back on Track
GCxGC-HRT=-MS
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Confidence - The Power of High Resolution TOF Coupled with
GCxGC: m/z 234 compounds

S

Benzonaphthothiophene° ' O 234.0498 234.1402

miz 234.0498 +/- 0.'.0005 amu Q ‘ 3e4
The difference between
C4-Phenanthrene and
Benzonaphthothiophene
1s 386.5 ppm

C4 Phenanthrenes
m/z 234.1403 +/- 0.0005 amu

Le4

—235.0533

] | ,
TR A A RS TR R M/Z 231 232 233 234 235 236 237 238 M/Z 231 232 233 234 235 236 237 238

B hthothioph e‘ - \
Sl Benzonaphthothiophene C4-Phenanthrene

(jlﬁ'Hl()S (‘ISHIS

Theoretical mass: 234.0498 Theoretical mass: 234.1403
Observed mass: 234.0498 Observed mass: 284.1402
Mass error: O ppm Mass error: -0.43 ppm
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GCxGC - High Resolution - TOF

How Dou You Rapidly Find and Identify
Compounds of Forensic Interest? You Need a Map!

= ; SR ———
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DWH Ring Double Bond Equivalents (RDBE) vs Carbon Number for Molecules

Containing a Sulfur Atom

Region - sample "Deepwater Horizon (15mg/mL) 122017", Deconvoluted, (180s, 0s) - (11287.2s, 16.0046s)
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Ixtoc 1 Ring Double Bond Equivalents (RDBE) vs Carbon Number for

Molecules Containing a Sulfur Atom

Region - sample "Ixtoc I (15mg/mL)", Deconvoluted, (180s, Os) - (11287.2s, 16.0046s)
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Ixtoc 1 Ring Double Bond Equivalents (RDBE) vs Carbon Number for

Molecules Containing a Sulfur Atom

Ixtoc |
i+ 2580498 RDBE vs Carbon Number
(sulfur containing molecules)
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Ixtoc 1 Ring Double Bond Equivalents (RDBE) vs Carbon Number for

Molecules Containing a Sulfur Atom

Regon - samplke "Ixtoc I (15mg/mL)", Deconvoluted, {180s, 0s) - (11287.25, 16.00465)

Benzonaphthothiophenes
CigH1pS RDBE= 12
monoisotopic mass (m/z) 234 0419 Chrysenothiophenes
Cq2H1yS RDBE = 14
monoisotopic mass (m/z). 258.0498

Phenanthrothiophenes
C,:H:S RDBE =11

Dibenzothiophenes monoisotopic mass (m/z): 208.0341

C,:H:S RDBE =9
monoisotopic mass (m/z): 184.0341

& . | c10 C11 c12 C13 C14
I .

- L - - - - - - -

c14 C15 C16 ©C17 C18 C19 cCc20 C21 (C22

Benzothiophenes
CgH:S RDBE =6
Monoisotopic mass (miz): 134.0180

T T
15 20

Oz L BN * MO * MNOZ @ MNOZ B S * S0° * S0 ® SOz ® S02
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Ixtoc I — GCxGC-HRT

Benzothiophene Suite
=

Ixtoc I

C1-Benzothiophene

Theoretical mass: 148.0341
Observed mass: 148.0340

Mass Error: -0.6755 ppm

So, for a mass error of 1 ppm or less;
The Uncertainty in m/z is +/- 0.00015
Mass range is 148.0340 to 148.0342

.,-“.c,' lt. |w'w&|«

Rl 29 c3

Benzothiophenes .“'"'"?f-----....____ww%hggm@ﬁiiﬂgﬂﬁ—k a) gk

Benzothiophenes —Monoisotopic Accurate Mass Search lons: N0
m/z MI; 134.0190, C1; 148.0341, C2; 162.0498, C3; 176.0654, C4; 190.0811, C5; 204 0967,

C6; 218.1124, C7; 232.1280, C8; 246.1437, C9; 260.1593, C10; 274.1750, C11; 288.1906, C12; 302.2063,
C13;316.2219, C14, 330.2376, C15; 344.2532, 358.2689, C17, 372.2845; C18; 386.3002, C19, 400.3158
C20; 414.3315, C21; 428.3471, C22; 442.3628, C23; 456.3784; C24; 470.3941, C25; 484.4097, 1930

(all ions +/- 0.0005 amu). R K Neison

“0005 Note-
&
&

Moy s

Woods Hole Oceanographic Institution
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Ixtoc I — GCxGC-HRT

Dibenzothiophene Suite
B

Ixtoc I

Dibenzothiophene
Theoretical mass: 184.0341
Observed mass: 184.0340

Mass Error: -0.5434 ppm

So, fora mass error of 1 ppmor less;
The Uncertainty in m/z is +/- 0.00018

C6; 268.1280, C7; 282.1437, C8; 296.1593, C9; 310.1750, C10; 324.1906, (all ions +/- 0.0005 amu).

Woods Hole Oceanographic Institution

) .
Mi i .\ A Mass range is 184.0339 to 184.0343
Dibenzothiophenes - | |\' u\’i '
SOSRL Y ‘ 1
% esml (l M J
A e 1
L. _.C4 "h«:
Oc_iuND,GMpI
& A %
Dibenzothiophenes— Monoisotopic Accurate Mass Search lons : '% g
m/z Mi; 184.0341, C1; 198.0498, C2; 212.0654, C3; 226.0811, C4, 240.0967, C5; 254.1124, 1930
R K Neilson
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Ixtoc I — GCxGC-HRT

Phenanthrothiophene Suite
N

Ixtoc I

Phenanthrothiophene
Theoretical mass: 208.0341
Observed mass: 208.0342
Mass Error: 0.4807 ppm

_ So, fora mass error of 1 ppmor less;
Phenanthrothiophenes  ,---.. the Uncertainty in m/z is +/- 0.00021
", "~-,. Mass range is 208.0339 to 208.0343
RN (N
°... ) t‘ °¢..
Dibenzothiophenes B ' | lr 17

L
~u
-
-
......
L
L™
-
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Phenanthrothiophenes - Monoisotopic Accurate Mass Search lons: '% _95

m/z MI; 208.0341, C1; 222.0498, C2; 236.0654, C3; 250.0811, C4,; 264.0967, C5; 278.1124, 1630

C6; 292.1280, C7,; 306.1437, C8; 320.1593, C9; 334.1750, C10; 348.1906, (all +/- 0.0005 amu) R K Neison
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Ixtoc I — GCxGC-HRT

Benzonaphthothiophene Suite
o

Ixtoc I

C1-Benzonaphthothiophene
Theoretical mass: 248.0654
Observed mass: 248.0653

Mass Error: -0.4031 ppm

So, fora mass error of 1 ppm or less;
the Uncertainty in m/z is +/- 0.00023

Benzonaphthothiophenes the mass range is 248.0652 to 248.0656

NOGA,
0;1" A lp,,,o

e

ﬁQOUSHO
\)
Moy

Benzonaphthothiophenes - Monoisotopic Accurate Mass Search lons:
m/z MI; 234.0419, C1; 248.0654, C2; 262.0811, C3; 276.0967, C4,; 290.1124, C5; 304.1280,
C6; 318.1437, C7,; 332.1593, C8; 346.1750, C9; 360.1906, C10; 374.2063, (all +/- 0.0005 amu).

1930
R K Neison
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Ixtoc I — GCxGC-HRT

Chrysenothiophene Suite
=

IXtoc I Chrysenothiophenes

Chrysenothiophene

Theoretical mass: 258.0498

Observed mass: 258.0499

Mass Error: 0.3875 ppm

So, fora mass error of 1 ppm or less;
the Uncertainty in m/z is +/- 0.00026
the mass range is 258.0495 to 258.0501

ANOGR,
0"‘" ) 4»,,,

&
£
Chysenothiophenes - Monoisotopic Accurate Mass Search lons: '%
m/z MI; 258.0498, C1; 272.0654, C2; 286.0811, C3; 300.0967, C4,; 314.1124, C5; 328.1280, 1630
C6; 342.1437, C7, 356.1593, C8; 370.1750, C9; 384.1906, C10; 398.2063, (all +/- 0.0005 amu) R K Neison

Woods Hole Oceanographic Institution
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Ixtoc I Accurate Mass Measurements
Dibenzothiophene Mass Spectrum

Dibenzothiophene
C,,HgS
monoisotopic mass (m/z): 184.0341
RDBE =9

DaW

observed mass: 184.0343
mass error: 1.0868 ppm

{152.0621

184.0343

August 7, 2018




Summary

The combination of GCxGC, high resolution TOF, and petroleomics based mass
spectral analysis software tools rapidly provides an extensive inventory of the
hydrocarbon compounds found in crude oils.

HRT accurate mass data provides a high degree of confidence to peak assignments.
We are well positioned to include Archean biomarkers into environmental forensics.

GCxGC has matured into a platform that provides superior results capable of
delivering a high-level of quality control.

High resolution data will help to predict the long-term fate of persistent petroleum
hydrocarbons in the environment.

With GCxGC-HRT-MS, we are paving the way for identifying more “forensically
useful chemicals” for studying the fate of petroleum in the environment.
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