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Abstract

Organic geochemistry is a young science (Kvenvolden, 2006). Alfred Treibs (1899-1983) is recognized as the father of organic
geochemistry based on his milestone paper showing the link between chlorophyll in plants and porphyrins in petroleum, thus
providing the first strong evidence for the organic origin of petroleum (Treibs, 1936). The Alfred E. Treibs Award is presented
annually by the Organic Geochemistry Division of the Geochemical Society for major achievements in organic geochemistry.
Treibs and 16 of the 32 Treibs medalists are underlined in the following discussion. Early applications of organic geochemistry
were mainly molecular geochemistry, which is a hybrid of natural product chemistry, analytical chemistry, synthetic organic
chemistry, physical organic chemistry, and geology. Little progress was made in molecular geochemistry for >30 years after Treibs
(1936), until the development of computerized gas chromatography-mass spectrometry. Today, molecular geochemistry and its
repertoire of analytical tools are vital components in the exploration and production departments of the major oil companies and at
many universities and government organizations. Some textbooks that discuss molecular geochemistry include Tissot and Welte
(1984), Moldowan et al. (1992), Hunt (1996), Peters et al. (2005), and Dembicki (2017). This paper focuses on conceptual
milestones in the application of molecular geochemistry to petroleum exploration and development. (Clifford Walters will discuss
analytical milestones in another paper from this conference.) Cited publications for each conceptual milestone listed below are
examples and are not meant to be comprehensive.
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Past-Present Conceptual Milestones

e Biomarkers as molecular fossils (Eglinton et al., 1964; Philippi, 1965; Eglinton and Calvin, 1967)

e Petroleum system concept, direct oil-source correlation (Hunt and Jamieson, 1956; Dow, 1974; Williams, 1974; Seifert
and_Moldowan, 1978, 1981; Perrodon, 1992; Magoon and Dow, 1994)

e Source-related biomarker ratios, indirect oil-source correlation (Didyk et al., 1978; Huang and Meinshein, 1979; Seifert
and Moldowan, 1978; Moldowan et al., 1985; Sinninghe Damsté et al., 1995; Koopmans et al., 1996a; Grice et al., 1998)

e Chemometrics of biomarker and isotopic data for correlation, deconvoluting mixtures (Peters et al., 1986, 2007, 2008;
Zumberge, 1987)

e Compound-specific isotope analysis (CSIA) for correlation: alkanes, biomarkers, diamondoids (Matthews and Hayes,
1978; Hayes et al., 1990; Schoell et al., 1992; Peters and Creaney, 2004; Amrani et al., 2009; Greenwood et al., 2015;
Moldowan et al., 2017)

e Age-related biomarker ratios (Grantham and Wakefield, 1988; Moldowan et al., 1994, Holba et al., 1998, 2001,
Moldowan and Jacobson, 2000)

e Maturity assessment using biomarkers and other compounds (Seifert and Moldowan, 1980; Mackenzie and Maxwell,
1981; Mackenzie et al., 1981; Radke and Welte, 1983; Boreham et al., 1988)

e Biomarkers to assess biodegradation (Seifert and Moldowan, 1979; Volkman et al., 1983, 1984; Peters et al., 1996;
Bennett and Larter, 2008)

e (Gas geochemistry for source, maturity, biodegradation, thermochemical sulfate reduction (Schoell, 1983; Chung et al.,
1988; Berner and Faber, 1996; Manzano et al., 1997; Tang et al., 2000; Zumberge et al., 2012; Milkov and Etiope, 2018;
Xia and Gao, 2018)

e Diamondoids for extent of oil cracking, mixed charge (Dahl et al., 1999; Wei et al., 2007)

e Light aromatics (BTEX) for proximity of accumulations (Hunt, 1979; Burtell and Jones, 1996)

e Carbazoles for migration distance (Larter et al., 1996)

Present-Future Conceptual Milestones

e Time-lapse reservoir geochemistry (Milkov et al., 2007; Liu et al., 2017)
e Fluid inclusion biomarkers (Kvenvolden and Roedder, 1971; Karlsen et al., 1993; Jones and Macleod, 2000)



e Aromatics for correlation, terrigenous systems (Schwark and Pittmann, 1990; Koopmans et al., 1996b; Van Aarssen et
al., 2007;)

Petroleomics (Mullins et al., 2007)

Fluid residence time in reservoirs (Larter and Adams, 2010; Larter et al., 2012; Zhao, 2017)
Clumped isotopes for temperature assessment (Eiler, 2007; Stolper et al., 2014, 2017)
Genomics for enhanced production, surfactants (Pal et al., 2017)

Biomarker precursors in living organisms (Fischer et al., 2005; Summons et al., 1999)
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Alfred E. Treibs: The First Molecular Geochemist
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Milestone: The First Direct Oil-Source Rock Correlation

Column distillation.....before GC, biomarkers
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Maturation of Organic-Rich Shales Yields Petroleum

Los Angeles Basin
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‘Biomarkers’ Describe Early Life Without Macrofossils
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Direct Oil-Oil Correlation: Similarity Through Heritage
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1978 | miz 217 R | |m/z283 O:—?jx m/z 239
Carneros

Phacoides

7828-8630' '\L (
il W\L I

Oceanic, McKittrick Field,

8834-8919

San Joaquin Basin
(M b

Seifert and Moldowan (1978)
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Indirect Oil-Source Rock Correlation: Key Parameters

1985 |

Relationship Between Petroleum Composition and Depositional
Environment of Petroleum Source Rocks
J. MICHAEL MOLDOWAN, WOLFGANG K. SEIFERT and EMILIO J. GALLEGOS

Nonmarine Nonmarine Nonmarine Marine Shale
vs. Marine vs. Marine Shale vs. Marine Carbonate vs. Carbonate
C,, Steranes ++++ ++++ ++++ -
Sulfur (%) ++ ++ +++ ++
MA-steroids ++ ++  Sadlerochit, Alaska Crude (C5, steranes)
High-MW paraffins ++ ++ | Relative
g P Inren;iiy 17¢-Hopane .,
CPI -- -- EE— —
. 100 412 — 191
Pristane/phytane -- -- Cyg Terpanes
Steranes/hopanes + + o
Carbon isotopes - -
C3p Steranes
Gammacerane index -- --
20 414 — 217
" - A»‘Hh-. -

C30 Methyl Steranes

414 — 2N

‘ulunlnlnun Y

——————
GC Time Direction
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Oil-Oil and Oil-Source Correlation Using Chemometrics

Petroleum Isotopic and Biomarker Composition Related to

Source Rock Organic Matter and Depositional Environment
K.E. PETERS, J.M. MOLDOWAN, M. SCHOELL, and W.B. HEMPKINS

1986 [

* Cyy Sterane ratio

Two-Group * MA-steroid ratio Three-Group
Discriminant Analysis * 13C turates Discriminant Analysis
y 813Caromatics Nonmarine
° 100%
40 SepB;Z:ion 8Daromatics
o Line
1
8 sor Marine | Nonmarine
5 N =20 I N=11
o~ 20F 50% 50%
) |
o |
S 10k I
I l' Marine Marine
A A 1 1 A Shale Carbonate
03 05 -07 -09 -1l -13 N
Discriminant Value 100% & 100%

11 Oils 8 Oils
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Some Examples of Biomarker Source Indicators

"

Source Rock Setting

Biomarker Parameter

References

Odd/even C,,-,. cyclopentylalkanes

Carlson et al. (1993)

Marine 24-n-propylcholestanes Moldowan et al. (1990)
Even/odd C,,-,. cyclopentylalkanes Carlson et al. (1993)
Botryococcane (presence only) Moldowan et al. (1980), Metzger & Largeau (1999)
B-Carotane (presence only) Hall and Douglas (1983), Jiang and Fowler (1986)
Lacustrine Low steranes/hopanes Moldowan et al. (1985)
C,/C,c tricyclic terpanes > 1 Zumberge (1987)
High tetracyclic polyprenoids Holba et al. (2000)
Low C,,/hopane Peters et al. (2005)
Coal Pristane/phytane >3 Hughes et al. (1995)

Higher-plant input

Oleananes, lupanes, taraxeranes

Ekweozor and Udo (1988), Moldowan et al. (1994)

Bicadinanes (Dipterocarpaceae resin)

Cox et al. (1986)

Retene, cadalene, tetracyclic ditperanes

Noble et al. (1985)

C,o/(C,, to C,,) steranes

Moldowan et al. (1985)

Dehydroicetexanes (Cupressaceae)

Nytoft et al. (2019)

Pristane/phytane <0.5

ten Haven et al. (1987)

Hypersallne High gammacerane (stratified water) Sinninghe Damsté et al. (1995)
Pristane/phytane <1 ten Haven et al. (1987)
C.:/C,, homohopanes >1 Peters and Moldowan (1991), Dahl et al. (1994)
Anoxic Isorenieratane , trimethylaryl isoprenoids Summons and Powell (1987), Grice et al. (1998)

High V/Ni porphyrins

Lewan (1984)

High 25,28,30- trisnor- & 28,30-bisnorhopane

Moldowan et al. (1984), Schoell et al. (1994)

Carbonate vs. Shale

C,o/C4, hopanes >1

Fan Pu et al. (1987), Subroto et al. (1991)

Low diasteranes/steranes

Hughes (1984)

Dibenzothiophene/phenanthrene >1

Hughes et al. (1995)

High 2a-methylhopanes

Summons et al. (1999)

After Peters et al. (2005)
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C,s/C,o Sterane Ratio for Marine Oil Varies Through Time

| Paleozoic Mesozoic Cz
1988 |
C| O |S|D| C PIT| J K T
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g 1.0 : .g ||Ebrildiansff
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© _ -
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% 06 B Acritarchs COCCO“thOphOI’IdSﬁ‘? n
U ] ~N
‘EE 0.4 oot
) -
0.2 T
| Green Algae
O l ] II II | | |

300 200 100 0
T| me Ma Grantham and Wakefield (1988)
)
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Oil from Tertiary Source Rock has Oleanane Ratios >20%

1994

N U)
Col _ - 120 Q@
T 80 - B r—
F | = 100 £
- Nerium oleander (qv]
O - ~ 80 LL
=~ | Y—
= —60 ©
@ 40 Oleanane — &
% — e — 40 O
O 20 &
6 | - r 20 S
° _ Z
™ 0
_ Early Paleogene |Neogene
Jurassic Cretaceous Tertiary
MESOZOIC CENOZOIC
| | |
180 140 95 65 25 <5
TI me (M a) After Moldowan et al. (1994)
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C,¢ Steranes in Oil Help to Assess Source Rock Age

2 os 1998
) } ° _
D: 0.7 @ Marine Shale \S\— ‘g!r Diatomaceous
b @ Marine Marl } N Source Rocks
C 06 B Marine Carbonate | — _ ::f—
E A S X Deltaic -}{ Diatoms - -;71.— >0.55 - Oligocene
O 05 Lacustrine Shale _ll Proliferate o 172-_ and younger
A '*.
2 Boeo iV '
O 04 e
- First Diatom . /: RN
&) Morpholo 4 ® v
m 0.3 —— -— - e sl e i o e —F)— —gz r:- --AAA-;_‘J— Av .
— =t B onig e VR >0.25 Cretaceous
O 02 N LB . " 0 T and younger
® * [ J *
O —e % ° l_ﬁ - ° # .I b ‘
~Z 01 ®| o el » .
! ® - * o
N .
500 400 300 200 100
Cambrian Sil. Carbonif. Trias. Cretaceous
Ordovician: Devon. Perm. Jurassic Tertiary

Geologic Age (Ma)

After Holba et al. (1998)
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Age Biomarkers Help to Identify Source Rocks for Oils

Disputed  Egrjiest stromatolites The Great Snowball Earth The Great Demise of the Anthropocene?
evidence * : Oxidation Event |;| Dying dinosaurs "
for life % \ 4 A 4 v Vv A 4 vy Vv A 4 P Mass Extinctions
PRECAMBRIAN PHANEROZOIC on
ARCHEAN PROTEROZOIC PALEOZOIC MESOZOIC CENOZOIC ‘
o = > z | X o) Tertiar: 3
25| 8 |3 35 3 2l l2lelelzlsls]lz| | &8 =T%
2 o o o = = = Tz El g l=1< 2 1la o = 3 y o z |8
=) 2 2 ° ol ol ol > 2 | E S o | < 3 2 o o > ) @
= o o S o o o g o Q = alz]=2 = | < = @ ] 2 o 3 3 COOH
2 2 3 3 B 8 8 3 s |32 [3 ]2 |8 s 5 g < 2 |2 -
5 2 I 8 o 5 5 S 5 > 5|2 ® 2 2 < Quesnoin
=] =] 5 g ) |
C,; Highly-branched isoprenoid HBI O«
2 25 HIGNYY P O aal Oleanane |
O 10 Diatoms | Triaromatic 23,24-dimethylcholestanes |
Rhizosolenid diatoms [ HBIs ]
C3,—C44 alkadienones and alkatrienones—@ |
|:|| Land plant diterpanes (e.g,, phyllocladane, kaurane, beyerane) |
G. prisca:C,;-C,y n-alkane
24 Norcholestane OO0k
24-lsopropylcholestane LI {0 [ C,q 24-norcholestanes and 24-nordiacholestanes
high ratios Low ratios of C,,24-isopropyl- to n-propylcholestane
| TR o P T [T T TR s 30 1
Dinosterane 22
0o 0 0H Dinosteranes |
2?2 ?
oo R — [ ] — 0 Eukaryotic C,,-C.q Steranes ]
?2? 2
2-Methylhopane [0--[-[J[} -1 [ 2-Methylhopanes |
|:| Oldest acyclic Cy-Cyo biphytanes (GDGT fragments) [ GDGTs |
/k/\/k/\/\(\/\( 0 0 i [ Crocetane |
Crocetane Ma
A

4000 3600 3200 2800 2200 1600 1000 543 490443 354323 290 248 206 144 65 23 1.8
Walters et al. (2010)
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IRM/GCMS: Compound-Specific Isotope Analysis (CSIA)

Compound-specific isotopic analyses: A novel tool for reconstruction

J. M. HaYEs, KATHERINE H. FREEMAN, BRIAN N. Porp* and CHRISTOPHER H. HOHAM

1990 L-

Syringe or
Autosampler

of ancient biogeochemical processes
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(e CHed

/

Gas Chromatograph

16
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Injector System

L

L] Pneumatic
‘/NeedleVaIve
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Split Isolation
/ Valve
U St/:andby Mass
Water Valve Spectrometer
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CSIA of n-Alkanes ldentifies Families of Oils or Extracts

17

Extracts from Organic-Rich Immature Shales, Brazil

199 |

813C n- Alkanes (%o)

24

-26

-28

-30

-32

-34

-36

-38

e Tertiary lacustrine
m Cretaceous lacustrine
A Cretaceous marine

14 16 18 20 22 24 26 28 30 32 34

Guthrie et al. (1996)

n-Alkane Carbon Number
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CSIA of Oil Biomarkers ldentifies Pre- and Post-Salt Oils

2016 g Post-Salt
Marine
21 = S 5 S -
— 23 - © —— o —©
To 25T ..j:\—>‘l><l
o%) 27 H29 H30 H31 H32 H33 H34
— T20 T21 T22 T23 [:<24
29 -
b Lacustrine
(- ‘33 n
< N
o -35 A
S 37 -
@)
w0 -39 A
-41 1
¥T20 T21 T22 T23 TZL J29 H30 H31 H32 H33 H?i
Tricyclic terpanes Hopanes

Courtesy of J.M. Moldowan
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Diamondoids Show Extent of In-Reservoir Oil Cracking

1
|
s N 1999 g @ Normal mature crude oil
© @ Highly mature condensate
E o 400 B : /\ Mixed oil and condensate
- O
SIHE
D ©
_ O 300 T :O
O 2
' g o @1
E 5 200 L % I - .
c 8 S| ! %0il-to-Gas Conversion
o (5'31 % | =[100 x (1 - C,/C,)]
89 1o | 0w 'm o
\ i © . o >
I | I | I | I | I
0 20 40 60 80 100 120 140 160 180 200
Diamondoid (ppm)
3- and 4-Methyldiamantanes Dahl et al. (1999)
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CSIA of Diamondoids Identifies Families and Mixtures

Barents Sea and Northern Timan-Pechora Basin, Russia

-18
2012 g Y
-20 Triassic shale/marl

e g8\
>

s
¥

24 - : @

26
i | B

28 I Devonian carbonate/marl

013C (%o)

-30 [T

1 2 3 4 5 6 7 8 9
Methylated Adamantanes and Diamantane
He et al. (2012)
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CSIA of Diamondoids Identifies Families and Mixtures

Barents Sea, Northern Timan-Pechora Basin, Russia
-18

2012 g I
-20

22 L

Mixed Triassic-Devonian

24

26 L

013C (%o)

-28 [

-30 [T

1 2 3 4 5 6 7 8 9
Methylated Adamantanes and Diamantane
He et al. (2012)
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Avoid TSR Using Diamondoidthiols, Thiadiamondoids

22

Thermochemical Sulfate Reduction

SO,z + 1.33(CH,) + 0.66H,0 —
H,S + 1.33CO, + 20H-

@ R+ SYorR-S§,-R ————— = —<

2 OO 7 % Cage cleavage

SH

f@ oo
SH
TR+ HS

\

—~RSH
+ 11,8

. R Cvclization S
H + S0 orR-S,-R - TR s

Wei et al. (2007)
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BTEX (Benzene, Toluenes, Xylenes): Proximity to Pay

23

1996 |

This relationship
established distance
to source from a dry
hole and a discovery
was later drilled
based on this
Information.

Benzene (ppm)

5.0

Burtell and Jones (1996)

8 12

Distance to Production (mi)
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Empirical Isotope Classification of Hydrocarbon Gases

24

1983 |
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Revised 8'°C vs. 6D Isotope Plots (6,950 Samples)

2018 N
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Milkov and Etiope (2018)
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Rank Gas Maturity Using Ethane and Propane Isotopes

26
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Chung Plots Reveal Secondary Processes Affecting Gas

Mixed Microbial

Pure
-10 1 1988 | thermogenic  with biogenic oxidation
nC5\ B f\ C
N
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9 -
N
O
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Modified from
Chung et al. (1988)
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Thermal Maturity Ratios Include Stereoisomerizations

Lower Toarcian Shales, Paris Basin

1981 . -
2 C. Steranes Aromatic Vanadyl
29 » Steroids Porphyrins
500 ol w7
&
~— 1000
-
= Top Oil Window
8 1500 f------No i WU R — R
a
2000 |}
2500 , \ i
0 5 0 100 0 5 10
%20S/(20R + 20S) TA/(MA + TA) DPEP/etio Ratio

Mackenzie et al. (1981)
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Sterane Isomerization Ratios Help to Rank Maturity

29

%C.,q 20S/(20S + 20R)

55

50

45

40

35

) Endpoint o o
- © 1 (©
' 0-9-0 i O-9- 8
B ; @)
- O e o =
E //f/ '\ o
- Yo * Wo S
~ o Bp20S 9
N BBZOR\ / aa20R 3
[ aa20S -
- ~
:I L1 1 I | L1 1 ] | L1 1 1 | L1 1 1 | L1 1 1 L

40 50 60 70

%C29 BB/(ﬁB+aa) Peters et al. (2005)

Schlumbergep



Biomarker Ratios Bracket the Level of Thermal Maturity

N 100 Etio/(Etio +DPEP) Vanady
Porphyrins<{ | 100 Etio/(Etio +DPEP) Nickel
phy I - B 100 PMP
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-

Aromatic ! |pE— 1o E o B 100 MA()/MA (I + 1)
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r (I 10 18p/(B+a) Oleanane
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Peters et al. (2005)
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Isomerizations: Limited Use to Calibrate Basin Models

Unheated
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Methylphenanthrene Index: Type lll Source Maturity

32

1983 (18

1.6
1.4
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Rank Oil Biodegradation Using Compound Classes

: oy Extent of
Level Chemical Composition Biodegradation
1 Abundant n-alkanes Not degraded
2 Light-end n-alkanes removed Minor
3 >90% n-alkanes removed
Alkylcyclohexanes and alkylbenzenes removed; acyclic
4 . : Moderate
isoprenoid alkanes and naphthalene reduced
5 Isoprenoid alkanes removed; selective removal of C,-
naphthalenes
6 C,4-C,¢ bicyclic alkanes removed
7 >50% (20R)-501,1401,1701(H)-steranes removed Very extensive
8 Distribution of steranes and triaromatic steroids altered; Severe
demethylated hopanes abundant
9 No steranes; demethylated hopanes predominate Extreme

Volkman (1984)
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Biodegradation Can Interfere with Oil-Oil Correlation

1993

n-Alkanes

1 11
2 100

=Isoprenoids

4 00

= Steranes
Hopanes

Diasteranes

Very Heavy
8

Biodegradation Rank

9
Severe
10

=C,s-C,g Aromatics

Extent of Destruction of Compound Class

Peters and Moldowan (1993)
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Hopanes Demethylated to 25-Norhopanes in Reservoirs

35
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Molecular Mechanics Explains Selective Biodegradation

Selective biodegradation of extended hopanes to 25-norhopanes in
1996 petroleum reservoirs. Insights from molecular mechanics*

KENNETH E. PETERS', J. MICHAEL MOLDOWAN?, MARK A. McCAFFREYY?
and FREDERICK J. FAGO?

35
25
3
{ 12.65 A

25

3
35
17
T T Peters et al. (1996)
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Chain Length and Stereochemistry Affect Demethylation

West Siberia Basin Biodegraded Oil

20
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Peters et al. (1996)
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Gradients: Shallow Oil Charge, Biodegradation at OWC
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Some Newer Milestones in Molecular Geochemistry

* Reservoir fluid geodynamics (e.g., O. Mullins)
°* Semi-volatile aromatics (e.g., A. Murray)
°* Genomics for enhanced production (e.g., C. Turich)

Well 1. Baffled
Low DST Production Rate

Not Equilibrated: Huge Gradients

Well 2: Equilibrated Fluids
High Production, but Tar Mat

Equilibrated: Tiny Fluid Gradiggtagnnﬂ_:

Asphatenes GOR
v CoreEx

39
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a °
Late gas | e |
\ Il r
charge ; | 1o
I | || et N
- Asph: nea \ =) /| W P41 w
Asphaiiencs | 5 /4 B T o bl
\ o CE AT
. r{ﬂ\ 1 It dphatens Acwaly | S P o 3 ®
Into oil m\ 3 %
reservoir O\ \acual e /. a TAR
\ \\\ v 0 | T | @
. 190 180 180 200 O .

1 2
Optical Density
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Mullins et al. (2016)
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Maturity Increases Isomer Ratios Controlled by Source

0.8 Endpoint

0.6 —
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Some Examples of Valiant Attempts at Milestones

°* Genomics for enhanced production (e.g., C. Turich)

High Risk High Risk
Low Reward High Reward

Risk

Low Risk Low Risk
Low Reward High Reward

Reward
4 Schlumbergep



Do Microbes in Helaeomyia petrolei Upgrade Heavy Oil?

Brine Fly Larva, La Brea Tarpits

Foregut
3 oil dro&le_ts

mostly clear

Midgut
brown oily mass

Courtesy of Courtney Turich (2010)
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Some Textbooks Highlight Molecular Geochemistry

ot £ ORGANIC
Petroleum omarxers ! T EOCHEMISTRY
Fomatio“ and "R Pt G - - Blomﬁb&:k (l%O(': nd Applications

Interpreting Molecular Vossils
Petroleum and Anclent Sediments

Kenneth E, Peters
J. Michael Moldowan

Hunt ‘79

PETROLE
GEOCHEMIST
-and GEOLOGY

PRACTICAL PETROLEUM
GEOCHEMISTRY FOR

INTRODUCTION TO
ORGANIC
GEOCHEMISTRY Volume 1

Biomarkers and Isotopes in the

John MY Hunt

Hunt ‘96 Killops, Killops ‘05 Peters, Walters, Moldowan ‘05 Dembicki ‘17

Cavnuinoe
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Molecular Geochemistry in Exploration & Development

Conceptual Milestones*

Origins

Source-related biomarker ratios

Oil-source rock correlation and petroleum system concept
CSIA for correlation: alkanes, biomarkers, diamondoids
Age-related biomarker ratios

Maturity assessment using biomarkers, light aromatics
Biomarkers to assess biodegradation

Gas geochemistry for source, maturity, TSR, biodegradation

Diamondoids: extent of oil cracking, mixed charge

BTEX to identify directions to accumulations
“ Schlumbergep

Time-lapse reservoir geochemistry

Recent Developments

* Fluid inclusion biomarkers

* Clumped isotopes for temperature assessment
* Reservoir fluid geodynamics

Frontiers

* Carbazoles for migration distance

* Age dating fluid migration, reservoir filling

* Genomics for enhanced production, surfactants




The Evolution of Petroleum Systems Analysis

Houston, TX March 4-6, 2019 s[:m“mhargap






