ORGANIC GEOCHEMISTRY
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photosynthesis

6C0O.+ 6H.O0 + ener — | C;H::0;| + 60;
energy in
aerobic respiration
C:H.:0: |+ 60;: —u 6C0O.+ 6H.0 + E"EPEZ
energy out




In one square meter of sail....

Organisms decrease
in size and increase
in number

Mites (100,000)
100,000X vertebrate layer

Nematodes (5,000,000)

Protozoa (10,000,000,000)

Bacteria and
‘1 actinomycetes

1 million times mite layer
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Carbohydrates

- Make up sugars and starches - The ratio of the atomsis 1 C :
- Contain a hydroxyl (OH) group 2H:10

- Contain atoms of carbon, - Provide energy to the cells.
hydrogen, and oxygen. - Dissolve in water (hydrophilic)
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Types of Carbohydrates

- Carbohydrates are classified according to size.

-One sugar is a monosaccharide (monomer).
-Two sugars make a disaccharide.

-Many sugar molecules linked together form a
polysaccharide (polymer).
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glucose {a monosaccharide) HOCH; H
sucrose (a disacchande)

amylasa (a polysaccharide/starch)



Monosaccharide

Milk Sugar Fruit Sugar




Disaccharide

GHOH

H R pnaltose

Maltose is two glucose molecules; forms in digestive tract of
humans during starch digestion.



Polysaccharide

CH;OH CH;OH CH;OH CH;OH

Starch is straight chain of glucose molecules with few side
branches.
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Lipids

- Lipids are organic compounds formed mainly from alcohol and fatty acids
combined together by ester linkage.

- Lipids are insoluble in water, but soluble in fat or organic solvents (ether,
chloroform, benzene, acetone).

- Lipids include fats, oils, waxes and related compounds.

- They are widely distributed in nature both in plants and in animals.
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- The three types of lipids are
fats, oils, and waxes.

- Contain carbon, hydrogen, and
oxygen

- Typically contain two
monomers — glycerol and fatty

acids

- Glycerol contains the hydroxyl

(OH) group.

- Fatty acids contain the

carboxyl (COOH) group.




Monomers in Lipids

FATS (Lipids)
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Functions of Lipids

-Lipids store energy
for later use by the
body.

-Lipids also serve as
nadding and
orotection for the
nody.

-Lipids do not

dissolve in water
(hydrophobic), but
may contain parts
that can dissolve In
water.

‘The H: Oratio Is

higher In lipids than
Itis in
carbohydrates.



Structure of a Lipid

- Dissolves In
water
(hydrophilic)

- Does not
dissolve in water
(hydrophobic)

Hydrophobic tails © Hydrophilic head o
i 2 4 :‘
¥ . | Py ;
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FATTY ACIDS






Polar head

Nonpolar tails

(a) Chemical structure of a
phospholipid

Phosphate group

Polar Nonpolar Polar
heads  tails heads

Polarhead  Nonpolar tails

(b) Simplified way to draw a phospholipid

Cell membrane
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Phospholipid

- Found in cell

membranes
- Head is the phosphate Hydrophilic
group. region
* Hydrophilic
- Tails are the fatty acids. Herophobic
- Hydrophobic it
Hydrophilic

region




Fatty Acids

- Long chains of carbon atoms with attached hydrogen atoms (hydrocarbons)
- Saturated fats contain only single bonds between the carbon atoms.

- Unsaturated fats contain one or more double or triple bonds between the
carbon atoms.

Fatty Acid Structure

Carboxyl
group ,
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Saturated & Unsaturated Fats

Saturated fatty acid
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[some C-C bonds are
dotted to indicate that they
pass under Hatoms]




NAMES AND CHEMICAL DECRIPTIONS OF SOME COMMON FATTY ACIDS

LIPID CHAIN LENGTH # DOUBLE OMEGA # SCIENTIFIC
COMMON NAME (# of carbons) BONDS (double bond NAME

position)
Lauric Acid 12 0 none dodecanoic acid
Myristic Acid - 14 0 none tetradecanoic acid
Palmitic Acid 16 0 none hexadecanoic acid
Stearic Acid - 18 0 none octadecanoic acid
Oleic Acid - 18 1 omega-9 S-octadecanoic acid
Linoleic Acid 18 2 omega-6H 9,12-octadecadienoic acid
Conjugated Linoleic Acid (CLA) =—=--- 18 2 omega-6 9.11-octadecadienoic acid(*)
Alpha-Linolenic Acid 18 3 omega-3 9,12,15-octadecatrienoic
Gamma-Linolenic Acid (GLA)===smm=m=s=s 18 3 omega-b 6,9, 12-octadecatrienoic
Dihomo-Gamma-Linolenic Acid (DGLA) 20 3 omega-H 8.11,14-eicosatetranoic acid
Arachidonic Acid 20 4 omega-6 5,8,11,14-gicosatetranoic acid
EicosaPentanoic Acid (EPA) ----=--- 20 5 omega-3 5.8,11,14,17-eicosapenaenoic acid
DocasaHexaenoic Acid (DHA) ------ 22 6 omega-3 4,7,10,13,16,19-docosahesaenoic acid

(*) Some 10,12 CLA also occurs, but the 9,11 form greatly predominates in ruminant foods.



Proteins

- Proteins are the building materials for the body.
- Hair, skin, muscles, and organs are made mostly of proteins.

- Composed of carbon, hydrogen, nitrogen, and oxygen
- Contain amine (NH,) and carboxyl (COOH) groups




Function of Proteins

- The building blocks of - Amino acid chains are
proteins are amino acids called polypeptides.
(monomers). - A protein contains one or

- Serve as enzymes which more polypeptide chains.
control rate of reactions g
and regulate cell d 7

- SeEeEl
processes. amino |

- Amino acids are connected end HEW_?_H ¢ carbon
by a special type of bond R
called a peptide bond. side

chain




Amino Acids
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Types of Proteins

- There are two types of proteins — fibrous and globular.

- Fibrous protein (found in skin, tendons, bones, and muscles) does not
dissolve in water (hydrophobic).

- Globular protein (found in enzymes, some hormones, and hemoglobin)
can dissolve in water (hydrophilic).




Fibrous Proteins

Keratins are a family of fibrous
structural proteins; tough and
Insoluble, they form the hard
but nonmineralized structures
found in reptiles, birds,
amphibians and mammals.



http://en.wikipedia.org/wiki/Fibrous_protein
http://en.wikipedia.org/wiki/Mineral
http://en.wikipedia.org/wiki/Reptile
http://en.wikipedia.org/wiki/Bird
http://en.wikipedia.org/wiki/Amphibian
http://en.wikipedia.org/wiki/Mammal
http://en.wikipedia.org/wiki/Image:KeratinF9.png

Globular Proteins

- Enzymes are proteins that
catalyze (i.e. accelerate)
chemical reactions.

- Almost all processes in a
biological cell need enzymes in
order to occur at significant
rates.



http://en.wikipedia.org/wiki/Protein
http://en.wikipedia.org/wiki/Catalyst
http://en.wikipedia.org/wiki/Reaction_rate
http://en.wikipedia.org/wiki/Chemical_reaction
http://en.wikipedia.org/wiki/Cell_(biology)
http://en.wikipedia.org/wiki/Image:TPI1_structure.png

lignin

S5 o e Dbl Lo 5035 (Sles)T el glls (oS

OH
o
) o H
HC™ 2 OH
HO
e o
(@ g
CH, OH

H.C. o

N0 e OH
°m° .

HO o
OH

Lignin




—
Selaginella

Xylem: the tissue
that conducts water
from roots to leaves.

Xylem cell:
with a rigid woody

wall and no ends.
Many of these cells
inarow forma
pipe for water
conduction.

The components of the
rigid cell wall in xylem:

Lignin: about 25% of the material
in the plant cell wall. Hard to process
and cannot be fermented into
alternative fuel.

Cellulose: material that can be
degraded into fermentable sugars
which can be converted into biofuel.
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Photosynthesis '\ T /‘

Zooplankton

Marine
Phytoplankton
















Lignin h$3:2$5 Profeins
Lvng Polymerization Unaltered
organisms i = molecules
{7}
£ retaining carbon skeleton
o
§ Geochemical fossils
unaltered organics)
Fulvic acids { ol )
Humic acids
Humin
1 g Release
- 1T — — — — —| Kerogen js=ofirapp
: molecules
Principal zone
of ol i
o
@ Small to medium :
5 hdrocarbons Crude Qil
[ g
i é Heavy
[ ] Cracking hydrocarbons
] {and bitumen)
Zone of Methane and
gas formation ighthydrocarbons | V@t Gas
Carbon residus
w

Modified from Tissot and Wielte, 1984 Perrolews fornation ard occurrence, Springer —Verag, 699 pp.
Surmrnary of the oil formation process
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a b ~ Sunlight
4%
Precipitation Evapotranspiration Net CO, flux 1
« Frequency of storms  « Vegetation cover Lateral DOC, POC, to atmosphere
« Amount of rainfall « Temperature regulation DIC/CO, exchanges Saltnrarsh
« Irrigation from saltmarshes

F’r‘.olooxnian-" N
OC+hv >
Microbial respiration :
Fresh river 0C+0; = CO; i ] eDslﬁ:falux ig net
water Terrestrial ; co sz.xrce
DAC, POC, ' :

7@  Permafrost DIC/CO, BN 2 DIC flux i
3 roduct ux if
Vit thaw Flocculation, \ PR 7V estuary is net
sedimentation Benthic Marine CO, sink
resuspension DOC, PAEH
DIC/CO, %4 Shelf
seawater

Soil sulphate
input

DOC, DIC/CO, additions from submarine

3 groundwaters, sediment porewaters

@®—DIC

4
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Wetlands

Agricultural removal

soil disturbance

Solar UV

irradiation Low ssiingy

* 4R waters

Reservoirs

Tropical peatland Cross-shelf exchange
disturbance B rotion”
~desorption proce
Carbon concentration x Discharge = S Upwelling
Carbon flux Averier '

Physical

resuspensian Disturbance
Mobile and fluidized
mud layers Shelf sediments Shelf break




Ocean or Lake
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Mud rich in ¥
dead plankton
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Burled mud o
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compaction and chemical
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L deep burial to generate coal and gas * oil ond gos
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Atmospheric deposition

Fe,NH,*,NO,,PO,*
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Atmospheric deposition
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ATMOSPHERE: 1
ACM (CO2)

313C = -6%g0

e
\ DEEP OCEAN: P

60 ACM (HCO3)
13C = 0 0lyg

ffﬁﬁ/

BIOSPHER
SOIL:

Q
3 ACM \W

ORGANIC CARBON-
—_n30
613C =-23 YUagn RICH DEPOSITS:
SEDIMENTS: Wy

: 13C=-200
?? VERY LARGE NUMBER o15C =-20 Bloo
CaC0O3, ORGANIC

MATTER

EXCHANGE OF CARBON
BETWEEN BIOSPHERE - ATMOSPHERE- OCEAN:
TIME SCALES OF TENS TO THOUSANDS OF YEARS

BETWEEN THESE RESERVOIRS AND SEDIMENTS:
TIME SCALES OF HUNDRED THOUSANDS TO
MILLIONS OF YEARS






Living Organisms

Hydrocarbons &
Protohydrocarbons
In organisms

Lipids, Proteins &
Carbohydrates

| Bacteria| activity & Low temperature chemjcal réactio

]

| 50°C |

I Kerogen

I Diagenesis

High Temperature Reactions I

Petroleum

I Light Oil & Gas

Methane

Pyrobitumen

I Catagenesis

—ﬁ

I Metagenesis I

L
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Wet Gas

Temperature (°C)
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Depth of burial (km)
(@] -~ o ™ <

>

ic gas

lume of hydrocarbons produced

A
g FEnt
VAT

g

P =

; B’iogen
(methane)

Relative vo

o o o o
wn (@) wn
- y—

(Do) @anyesadwa)




‘ Oilfgas window Depth (km)

Temp (°C) ;i:;ti::t?on ::::al::aw
- 1 < 30°C Diagenesis
2 H{60°C [-0.5
90°C
Katagenesis
4 —120°C 1.2 —
150°C -2.0

Metagenesis

HC generation




From organic matter to petroleum

transformation & accumulation
1ton efficiency OM ==> petroleum:
1/10,000,000
primary O

biosphere
- 2.0 %

depasition s S .

and bacterial sedimentary 20 9

decarmposition  rocks d 0.9 %
thermax
decampasition ga:alrated 019
~80 - 160° etroleum
(~80-160"C] F | Epetrc-leum

mgration g reseryoir

Tiszot and Welte, 1984




Controls on total organic matter

* Productivity

» Grain size

* Sedimentation rate
* Oxidation/Reduction



reservation or organic iviatter

e Residence
Type of respiration time of o.m.

Oxygen
consumption

Days-months

Bacterial
sulphate
reduction

Ocean bottorr

Bacterial CO,
reduction

Sedimentation rate U= 0.5 mm yr'

Residence
Type of respiration time of o.m.

g

Oxygen - 0, | Days-months
consumption : s

_Sulphate 1 E
__reduction 800y g

Bacterial CO, T
__ reduction

Sedimentation rate U = 0.5mm yr'

Demaison and Moore, 1980



Marine and lacustrine benthic environments

Suboxic

(@
Bac® to macro Coarse
Sediment Laminated, no bioturbation burrowed | bioturbation
% TOC 31020 1103 005101
cf
H/C of OM 1.6 1.2 0.8

OM type | and Il =1 =1V




O2-depleted environments associated with deposition of OC-
rich sediments

VAN

T agrons Stratified

gasires oonai, . freshwat

Outer shelf deltaic and” wmwa “ Basins of

O-minimum coastal swamps restricted

layer u_nder circulation

upwelling on continental

shelves Silled, deep-

water basins
on continental
slope and rise




Sea level changes

@
= Geological Principal coal Principal prolific
a3 periods resources . _ oll source rocks
2 Rising Falling
(m)+400 +200 0 200
1 1 1 L | 1 1 - - -
) - Indonesia, California, Venezuela, Caucasus
Tertiary e
Morth America, Far East[:25% 1 1
1 Middle East, Canada
100 Cretaceous . _ USA, Mexico, Venezuela, Equator, Columbia
- N. America, CIS, China Middle East, Mexico
Ju ic Morth Sea, Middle East
1 ClS, Asia, Australia Mexico, Siberia, Australia, Central Asia
200 4 —
| Triassic
Permian Gondwana, CIS, China
] ] West Texas, Rocky Mountains
3[]!]- Carbonifer. M. America, Europa
Sahara, Volga-Ural
| Devonian Canada, West Texas
400 4 —
| Silurian i Sahara, West Texas
- Present
| Ordovician sea-
500 . level
| Cambrian X ;/




VoINS SOUTCEROCKS R KESEIUDIFS

World wide stratigraphic distributionof  Stratigraphic distribution of the
major source rocks major reservoir rocks world wide

Period
Quaternary

Plioce ne
Miocene

Oligocene

m
juh ]

Period 10% 20% 30%

Quaternary
Pliacana

Miocene 22.3%
_Olgocene

Upper Tertiary 12.5%

Eocene Eocene

U Cretaceous — Lw Tertiary 2.8%

Aptian-Turonian 29%-

Lower Cretaceous 2.6%
Upper Jurassic 25‘.-“;.-

Paleocene

Cretaceous

Paleocene

Jurassic

MESOZOIC | CENOZOIC
MESOZOIC | CENOZOIC

M Jurassic to U Permlan 1.2 % Triassic
Permian

Penn.-U Permlan B%
M-U Miss. 0.4%

U Devonlan - U Miss. B%

L - M Devonlan 0.3 %
Siurlan 9%

Carboniferous
Devonian

PALEOZOIC
PALEOZOIC

Ordovician
Cambrian

U Proterozoic | U Preterozoic 0.2 % B Gas ey U Proterozoic

bro-Ordovician 1
am viclan 1% .DII

Modified from Umashek and Klemme, 1990
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L
Tyoes of Peiroleurn

Oil and gas are formed by the thermal cracking of
organic compounds buried in fine-grained rocks.

INGEER] Hydrogen rich = Oll-prene

WHEBEE Hydrogen poor = Gas-prone
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Type |
econtaining alginite, amorphous organic matter, cyanobacteria, freshwater
algae, and land plant resins (AMO)

Hydrogen:Carbon ratio > 1.25

*Oxygen:Carbon ratio < 0.15
*Shows great tendency to readily produce liquid hydrocarbons.

It derives principally from lacustrine algae and forms only in anoxic lakes
and several other unusual marine environments

Has few cyclic or aromatic structures

*Formed mainly from proteins and lipids


http://en.wikipedia.org/wiki/Alginite
http://en.wikipedia.org/wiki/Cyanobacteria
http://en.wikipedia.org/wiki/Freshwater
http://en.wikipedia.org/wiki/Algae
http://en.wikipedia.org/wiki/Resin
http://en.wikipedia.org/wiki/Hydrogen
http://en.wikipedia.org/wiki/Carbon
http://en.wikipedia.org/wiki/Oxygen
http://en.wikipedia.org/wiki/Liquid
http://en.wiktionary.org/wiki/lacustrine
http://en.wikipedia.org/wiki/Alga
http://en.wikipedia.org/wiki/Anoxic_sea_water
http://en.wikipedia.org/wiki/Cycloalkane
http://en.wikipedia.org/wiki/Aromatic_hydrocarbon
http://en.wikipedia.org/wiki/Protein
http://en.wikipedia.org/wiki/Lipid




Type I
*Hydrogen:Carbon ratio < 1.25

*Oxygen:Carbon ratio 0.03 to 0.18
*Tend to produce a mix of gas and oil.

*Several types: exinite, cutinite, resinite, and liptinite
eEXinite: formed from the casings of pollen and spores
eCutinite: formed from terrestrial plant cuticle
eResinite: formed from terrestrial plant resins and animal decomposition resins
eLiptinite: formed from terrestrial plant lipids (hydrophobic molecules that are
soluble in organic solvents) and marine algae

They all have great tendencies to produce petroleum and are all formed
from lipids deposited under reducing conditions.

Type lI-Sulfur
Similar to Type Il but high in sulfur


http://en.wikipedia.org/wiki/Exinite
http://en.wikipedia.org/w/index.php?title=Cutinite&action=edit&redlink=1
http://en.wikipedia.org/w/index.php?title=Resinite&action=edit&redlink=1
http://en.wikipedia.org/w/index.php?title=Liptinite&action=edit&redlink=1
http://en.wikipedia.org/wiki/Exinite
http://en.wikipedia.org/wiki/Pollen
http://en.wikipedia.org/wiki/Spore
http://en.wikipedia.org/w/index.php?title=Cutinite&action=edit&redlink=1
http://en.wikipedia.org/wiki/Plant_cuticle
http://en.wikipedia.org/w/index.php?title=Resinite&action=edit&redlink=1
http://en.wikipedia.org/w/index.php?title=Liptinite&action=edit&redlink=1
http://en.wikipedia.org/wiki/Lipid
http://en.wikipedia.org/wiki/Hydrophobic
http://en.wikipedia.org/wiki/Redox
http://en.wikipedia.org/wiki/Sulfur




Type Il
*Hydrogen:Carbon ratio < 1

*Oxygen:Carbon ratio 0.03 to 0.3

*Material is thick, resembling wood or coal.

*Tends to produce coal and gas

*Has very low hydrogen because of the extensive ring and aromatic systems

Kerogen Type lll is formed from terrestrial plant matter that is lacking in lipids or
waxy matter. It forms from cellulose, the carbohydrate polymer that forms the rigid
structure of terrestrial plants, lignin, a non-carbohydrate polymer formed from
phenyl-propane units that binds the strings of cellulose together, and terpenes

and phenolic compounds in the plant.



http://en.wikipedia.org/wiki/Wood
http://en.wikipedia.org/wiki/Coal
http://en.wikipedia.org/wiki/Lipid
http://en.wikipedia.org/wiki/Cellulose
http://en.wikipedia.org/wiki/Carbohydrate
http://en.wikipedia.org/wiki/Polymer
http://en.wikipedia.org/wiki/Lignin
http://en.wikipedia.org/wiki/Terpene
http://en.wikipedia.org/wiki/Phenol
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Modern visualizations of
chlorophyll a Wikipedia (

2014).




Chlorophylla Chlorophyll b R-Carotene Zeaxanthin

HO

H,C H

T
Hac—cf:{: ;
’FH
HE
Hac-c_“:’c i
Hé'c ! CH,
: oR's!
Hac:‘:"'a Haéf“a Ph.ntusy::;haiic = HiC Al —
CH, CH, pigments are .
He A amphipathic Lutein
H,C CH, H,C CH,
Chlorophyll a Chlorophyll b

The principal photosynthetic pigment
Formula is C55H7705N4
Molecular weight of 873

Accessory photosynthetic pigment
Formula is C55H7006N4Mg
Molecular weight of 907



Type IV (residue)
*Hydrogen:Carbon < 0.5

Type IV kerogen contains mostly decomposed organic matter in the form of
polycyclic aromatic hydrocarbons. They have no potential to produce hydrocarbons

From any source

Oxidized, recycled or altered during an earlier thermal event
Inert carbonaceous material

H:C<0.4

No evolutionary path left: no hydrocarbons generated

X X X X X


http://en.wikipedia.org/wiki/Polycyclic_aromatic_hydrocarbon

Kerogen Structures according to Behar et al.




Kerogen can be classified by source material

type name source

I algal kerogen mainly algae

mainly plankton,
Il liptinitic kerogen some contribution
from algae

1] humic mainly higher plants
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Types of Kerogen
and Their Hydrocarbon Potential

- Kerogen | Kerogen e HC
Environment Type e Origin Potential
Alginite Algal bodies
: Structureless debris
Aquatic Amorphous of algal origin
Kerogen Structureless planktonic oil
material, primairly of
= marine origin
Skins of spores and pollen,
Exinite cuticle of leaves and
herbaceous plants
Terrestrial Fibrous and woody plant Gas, "
III Vitrinite | fragments and structureless, |—>°2M< ©!
colloidal humic matter Mainly gas
1V Inerkinite Oxidized, recyc;led woody Nonie
debris




Kerogen Types

Amorphous  Mixed  Structured
Qil Prone Oil & Gas
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Lvng Polymerization Unaltered
organisms i = molecules
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£ retaining carbon skeleton
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§ Geochemical fossils
unaltered organics)
Fulvic acids { ol )
Humic acids
Humin
1 g Release
- 1T — — — — —| Kerogen js=ofirapp
: molecules
Principal zone
of ol i
o
@ Small to medium :
5 hdrocarbons Crude Qil
[ g
i é Heavy
[ ] Cracking hydrocarbons
] {and bitumen)
Zone of Methane and
gas formation ighthydrocarbons | V@t Gas
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w

Modified from Tissot and Wielte, 1984 Perrolews fornation ard occurrence, Springer —Verag, 699 pp.
Surmrnary of the oil formation process




’  Source Rock Processes °
I
Biodegradation

. o .
I
Secondary :
Cracking I
+ [
Sources of Gas Thermogenic :
» Kerogen cracking Gas |
= Bitumen cracking [
» Oil cracking A
I

= Biogenic .
\\ Pyrobitumen lf

Biogenic
Gas

Figure 8. Processes in a
source rack leading to
oil, gas, and carbon-rich
residue (pyrobitumen).
High-maturity shale-gas
systems derive high

gas contents from the in-
digenous generation of
gas from kerogen, bitu-
men, and oil cracking.
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What happens when we subject kerogen
to subsurface conditions?

KEROGEN
~

Shallow subsurface

Normal pressure and temperature
Diagenesis Released: CH,, CO,, H,0O

* Overall decrease in O

* Overall increase in H and C

N

Deeper subsurface

Increased pressure and temperature
Released: oil & gas

» Overall decrease in Hand C

N

Metamorphism
Metagenesis  High temperature and pressure
Only C remains: becomes graphite

N

Catagenesis



Generalized kerogen structures

Oil-generating kerogen

Ajunlew jewJayl Suisealdu|

%+ o oo

Gas-generating kerogen



L
Oll shale

- Oil shale, also known as kerogen shale, is an organic-rich fine-grained
sedimentary rock containing kerogen (a solid mixture of organic
chemical compounds) from which liquid hydrocarbons called shale oil
(not to be confused with tight oil—crude oil occurring naturally in
shales) can be produced. Shale oil is a substitute for conventional
crude oil; however, extracting shale oil from oil shale is more costly
than the production of conventional crude oil both financially and in
terms of its environmental impact. Deposits of oil shale occur around
the world, including major deposits in the United States. Estimates of
global deposits range from 4.8 to 5 trillion barrels (760x109 to
790%x109 m3) of oil in place



- Heating oil shale to a sufficiently high temperature causes the chemical
process of pyrolysis to yield a vapor. Upon cooling the vapor, the liquid
shale oil—an unconventional oil—is separated from combustible oil-shale
gas (the term shale gas can also refer to gas occurring naturally in
shales). Oil shale can also be burned directly in furnaces as a low-grade
fuel for power generation and district heating or used as a raw material in

chemical and construction-materials processing.

- General composition of oil shales constitutes inorganic matrix, bitumens,
and kerogen. Oil shales differ from oil-bearing shales, shale deposits that
contain petroleum (tight oil) that is sometimes produced from drilled wells.
Examples of oil-bearing shales are the Bakken Formation, Pierre Shale,

Niobrara Formation, and Eagle Ford Formation.






PRODUCTION OF GAS, SULPHUROUS SMOKE AND FLAMES BY BURNING KIMMERIDGE OIL SHALE OR BLACKSTONE - BOTH OOMBUSTION AND PYROLYSIS ARE OCCURRING.

Some Klmmefidue oil shale was ignitied artificially on a Kimmeridge beach and in a sight wind. to examine the mode of burning. Mostly this small fire, once established produced inflammable gas, much of
which is burning as detached flames, one or two centimetres or | more away from the source, a strongly heated piece of oil shale. On the left of the little fire the heat is  affecting ("cooking”) the oil shale. There,
gas and foul, unhealthy, sulphurous fumes are being produced but have they mostly not ignited; this is a crude ‘example of pyrolysis. Temperatures in burning Kimmeridge oil shale are likely to be round
about 500 degrees C. When the shale is partially burnt it becomes yellow and when fully burnt it is red. This takes time and does not happen in a small brief fire. lan West © 2013.






il Shale Deposit
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Classification of processing technologies by heating method and location
(according to Alan Burnham)

Heating Method

Internal combustion

Hot recycled solids
(inert or burned shale)

Conduction through a
wall
(various fuels)

Externally generated hot
gas

Reactive fluids

Volumetric heating

Above ground (ex situ)

Gas

combustion, NTU, Kiviter, Fushun, Uni

Underground (in situ)

Occidental Petroleum
MIS, LLNL RISE, Geokinetics

on A, Paraho Direct, Superior Direct

Alberta Taciuk, Galoter, Enefit, Lurqi-

Ruhrgas, TOSCO II, Chevron
STB, LLNL HRS,
Shell Spher, KENTORT II

Pumpherston, Fischer Assay, Oil-
Tech, EcoShale In-
Capsule, Combustion Resources

PetroSIX, Union B, Paraho
Indirect, Superior Indirect, Syntec
(Smith process)

|GT Hytort (high-pressure H,), donor
solvent processes Rendall
ProcessChattanooga fluidized bed

reactor

Horizontal, Rio Blanco

Shell ICP (primary
method), American Shale Oil
CCR, IEP Geothermic Fuel Cell

Chevron
CRUSH, Omnishale, MWE IGE

Shell ICP (some embodiments)

Radio wave, microwave, and
electric current processes



https://en.wikipedia.org/wiki/Gas_Combustion_Retort_Process
https://en.wikipedia.org/wiki/Nevada%E2%80%93Texas%E2%80%93Utah_Retort
https://en.wikipedia.org/wiki/Kiviter_process
https://en.wikipedia.org/wiki/Fushun_process
https://en.wikipedia.org/wiki/Union_process
https://en.wikipedia.org/wiki/Paraho_process
https://en.wikipedia.org/wiki/Superior_multimineral_process
https://en.wikipedia.org/wiki/Occidental_Petroleum#Oil_shale
https://en.wikipedia.org/wiki/LLNL_RISE_process
https://en.wikipedia.org/wiki/Geokinetics
https://en.wikipedia.org/wiki/Rio_Blanco_Oil_Shale_Company
https://en.wikipedia.org/wiki/Alberta_Taciuk_Process
https://en.wikipedia.org/wiki/Galoter_process
https://en.wikipedia.org/wiki/Enefit_process
https://en.wikipedia.org/wiki/Lurgi-Ruhrgas_process
https://en.wikipedia.org/wiki/TOSCO_II_process
https://en.wikipedia.org/wiki/Chevron_STB_process
https://en.wikipedia.org/wiki/LLNL_HRS_process
https://en.wikipedia.org/wiki/Shell_Spher_process
https://en.wikipedia.org/wiki/KENTORT_II
https://en.wikipedia.org/wiki/Pumpherston_retort
https://en.wikipedia.org/wiki/Fischer_Assay
https://en.wikipedia.org/wiki/Ambre_Energy#Oil-Tech_process
https://en.wikipedia.org/wiki/Red_Leaf_Resources#Technology
https://en.wikipedia.org/wiki/Combustion_Resources#Shale_oil_extraction
https://en.wikipedia.org/wiki/Shell_in_situ_conversion_process
https://en.wikipedia.org/wiki/American_Shale_Oil#Operations
https://en.wikipedia.org/wiki/Independent_Energy_Partners#Geothermic_Fuels_Cells_Process
https://en.wikipedia.org/wiki/Petrosix
https://en.wikipedia.org/wiki/Union_process
https://en.wikipedia.org/wiki/Paraho_process
https://en.wikipedia.org/wiki/Superior_multimineral_process
https://en.wikipedia.org/wiki/Chevron_CRUSH
https://en.wikipedia.org/wiki/Omnishale
https://en.wikipedia.org/wiki/Mountain_West_Energy#Technology
https://en.wikipedia.org/wiki/Hytort_process
https://en.wikipedia.org/wiki/Blue_Ensign_Technologies#Rendall_Process
https://en.wikipedia.org/wiki/Chattanooga_Corporation#Chattanooga_Process
https://en.wikipedia.org/wiki/Shell_in_situ_conversion_process
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L
Shale Gas

- Shale gas refers to natural gas that is trapped within shale formations.
Shales are fine-grained sedimentary rocks that can be rich sources of

petroleum and natural gas.

- Over the past decade, the combination of horizontal drilling and

hydraulic fracturing has allowed access to large volumes of shale gas

that were previously uneconomical to produce. The production of
natural gas from shale formations has rejuvenated the natural gas

industry in the United States.


http://geology.com/rocks/shale.shtml
http://geology.com/articles/horizontal-drilling/
http://geology.com/articles/hydraulic-fracturing/
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Migration of Petroleum

1. Geological Framework
2. Short or Long Migration
3.Primary Migration
4.Secondary Migration

e Capillary Pressure

e Buoyancy

e Dissolved Gas effects
5. Tilted Oil-Water contact



Formation of coal
Organic matter derived mostly from land PEAT

plants accumulates in low-energy ahe s ool
environment (like a swamp). s DA,

low energy)
Oxidative decay uses up lots of oxygen,
rendering the sediment pore waters devoid
of oxygen (anoxic).

LIGNITE
(Soft, brown

coal; moderate

Gentle cooking and pressing (lithification)

as a result of increasing burial depth e
remove the pore water and increase

carbon content (due to release of volatile

components of the organic molecules). Bg::'b""i‘:s

coal; major coal

used in power \\
generation and g

Low grade coal (lignite) cooked very little. Joneeaiion arx
High grade coal (anthracite) cooked a lot energy)
(close to being a metamorphic rock).

Lower grade coal tends to contain minerals

such as pyrite, which formed under the ’::::R::;E
reducing (low-oxygen) conditions. Sout aeai

industry;
high energy)

SWAMP ENVIRONMENT
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CARBON and HEATING VALUE HIEI>

<—IIGH MOISTURE CONTENT
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Coal rank o 2 . £ o__|e _E S
-‘é%gémg o 3L |EQPE|66F .
E02|88[Q8 5 SESu|ce Principal uses
EQg| O o8 03 |83S5|>8 ¢
Class Group >5E|> EE ET|0T=E|TS g
Meta-anthracite 2 Space heating
2 . »
iti Anthracite S © i i
Anthracitic : : 250 5 5 & Chemical production
Semianthracite 1.92 14
Low volatile Metallurgical coke production
bituminous 151 22 g § Cement production
Medium volatile Thermal electric power generation
bituminous
112 — 31 |
Bituminous i i
bituminous
0.75 — 32.6 3
High volatile B O]
bituminous i 2
i — 30.2 e
High volatile C 0.75 o)
bituminous
0.50? 8-10 26.8 I - .
Subbituminous A3 Thermal electric power generation
—24.4 Conversion to liquid and gaseous
Subbituminous Subbituminous B o5 - petroleum substitutes
©
— 22.1 0]
Subbituminous C -,
0.42 —19.3 ]
Lignite A L35 Thermal electric power generation
Lignitic 14.7 Char production
Lignite B Space heating
— 75
Peat

1) dmmf - Dry, mineral matter free
2) Non-agglomerating; if agglomerating, classified as low volatile bituminous

3) If agglomerating, classified as high volatile C bituminous

Figure 33.1 Classification of coals by rank and indices of organic maturity. The chart is a composite modified from ASTM (1981), Teichmiiller and Teichmiiller (in Stach et al.,

1982), Dow (1977) and Cameron (1989).
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Pyrolysis

Dry pyrolysis is carried out using dry samples of carbonate
free rock or kerogen. Samples are made carbonate free by
prolonged treatment of samples with dilute hydrochloric
acid and then thoroughly water washed and dried. The
most commonly used dry pyrolysis instrument is Rock-Eval
pyrolyser, introduced by IFP sponsored Vincii Laboratory,
France. This instrument pyrolyses the sample in nitrogen or
helium environment using desired programmed heating
conditions. This programmed heating condition is a facility
to simulate heating as per thermal history of the basin. This
Instrument is fitted with a flame ionization detector (FID) to
detect the released hydrocarbons.




Schematic diagram of a
Rock-Eval Pyrolyzer

Hydrocarbon S1&S;
Detector (FID)

Programmps
Heating

2d

/e

O o ©O

Rock
ample

0 co,
° CO, Detector
Trap

(Figure adapted from ‘Geochemistry
In Petroleum Exploration’

by D. W. Waples (1985
He Supply y aples ( )



The instrument is heated at 300°C before any sample is
introduced. When the sample is introduced at 300°C, it is
believed all the available bitumen in the rock is released
as S; (P,) peak. The instrument is then heated as per
program till 650°C (RK-Eval 2). The hydrocarbons
generated by cracking in this process is recorded as S,
(P,) peak. The instrument also holds a CO, trap. This trap
accumulates all the CO,, generated from beginning to end
and releases as S;.




Intensity

300°C 650°C

Time / Temperature
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TOC (Wt.%) S1 (mg HC/g Rock) S2 (mg HC/g Rock)

Poor 0-0.5 0-0.5
Fair 0.5-1 0.5-1
Goot 12 12
Very Good 2-4 2-4
Excellent >4 >4
Quality HI (mg HC/g TOC) S2/S3
None <50 <1
Gas 50-200 15 | oom
Gas and Ol 200-300 5-10
Qil 300-600 10-15 I
il >600 >15 N
Maturation Ro (%) Tmax (°C) TAI
Immature 0.2-0.6 <435 . 1526 |
E;‘” 0.6-0.65 435-445 _
Mature Pia 0.65-0.9 445-450 _
Late 0.9-1.35 450-470 | 2933 |
Postmature >1.35 >470
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Pyrolysis

FID detector

300°C

650/800°C
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Evaluation of Geochemical Parameters

GENERATING TOC S1 S2
POTENTIAL (wt%) mg HC/g rock mg HC/g rock
Poor 0.0-0.5 0.0-0.5 0.0-25
Fair 0.5-1.0 05-1.0 25-5.0
Good 1.0-2.0 1.0-2.0 5.0-10
Very good >2.0 >2.0 >10
TYPE HI S2/83

Gas 0-150 0-3

Gas and oil 150 - 300 3-5

0il >300 >5

MATURATION TR Tmax Ro
Top of oil window ~0.1 ~435 - 445 ~0.6
Bottom of oil window ~0.4 ~470 ~1.4

Peters, 1986
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HYDROUS PYROLYSIS -

THEORY
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EXPELLED BITUMEN HYDROUS PYROLYSIS

SATURATES
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ARRHENIUS EQUATION

k - Ae -E/RT

k - reaction rate constant
T - absolute temperature
R - gas constant

E - activation energy

A - frequency factor

A-B->C-D

A - kerogen

B - bitumen

C - immiscible oil
D - gases

B = C rate constant = k
() ke
In(z=) =K
In[trx0] = kt

Ce=(1-X)
X - fraction of maximum
immiscible oil genrated
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0 100 200 300 400 500 600 700 800
Time (h)

Ln[1/(1 - X)] VERSUS TIME FOR THE IMMISCIBLE OILS
GENERATED BY HYDROUS PYROLYSIS
X = fraction of maximum immiscible oil generation (after Ruble et al., 2001)
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i In(k) = -34587.32 (1/T) + 51.290 -
G correlation coefficient = 0.9804 .
A _
1 E, = 68.725 kcal/mole
A, =1.6505 x 1032 my1 ]
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ARRHENIUS PLOT OF THE Ln(k) VERSUS 1/TEMPERATURE
Kk — rate constant, E, — activation energy, A, — frequency factor
(after Ruble et al., 2001)
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OLIGOCENE | MIOCENE [Pl Fm

Hydrous Pyrolysis Kinetic Model

OLIGOCENE MIOCENE [mh] Fm

Rock-Eval Kinetic Model

Depth (m)

BURIAL HISTORY CURVES AND KINETIC MODELS FOR SHELL 1-11-B4 BROTHERSON
WELL. (a) — hydrous pyrolysis and (b) — Rock-Eval pyrolysis (after Ruble et al., 2001)
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(after Lewan & Ruble, 2002)
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Source Material

Non-Biogenic Origins

Biogenic (Kerogen Types)
Type | — Algal (oil prone) sapropelic
Type Il — Mixed
Type lll = Woody (gas prone) humic
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Woodford Shale (Oklahoma)
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Coals and Coaly Shales
San Juan Basin (New Mexico)



GAS CHROMATOGRAPHS FROM A-1 OWEN BANK

Source rock kerogen can
A. A-1 Owen Bank be correlated to oil/gas
10,850-11,000’ (M. Jurassic) hydrocarbon show fOU nd |n Car” er bedS

and reservoirs
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Composition of crude oll



D
Crude Ol

methane |
transportation fuels [ |

petroleum (crude oil) .
residual oils E
shale oil e

biomass &
coal liquids E .o

coal | _

C/H atomic ratio

Figure 2.11 C/H atomic ratios of hydrocarbon sources and some products.

»Crude oil is a non-uniform material. The composition depends on its location.

»The proportion of hydrocarbons in the mixture is highly variable and
ranges from as much as 97% by weight in the lighter oils to as little as 50%
in the heavier oils and bitumens.



The hydrocarbons in crude oil are mostly alkanes, cycloalkanes and
various aromatic hydrocarbons while the other organic compounds
contain nitrogen, oxygen and sulfur, and trace amounts of metals such as
iron, nickel, copper and vanadium.

Composition by weight

Element Percent range

Two advantage of hydrocarbons
1. Hydrocarbons contain a lot of
Hydrogen | 10 to 14% enerqgy.

2. Hydrocarbons can take on
many different forms.

Carbon 83 to 87%

Nitrogen | 0.1 to 2%

Oxygen | 0.1to1.5%

Sulfur 0.5 to 6%

Metals less than 1000 ppm




Paraffins

- general formula: CnH2n+2 (n is a whole number,
usually from 1 to 20)

- straight- or branched-chain molecules

- can be gasses or liquids at room temperature depending
upon the molecule

- Compounds with the same formula but different structures
are called isomers.

- Straight-chain paraffins are “normal,” while branched
paraffins with the same chemical formula are called “iso.”

- examples: methane, ethane, propane, butane, isobutane,
pentane, hexane



Isomers of selected light paraffins
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Name Formula Boiling Point (°F) Boiling Point (°C)
Methane CH: -259.9 -162.2
Ethane C-Hs -127.4 -88.6
Propane Ci;Hpg -43.7 -42.1
n-Butane C4Hyp 31.7 -0.1
Isobutane CsHip 11.9 -11.2
n-Pentane CsHyn 06.9 36.1
Isopentane CsHypy 82.3 28.0
Neopentane CsHypy 49.0 .5
n-Octane CgHyg 258.0 125.6

Isooctane CgHig 210.7 90,3




- The melting points of paraffin isomers also can differ
significantly.
- long-chain n-paraffins melt at relatively high

temperatures, while their branched-chain isomers melt
at lower temperatures.

- This explains their different behaviours as lubricants.
Long-chain normal paraffins are waxy, so as lubricants
they are terrible. Conversely, iso-paraffins with the
same number of carbons are excellent lube base

stocks.
Name Formula Melting Point (°F) Melting Point (°C)
Hexadecane C15Hza 64.1 17.9
5-Methylpentadecane C15Hza -20.5 -34.2

7.8-Dimethyltetradecane C15Hza -123.1 -86.2




Aromatics

- general formula: C6H5 - Y (Y is a longer, straight molecule that
connects to the benzene ring)

- For aromatics with one six-carbon ring, the general formula is
CnH2n-6

- ringed structures with one or more rings

- rings contain six carbon atoms, with alternating double and single
bonds between the carbons

- typically liquids

- Compared to paraffins and naphthenes with the same carbon
number, aromatics are denser and have higher octane Numbers.

- examples: benzene, napthalene




Heavier crude contains more polycyclic aromatics Lead to carboneceous
deposits called “coke”

Phenanthrene

s
)
a

1,2-Benzanthracene OOOO

Pyrene I 3,4-Benzopyrene ‘ O

-
L/

Chrysene

)

Figure 2.13 Examples of polycyclic, polynuclear aromatics in crude oil.




Napthenes or Cycloalkanes

- general formula: CnH2n (n is a whole number usually
from 1 to 20)

- ringed structures with one or more rings

- rings contain only single bonds between the carbon
atoms

- typically liquids at room temperature

- examples: cyclohexane, methyl cyclopentane and Other
hydrocarbons



CH,
CH5CHoCHyCH4
O CH,

Y-methylphenanthrene

n-butylbenzene 1-methylnaphthalene

CH,
CH5 P CH4 :

propylcyclohexane 1-methyl-9, 10-dihydroanthracene pyreng



L
Olefins (Alkenes)

-general formula: CnH2n (n is a whole number,
usually from 1 to 20)

- linear or branched chain molecules containing one
carbon carbon double-bond

- can be liquid or gas

- Due to their high reactivity, olefins are not common in
natural crude oll.

- refineries they are generated by several “cracking”
processes

- examples: ethylene, butene, isobutene
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L
Dienes and Alkynes

- Alkenes contain carbon-carbon double bonds. Alkynes contain carbon-
carbon triple bonds. Dienes contain more than one carbon-carbon double
bond. Alkenes, alkynes, and dienes are less dense than water, are
nonpolar, and have boiling points and melting points similar to alkanes.

- general formula: CnH2n-2 (n is a whole number, usually from 1 to 20)

- linear or branched chain molecules containing two carbon carbon double-
bonds

- can be liquid or gas

- examples: acetylene, butadienes



Alkkanes Aromatics
Normali CH3-CH,-R
= |
Branched CH3~CH2-?H-H Alkylbenzenes ~-R
CH, x

R
Cycloalkanes (Naphthenes) Aromatic-cycloalkanes @/
R
Alkylcyclopentanes >
Fluorenes 1R
x
Alkylcyclohexanes
X
Binuclear aromatics —R
Bicycloalkanes O:j =

QR

Figure 2.12  Examples of alkanes, cycloalkanes and aromatics present in crude oil.



Sulfur component

- hydrogen sulfide, sulfides, disulfides, elemental sulfur

- Each crude oil has different amounts and types of sulfur compounds,
but as a rule the proportion, stability, and complexity of the

compounds are greater in heavier crude-olil fractions.

- Hydrogen sulfide is a primary contributor to corrosion in refinery

processing units.

- Other corrosive substances are elemental sulfur and mercaptans.

Moreover, the corrosive sulfur compounds have an obnoxious odor.



- The combustion of petroleum products containing sulfur
compounds produces undesirables such as sulfuric acid and

sulfur dioxide.

- Catalytic hydrotreating processes such as hydrodesulfurization

remove sulfur compounds from refinery product streams.

- Sweetening processes either remove the obnoxious sulfur
compounds or convert them to odorless disulfides, as in the

case of mercaptans.



Some crudes contain a lot of sulfur, which leads to processing considerations.

Hydrogen sulfide

Mercaptans
Aliphatic

Aromatic

Sulfides
Aliphatic

Cyclic
Disulfides

Aliphatic

Aromatic

H,S
R-SH
©/SH
R-S-R
)
CHz'CHz'R

R-S-S-R

©/S-S-R

Thiophenes
S

Thiophene ” “

S
Benzothiophene [—\©
S
Dibenzothiophene Cl |

S
Substituted Z >--— R
Dibenzothiophenes \\ P
R

Figure 2.14 The most important sulfur-containing hydrocarbons in crude oil.




Nitrogen

-less than 1% (basic compounds with amine groups)
- Nitrogen oxides can form in process furnaces.

- The decomposition of nitrogen compounds in catalytic cracking
and hydrocracking processes forms ammonia and cyanides

that can cause corrosion.



L
Oxygen

»less than 1% (found in organic compounds such as

carbon dioxide, phenols, ketones, carboxylic acids)

»occur in crude oils in varying amounts.
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Metals

- less than 1% (nickel, iron, vanadium, copper, arsenic)

- often found in crude oils in small quantities and are removed

during the refining process.

-Burning heavy fuel oils in refinery furnaces and boilers can
leave deposits of vanadium oxide and nickel oxide in furnace

boxes, ducts, and tubes.

It I1Is also desirable to remove trace amounts of arsenic,
vanadium, and nickel prior to processing as they can poison

certain catalysts.



L
Salts

- less than 1% (sodium chloride, magnesium chloride, calcium chloride.
- Crude oils often contain inorganic salts such as sodium

- chloride, magnesium chloride, and calcium chloride in suspension or dissolved in

entrained water (brine).

- These salts must be removed or neutralized before processing to prevent catalyst

poisoning, equipment corrosion, and fouling.

- Salt corrosion is caused by the hydrolysis of some metal chlorides to hydrogen
chloride (HCI) and the subsequent formation of hydrochloric acid when crude is

heated.

- Hydrogen chloride may also combine with ammonia to form ammonium chloride

(NH4CI), which causes fouling and corrosion.



Carbon Dioxide

- Carbon dioxide may result from the decomposition of
bicarbonates present in or added to crude



* Volcanic
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L
Product From Crude Qll

- Petroleum gas

- Gasoline

-Naphtha or Ligroin

- Kerosene

- Gas oll or Diesel distillate
- Lubricating oil

-Heavy gas or Fuel ol

- Residuals



Petroleum gas

- Petroleum gas - used for heating, cooking, making plastics
-small alkanes (1 to 4 carbon atoms)

- Commonly known by the names methane, ethane, propane,
butane

-Boiling range < 90 degrees Fahrenheit / < 27 degrees
Celsius

-Often liquified under pressure to create LPG (liquified
petroleum gas)



Gasoline

- Gasoline - motor fuel

- liquid

- Mix of alkanes and cycloalkanes (5 to 7 carbon
atoms)

- Boiling range = 90-220 degrees Fahrenheit / 27-93
degrees Celsius



Naphtha or Ligroin

- Intermediate that will be further processed to make gasoline
- Mix of 6 to 10 carbon atom alkanes

- Boiling range = 220-315 degrees fahrenheit / 93-177 degrees
Celsius



Kerosene

- Fuel for engines and tractors

- Starting material for making other products

- liquid

- Mix of alkanes (10 to 15 carbons) and aromatics

- Boiling range = 315-450 degrees Fahrenheit / 177-
293 degrees Celsius



Gas olil or Diesel distillate

- Used for diesel fuel and heating oll;

- Starting material for making other products
- liquid

- Alkanes containing 13-18 carbon atoms

- Boiling range = 450-650 degrees Fahrenheit / 293-315
degrees Celsius



Lubricating oll

- Used for motor oll, grease, other lubricants

- liquid

-Long chain (20 to 50 carbon atoms) alkanes, cycloalkanes,
aromatics

-Boiling range = 572 to 700 degrees Fahrenheit / 300 to 370
degrees Celsius



Heavy gas or Fuel oll

- used for industrial fuel; starting material for making other
products

- Liquid

-Long chain (16 to 40 carbon atoms) alkanes, cycloalkanes,
Aromatics

- Boiling range = 650-800 degrees Fahrenheit / 315-565
degrees Celsius



L
Residuals

- Coke, asphalt, tar, waxes; starting material for making other
products

- Solid
- Multiple-ringed compounds with 40 or more carbon atoms

- Boiling range = greater than 800 degrees Fahrenheit / 565
degrees Celsius



e

_Ei_‘.r:'_l'tqe'__ _h Bt ation S ——
ﬂ.'_'."l'-]"['.L..L[.'.I._."::l.-.llll_ '-__'.'q_:'_.l__-I-:J_J_-J_







PRINCIPLES of

Chromatography



Chromatography is a branch of
Analytical chemistry that is based on
separation of moving sample
components on a separating media.

Logically Chromatography Is a perfect Analytical
procedure, in the view that Separation and
Measurement is done In two individual phase of
process and can be done independently.

In view that components first separated and then
measured, chromatography is a distinct analytical
procedure that eliminate interferences before measurement
phase.



Chromatography is a chemical
analysis procedure that sample is
dissolved in a fluid (carrier) and
passes on a sfationary phase
(separating media), because of
different speeds ,components of
sample separates from each other and
at the end of stationary path they pass
trough a detector that due to one
common property it detects and
records them.



Chromatography




Adsorption Chromatography

Solute dissolved in

liquid phase coated

. on surface of solid
® support




Partition Chromatography

. . . Solute particle

Maobile phase

Inert solid

Stationary phase

Each solute partitions itself between the stationary phase and the mobile phase



lon Exchange Chromatography

lon exchange chromatography (anion

exchange)
lon-exchange chromatography
(anion exchange)
uxémué;a
g Yo% g o0 O 0 0
S | & B8 B %
Q & 9 @9 g Q @
b 9 l - © o
@ - o ©-
T Flow of solution Gv@
Binding of negatively

charged amino aclds
Immobilized to Immobilized cation Separation of negatively
cation surfaces surface charged amino acids



Permeation Chromatography

A: Sample
loaded onto
column
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Gas Chromatography

IS a type of chromatography that carrier is a inert gas,
separating medium is a liquid coated on a solid
support, some kind of solid adsorbent or porous solid
acting as a sieve. Separating media is filled on a
metallic or glass tube and carrier gas with sample
dissolving on it passes through this tube and at the
end of tube enters detector. Detector produces
separate signals for each component entering it. Signal
IS processed digitally and recorded.

The time component enters detector and the signal
area (amount) is used for qualitative and quantitative

analysis.
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Scheme of a Universal GC
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Special High Temperature
Polyimide Coating

Fused Sihca

Stationary Phase with
Engineered Self Cross-linking™
(ESC) Technology






The Separation Proccess
in Gas Chromatography

Mechanisms: Flow — Diffusion Proccess
(physics and flow dynamics)

Separation based on:

1-adsorption: gas - solid chromatography
(GSC)

2-distribution: gas - liguid chromatography
(GLC)

3-size exclusion (Molsieves)



The Separation Process

Mechanism Mobile phase
- (carrier gas)
& &. e .. g
0 g o A b
.ﬂ.ﬁ Ap 09 @®
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Stationary phase

/ (liquid) ;|




Separation of the components alongside
of the column due to difference in speed

Mobile phase
- > i s >
- > > — —»
> » » +>
> [ >
> = 1 ® > =
. //;:///
@
/ A A‘
Initial location of Stationary sample solvent

Later location of

sample mixture .
mixture components



The

Separ ation flow 3 a9 Stationary phase |
80 mobile phase (

Process 2 )
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Separation between components
in chromatography

Based on:
1-Retention:

Retention of components (k factor)

2-Selectivity.
Selectivity of the column (a factor)

3-Efficiency:

Efficiency of the column (platenumber N)
Dependent on the gas speed



Linear Velocity u and Retention

L retained

unretained

injection

' L s




Retention in Chromatography

The dead time of the column :f,ort,
(= elution time of the carrier gas)

The total retention time : i

The net retention time o



1 S
Retention 0
Factor

Relation retention time
stat./mob. fase /“t

No dimension k =
Parameters: 1 A
2

- Interaction between :
component/stat.phase : A
/ mobile phase

- Temperature
- Film thickness




Equilibrium constant K

K= concentration component in stationary phase
concentration component in mobile phase

Concentration is the amount per volume unit, or:

K = amount component / volume stationary phase Vs
amount component / volume mobile phase Vg

The equilibrium constant K is temperature dependent!

Vg / Vs is called the phase ratio
SO:

K= kxp




2

Selectivity factor o

Retention ratio between
two peaks.

No dimension
Parameters:

- Interaction between
stat.phase/mob.phase

- Temperature

- Type of Stationary
Phase

I
B 75 time {min}

ﬂl IIl?a::t1|2=2,2
-
A /\k J 5\'\5 -




S
Peak Width and Plate Height H

Plate Height H=L /N [mm] 1

signal

R
e




3. Efficiency




Similarity between column N
chromatography and Liquid-

Liquid Separation

Each Theoretical plate in
column acts like a single

PN

stage of a multi-stage liquid-

liquid phase extraction. Wates
]

As the plates in a column
Increases, separation
Increases.

As the stages increases, the e
separation get more

completeness. I
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The chromatographic system

Main components:
Gas supply
Injection system
Column oven
Analytical column
Detection system
Data system
Printer / recorder



Scheme of a universal GC
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Column Installation according
to ASTM E-1510

clean injector/ detector sleeves (if necessary)
replace septum

inspect column for e.g damage

install nuts and sized ferrules

cut a few cm from each end

mount and connect the column properly to the injector
set column flow, split flow, septum purge; confirm
connect the column properly to the detector
check for leaks

set temperatures

check system integrity by non-retained compound
condition the system

check



Carrier Gas System

Important features:
e viscosity

e purity

e Detector type

e safety

e price



0,75 _

0,50 _

0,25 _




Carrier Gas Quality

Gas quality Impurities (vpm) " Price 2
code purity % H,O O, CxH,
Helium 4.6 > 99.996 <5 <5 ? 100
Helium 5.0 >99.999 <2 <2 <0.5 185
Helium 6.0 > 99.9999 <0.5 <0.3 <01 694
1) specificaties }iosk Loos
2) 20 irer 2000dr. 121288
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Oxidation of Stationary Phase

new DMP

After 1
DMA week

DMP
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Gas filters

Carrier gases (H,, He, N, Ar)

Inlet —— Moisture filter —— Oxygen filter ——=Injector

FID-gases

Inlet H, — Charcoal filter — Detector

Inlet air —— Charcoal filter —— Detector




Types of Stationary Phases

e Solid stationary phase (GSC):

- Separation based on adsorption at a
solid active surface

e Liquid stationary phase (GLC):

- Separation based on solubility in a
liquid stationary phase



Gas Liquid Chromatography GL.C

r O \.‘ licuicl
] (stationary phase)

SUppor

Gas Solid Chromatography

o gas
O —
N o

solid
(stationary phase)




L
Criteria for stationary phases

¢ Solubility for sample components
¢ Different partition coefficients

e Chemically inert (ultra pure)

¢ Thermostable

e Low vapour pressure (polymer)



Choise of the stationary phase

e retention

- Components must be hold up by the
stationary phase

e selectivity

- Components must be retained differently

e efficiency

- Narrow peaks to avoid peak overlap



The detector




L
Features of a Detector

» universal/ selective

» sensitive

* accurate

» Reproducible/ reliable
» Fast

* Low dead volume

- Easy to use



Baseline Effects

SPIKES

WANDER

NOISE

DRIFT




Detection of small quantities

Ha{:x N
N
fﬁ /
0 I?I N
CH,

580pg

Limit of Quantitation (LOQ) = 10x nc_u;'sﬁe

— Lowest amount to be quantified<
o

Limit of Identification: (LOI) = 6x noise
» Lowest amount to be identified 95pg

Limit of Detection (LOD) = 3x noise
— Lowest amount to be detected 1900 em? 1500




Calibration curve /
Linearity of a detector

Callbrationcurve signa

linear dynamic range

r , [ amount

response = signal / amount




Linearity of different detectors

| FID 107 |
ITCD 104I
| ECD 1U4I
| FPD 108 |
| NPD 15 |
| | [ | |
10715 1012 1079 1076 103 gram
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Mass Spectrometry

Mass Spectroscopy: A Historical Perspective

First MS
Thomson SIMS
Arnot Sl
ﬂ IS M'Iﬁ Dole et al.
i "

Magnetic w

Focusing

Dempster

Quads ¢
. - Munson FD-MS
Paul et al.
. et & Field m“
Stephens ICR Becky icp
Double Hipple et al. Fassel et al.
-focus
| _—
erzog
e ke ; IL o - AN
1897 1918 1922 1946 1948 2002
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FTICR Biomolecules

Triple Quad Lonbiarsw Fenn et al.
GC/MS Yost & Enke & Marshall
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The Basics of Mass Spectroscopy

B Purpose

Mass spectrometers use the difference in mass-to-charge ratio (m/z) of ionized atoms or molecules to separate them.
Therefore, mass spectroscopy allows quantitation of atoms or molecules and provides structural information by the
identification of distinctive fragmentation patterns.

The general operation of a mass spectrometer is:

1. create gas-phase ions

2. separate the ions in space or time based on their mass-to-charge ratio
3. measure the quantity of ions of each mass-to-charge ratio

lonization sources

B Instrumentation Chemical lonisation (CI)
Atmospheric Pressure Cl (APCI)

T T Tt TTTTT T TTTTT T TTTTT T TTTTTTT T oI T T 1 Electron Impact (El)

Electrospray lonization (ESI)
IONIZATION SORDNG DETECTION Fast Atom Bombardment (FAE)
1 Field Desorption/Field lonisation (FDVFI)
Matrix Assisted Laser Desorption
lonisation (MALDI)
Thermospray lonisation (T1)

gaseous
ion source analyzer fransducer

Y
=
B

Y

Analyzers

quadrupoles
Time-of-Flight (TOF)
magnetic sectors

Fourier transform

and quadrupole ion fraps

Detectors

electron multiplier
Faraday cup




lonization Sources: Classical Methods

B Electron Impact lonization

A beam of electrons passes through a gas-phase sample and collides with neutral analyte molcules (M) to produce
a positively charged ion or a fragment ion. Generally electrons with energies of 70 ev are used.

This method is applicable to all volatile compounds ( =1 0® Da) and gives reproducible mass spectra with
fragmentation to provide structural information.

B Chemical Impact lonization
reagent gas (E)  molecularion  reactive reagent ion

lonization bergins when a reagent gas (R) is ionized by

electron impact and then subsequently reacts with analyte Ha Ha Hs*
malecules (M) to produce analyte ions. CaHyp CaHypte C4H, .t
HH3 HH3+' T NH4
This method gives molecular weight information and reduced CHZOH CHZOH %PHE"
fragmentation in comparison to EI. NO NO
lonization E
4 +-
Electron , | ——M8 = M= ——>= M At B eic E
lonization - Step 1 Step 2 B < w
- | | I 1
El spsctrum mir
Chemical , R lonization Fi+' - . LY
lonization Step 1 Step 2 5
M 2
—— MH*+R B | . |
Step 3
Cl gpactrum mir




lonization by Particle Bombardment

B The Theory

The analyte is in a liguid matrix (with low volatility) and is bombarded with high current of bombarding particles.
The primary partile beam is the bombarding particle beam, while the secondary ions are the ions produced from
bombarment of the liquid target surface.

This is a soft ionization technigue and suited for the analysis of low volatility species, typically producing large
peaks for the pseudo-molecular ion species [M+H]+ and [M-H]-, along with structurally significant fragment ions
and some higher mass cluster ions and dimers

Fast Atom Bombardment (FAB) : neufral inert

gas {typically Ar or Xe at energies of 4-10 KeV) are M+ AT — M A
accelerated by electric potential to give high- Mo+ A —- M+ AT
velocity beam of ions. lonization of a qautral Mo+ A M e A
molecule occurs by close encounter with a fast "

moving atom or ion. M{H) + M —— M{-H) + MH*

Secondary lon Mass Spectroscopy (SIMS) : ions

itypically Cs* at energies of 2 - 30KeV) are focused O Lﬁﬁ:ll:;'ﬂl-ﬂ"

and accelerated to higher KE's than is possible in
FAB, so sensitivity is improved for higher masses.

protonated molecular

solvent ions ()
gycarol 93
thiogyceral 109
J-nitrebanzyl alcohol 154
rroctyl-3-nitraphenyl ather 252
tristhanolamine 150
diegthanalarmine 106

potyehtylena glycol (mixturas) =a=




Field lonization (Fl) versus Field Desorption (FD)

B The Theory

A high electric voltage (potential) that gives rise to lines of equipotential result in an electric field crowd around the
needle tip. The electric field is most intense at the surface (point) of the tip and is where ionization occurs.

Fl : sample is heated
in avacuum so as to
volatilize it onto an
ionization surface. Fl is
suited for use with
volatile, thermally

equipotsntal lines

of the electric fisld _

FD : the sample is
placed directly onto
the surface (dipping
emitter in an analyte
o mass solution) before
analyzsr ionization but FD is

stable compounds. needed for non-
Fl sources are volatile andfor
arranged to function thermally labile
also as FD sources : M substances.
itve tip ion repelled negative
towards coumiBer
slsctrods slocnods . elactiods
— 181
i 100 z 100
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183
A = 40
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Soft lonization Methods

B Electrospray lonization (ESI)

A solution is nebulized under atmospheric pressure and exposed to a high electrical fisld which creates a charge on the surface
of the droplet. Droplets rapidly become much smaller through vaporization of solvent and into an analyzer.

By producing multiply charged ions,electrospray is extremely useful for accurate mass measurement,particularly for thermally
labile, high molecular mass substances (ie. proteins, oligonucleotides, synthetic polymers, etc.)

B Matrix-Assisted Laser Desorption/lonization (MALDI)

Laser evaporation from a crystallized sample/matrix mixture. The matrix material must have an which has an
absorption spectrum that matches the laser wavelength of energy.

Matrix acts as a receptical for the laser energy and facilitaes ionization while minimizing ablation of the
sample and analyte ion that would otherwise occur from direct laser desorption.

More tolerant of salts and complex mixture analysis than ESI

resghuchion
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Comparing lonization Methods

ionization type of sample mass method
method ion formed analytes intro limits type
El M*, W small volatiles GC, liquid or 103 hard method
solid probe structural info
Cl [M +H])", [M + X+ amall volatiles GC, liquid or 103 soft method
solid probe
APCI [M+HIF, M+ X]*,  small volatiles LC ar syringe 2103 soft method
[M—H]" (less polar species)
FIFD [M +H]", [M + X Fl: volatiles G, liquid or 2x10° soft method
FD: nonvolatiles solid probe
solid probe
ES [M + nH]™, peptides, proteins  LC or syringe 2x10° soft method
[M — nX]™ nonvolatile multiply charged ions
FAB [M+H]*, [M-H] carbohydrates in viscous Ex103 soft but harder
organometallics rmatrix than ESl or MALDI
peptides, nonvolatile
MALDI [M +H]*, [M + X]* peptides, proteins in solid Bx10° soft

nucleotides

matrix




The Classic: Magnetic Sector Mass Analyzer

path of
lwm‘_ng lighter ions

M Features B lon Trajectory
High resolution lons from the ion source are accelerated to high
High sensitivity velocity though a magnetic sector, in which a
High dynamic range ; magnetic field is applied perpendicular to the
High-energy CID MS/MS spectra are very reproducible direction of ion motion.
Not well-suited for pulsed ionization methods (e.g. MALDI)
Usually larger and higher cost than other mass analyzers lon velocity then becomes constant but in a circular

path at angles of180, 90, or 60°.

lons are sorted mass to charge
ratio by holding V and r constant
while varying B

4 |5
¥
~n




Time-of-Flight Mass Analyzer

B Features
Advantages: simplicity, ruggedness, ease of accessibilty to ion source, unlimited mass range and rapid data aquisition.
Disadvantages: Data aquisition must be fast, variations of in ion velocities can create peak broadening which can limit

resolution
_.g laser
sampl g
= p
E -
va Vo ¥y
my  m; my
Q o & — -~
driff region -
T
B lon Trajectory m my my

lons are generated from electron, secondary ions, or laser generated photons

lons are accelerated by an electronic field with equal E into a field-free drift tube ( L = 1m). lons have different velocities
due to differences in mass. Typical flight times are 1-30 ps.




Quadrapole Mass Analyzers

W Features

Most common system due to low scan
times (100 ms), compact design, less
expensive than other analyzers

W lon Trajectory

Four parallel rods are the electrodes
where are the positive and negative
terminals of a dc source. Variable radio-
frequency ac potentials (180 °) out-of-
phase are applied to each pair of
electrodes.

lons are accelerated between the rods
and must keep a stable trajectory in the
xz plane (high pass-mass filter) and the
vz plane (low-pass mass filter to get to
the detector.

lons that differ in one mass unit can be
resolved by adjusting the center of the
band by modulating the ac/dc potentials.

high-pass mass filter law-pass mass filter narraw-band filier

Traismission
Transmiission
Transmission

Masy —» Mast —- Must —»



Fourier Transform lon Cyclotron Resonance (FT-ICR) Mass Analyzer

W Utility

Most complex method of mass analysis but most sensitive of the technigques in common use today. Almost unlimited mass
resalution, >108 is routinely observable with resolutions in the 10* to 10° range.

B lon Trajectory

lons drift into a spatially uniform static magnetic field of strength, B, that causes the motion to become circular in a plane
perpendicular to the direction of the magnetic field. Within this ion-trap, the angular frequency (w,)is inversely proportional to
the m/fz value.

~ B or m __B

r = Tam z 2pw

F=zvxB W, =

The presence of ions between a pair of detector electrodes (in the frapping cell) will not actually produce any measurable signal.
It is necessary to excite the ions of a given m/fz as a coherent package to a larger orbital radius, by applying an RF sweep of a
few milliseconds across the cell. One frequency will excite one particular (Fourier transformation allows for all frequencies to

measure simultaneously).

Measurement of the angular frequency leads to values for m/z and thus to the mass spectrum. Because frequency can be
measured more accurately than any other physical property, the technigue has a very high mass resoclution.

detector plate

collector
A plate

s _ Aol [ ’
/ frapping plafe

= N
— s
.. Rl B
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fransmitter
plate

—

= Excitation

plate
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Transducers for Mass Spectroscopy: Detectors

B Electron Multipliers

An incident ion beam causes two & to be emitted
from the first dynode. These electrons are
accelerated to the second dynode where each
causes two more electrons (four in all) to be gjected.
These in turn are accelerated to a third dynode and
50 on, eventually reaching, say, a tenth dynode by
which fime the initial two electrons have become a
shower of 29 75

emitied slbctons
capiursd by"cup®

Scintillator ('Daly' detector)

A fastion causes electrons to be emitted and these are
accelerated towards a second “dynode’. In this case, the
dynode consists of a substance (a scintillator) which emits
photons (light). The emitted light is detected Dy a
photomultiplier and is converted into an electric current.
Since photon multipliers are very sensitive, high gain
amplification of the arrival of a single ion is achieved.
These detectors are also important in studies on
metastable ions.

3rd dyrode

# 2nd dyncds dth dyncds

B Faraday Cup

lons travelling at high speed strike the inside of the
metal (Faraday) cup and cause secondary & o be
gjected. This production of electrons consiitutes a
temporary flow of electric current undil the electrons
have been recaptured. The Faraday cup detector is
simple and robust and is used in situations in which
high sensitivity is not required.

inkial ion beam \

R
>

sacondary alctans

seirii katar

aminzd protors

photon multipier



MS/MS : Hybrid Mass Spectroscopy
IONIZATION & FRAGMENTATION
S— Advantages of using Tandem Mass Spectroscopy:
analysis 141 Allows for more powerful
Structure elucidation
1249 . .
1 Selective detection of a target compound
Q!
H B Greatly reduce interferences
Q!
i i I from MS #1 Study of ion-molecule reactions
L mfy —==
to collision cell | |
[
il

Concepiual representation of M5MS
In this case ions of m/z 129 is selected
DECOMPOSITION by the first MS and these ions are

[

directed into a collision chamber and
analyzed by a second MS.

mass
analysis
129
100
114
l | | from MS £2
iy ——-—




Tandem Mass Spectroscopy for Structural Biology
An Alternative to Traditional Sequencing Technigues

B MS Techniques for the Specific Fragmentation of Peptides

Sustained off-resonance irmadiation collision-induced dissociation (SORI-CID)
Infrared multiphoton dissociation (IRMPD)
Blackbody infrared radiative dissociation (BIRD)

r? o Af
Surface-induced dissociation y H H "
Electron capture dissociation (ECD) = T~y N Y
I H
H O & (o]

CID is used to induce fragmentation of gas-
phase ions via inelastic collisions of o -

translationally excited ions with neutral atoms or R’ o5 R H
maolecules. Fragmentation of amide bonds to N | N OH
produce N-terminal b and C-terminal y ions is HoN N N

o R?

observed also in IRMPD and BIRD = s
P
[M+2H]?* | A2 Q”ﬁ)\nw b,
W S L, R b
>l [e—rje—— d
R | L | GI Y | S W |
2 bz 'ha f?-’r b. SORCID fragment ion spectrum of human
Vs i y luteinizing hormone-releasing hormone using 7
Y i Vsi | Ye o, ¥ Tesla FT-ICR MS.
: H ¥ Y All amide bonds, except the two closest to the A-
IR N R i 4
s r T ed—r —— and C-termini, were cleaved in this 10-residue
100 300 500 700 900 1100 peptids, resulting in a sequence tag of six amino

miz acid residues from the y ion series



The lon Mobility / lon Chromatography Method
Structural Information of the Gas Phase Conformation of Molecules or Non-Covalent Clusters

B lon Mobility-Mass Spectroscopy

gaseous
IoH Source

- M5

lon mobility (&) is defined by an ions ability to travel through a buffer gas under weak uniform

#]

electric field to an equilibrium drift velocity.

Collision cross section (o) is determined by ion geometry but also interaction betwsen ion and
the buffer gas. (ie. ions with compact structures have small cross sections and large ion mobility)
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lons are separated by size in a sort of "ion chromatography.”
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The lon Mobility / lon Chromatography Method

Structural Information of the Gas Phase Conformation of Molecules or Non-Covalent Clusters

B Determining the Peptide Configuration of (gly-ala);X*

Predicted from Ramachandrin plot :

X+ % a-helicity

H* 23%
Na* 59%
K* 7%
Rb* 90%

Calculations predict that
for X*= Cs* that the a-
helical structure is 10
kcal*mol”! more stable
than the globular
configuration

|

lon mobility experiments show that for X*= H*, Li*, Cs* the a cross sections are all within 211-
216 A2 at 300K which charaterizes these as globular compact zwitterionic structures.



Thermochemistry by Threshold Collision-Induced Dissociations
Determination of Accurate Gas-Phase Binding Energies and Heaction Barriers

B Threshold Collision-Induced Dissociation

Threshold collision-induced dissociation (CID), which is an
intrinsically endothermic reaction, is used to determine the energy
threshold of the dissociation of the molecular ion AB*.

AB* + X —= A+ B + ¥e | (1)

The threshold measured for the reaction in eq. (1), Ep, comesponds

to the highest energy along the reaction coordinate for dissociation,
i.e., the activation barrier, which occurs at the transition state for
the reaction.
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B Bond Dissociation Energies of Cr{CO)g

The measured threshold corresponds to the bond
dissociation energy (BDE) of CO from CriCO),.

DolA*-B) = Ep | (@

Total cross section clearly varies smoothly with
energy and that CO losses are clearly
sequential.



Applications of M5 to Organometallic Chemistry

Parallelling Solution Phase and lon-molecule Reactions in Gas-phase

B Theory

Short-lived intermediates of catalytic cycles can be trapped and
identified and susequent ion-molecule reactions yields detailed
information about single reaction steps of catalytic cycles.

Gas-phase reactions performed to corroborate species detected
by MS to solution-phase species.

Olefin Metathesis by Ruthenium Carbene Complexes

Increasing the collisional activation potential resulted in 1
predominantly going fo 2 due to loss of the second phosphine
ligand, loss of trimethylamine, and loss of HCI.

The observed fragmentation pattern was consistent with the
assumed structure of the ruthenium complex.

Reaction of 2 with 1-butene as reaction partner gave a new signal
with the mass corresponding to the 3 via an olefin metathesis
reaction.
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Parallelling of gas and solution phase reactivity:

prerequiste for reactivity.

Dissociation of one phosphine ligand is a

Kinetic preference for one propylidine complex (no
other methylene complext detected).




Diastereoselective Effects
M5 Distinction of Stereoisomers in Arene Hydrogentation

B Exploring Metal-Catalyzed syn-Hydrogenations

H
H H H
O™ O = L = T = XX
—_— —_— e —_—
= H oy H
) M M : "
H
L diastersomsars
determined by 'H and 8 Hz 2 Hz
“H NMR because of Sh P, = . .
overlapping signals ] H M 'H H H
H
B MS Stereoselective Effects by Isotopic Labeling
Diastereoselectivity of a hydrogentation is probed by using isotopic labeliing
and a gas-phase dehydrogenation reaction with bare Ti.
THCDgl
Partial FTICH M2 of triple hydrogenation of CgHg shows that =09 .5%all syn-
hydregenation of CgDg and the triple dehydrogenation of occurs with >89.5 % = 99 8 slom-% O
diastereoselectivity = 005 % all-cis
D D !
. (B WD TiCeHgl*
[M] Tit -
CeDg —»  CyHgDp —= '
D "D l
D D i " . THPCCsDa)"
[M] = (na-C3H5)Co[OP(OCHa)al5 e B?:.Hu THCEHD ) - B

miz —*



Diastereoselective Effects
M5 Distinction of Stereoisomers in Fragmentation

B Retro-Diels-Alder of Stereocisomers

Me O + 0
M e N
[~3
B Ve~ Me UG
o
M =
! M
Me (8] Me
syn

El gives highly sterecspecific RDA fragmentation for isomers with cis-ring junction of cyclohexadiens

Suggestive that D-A mechanism is a concerted reaction that exhibits symmetry-conservation because a stepwise
mechanism could not show such a difference between sterecisomers
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Methods for the MS Quantitation of Chiral Molecules

B Chiral Recognition Based on lon/molecule Reactions

Diastersomeric adducts, generated using chiral reference compound, is investigated in a single-stage M3
experiment.

One enantiomer of the analyte is isotopically labeled so that the corresponding mixture of diastereomeric adducts
can be mass resolved.

H Chiral Recognition Based on Exchange Reactions

Diastereomeric aducts, generated from a chiral ligand and a chiral host such as a-cyclodextrin (CD), is mass-selected and
allowed to exchange the chiral ligand in a reaction with a neutral gas (chiral or achiral) in an MS/MS experiment.

Chiral distinction is dug to the exchange rate varying with the chirality of the analyte incorporated into the adduct ion.

H Chiral Recognition Based on CID of a Diastereomeric Adduct

CID of diastereomeric adducts formed from an analyte and a chiral reference in a tandem massspectromefry (M3MS)
experiment. Successful experiments are limited to particular molecules, most of which are stereorigid.

B Chiral Recognition Based on "The Kinetic Method"

The kinetic method (MS/MS) to quantify the chiral effects. Involves the CID of a trimeric transition metal ion-
bound cluster ion which give rise to diastereomeric product ions.



MS Quantitation of Chiral Molecules by the Kinetic Method

B Theory of the Kinetic Method
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Potential diagram for the chiral
recognition of analyte A (Agand Ag)
based on the formation of
diasteromeric ions through

CID of a metal ion (M)-bound cluster.

B" is the chiral reference compound.

Chiral selectivity, Ay (= Bp/Rs), IS
related to AlAG).

A CID of a trimeric transition metal ion-bound cluster ions (composed of three chiral ligands: one of the analyte and
two of the reference compound) which give rise fo diastereomeric product ions.

Chiral selectivity of compounds is determined by the relative abundances of the product ions caused by differences in

the energy required for their formation.

A two-point calibration curve, derived from the kinetic

method, allows rapid quantitation of enantiomeric excess

of chiral mixtures.

BIAC) R + A(AL), . ALAG) = A(AG) g
iRTy ZRT 4 e

In R=




MS Quantitation of Chiral Molecules by the Kinetic Method

Relative Abundance (%)
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B Hesolution of Pseudoephedrine

Chiral recognition of ephedrine by the kinetic formation of
diastersomeric ions [Cu(L-Tyn(A) - HI* (m/z 431, where A
is (+)-and (—}-ephedring)} via CID of [Cu(L-Tyrz(A) - HI*
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i—+-Ephadring

o

+-Ephedring

u
Mz

(miz 635).
The common product is [Cu(L-Tyr)s - H]* (m/z 470) is the
internal standard.
3-D models show a stronger m-cation interaction in one of
the diastereomers.
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MS Quantitation of Chiral Molecules by the Kinetic Method

Relative Abundance (%)
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Sourcing Organic Compounds
Based on Isotopic Variation

B Synthetic versus Natural Steriods

Synthetically-derived steroids show lower 3'3C than their
analogues in the human body since they are synthesized

using starting materials that are extracted from plants with
low 13C content, mostly soy.

Endogenous steroids originates from cholesterol that is
part of the human dist and are less depleted in 13C.

The differences in the 13C ratios between endogenous
and exogenous steroids are used today to directly detect
the abuse of anabalic steroids with GCC-IRMS

Detection of Synthetic Steriods

3'3C ratio before and after administration of exogenous
testosterone metabolites:

bg-adiol: -24.78 fo -27 043 —= -28.40 10 33.35%
Sa-adiol: -23.68 to -27 319 —= -28.53 10 31.24%

The differences between the 5'3C of 5p-adiol and 5c-adiol
far the individual subjects were not bigger than 1.2 -1.9%
before the testosterone administration and not smaller than
3.9 - 3.6% after testosterone was given. The maximum
differences after administration of testosterone were 8.2 and
7.7% respectively



Modern Mass Spectroscopy: Conclusions

B MS is useful for chemists as well as researchers from neighboring disciplines such as physics,
medicine, or biology as a powerful analytical tool.

B The environment-free conditions of the highly diluted gas phase allows the more direct study of a
simplified system.

B The combination of isotopic labeling and MS allows for a detailed analysis of reaction
mechanisms or conformational analysis through H/D exchange experiments.

B MS allows for the study of diastereomeric processes and for enantioselective quantification

B Tandem M3/MS is a poweful technology has opened an avenue for newer and broader applications
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Molecular o Condensed Structural Poimg
Name Formula Projection Formula Formula (n°C)
¥
Methane  CH;, H_l_H CH, -162
H
Ethane  C,H, H—}Cl{_i_H CHGH; -89
oy
Propane  C;H; H—IC-—CI—Cl—H CH;CH,CH; ~42
H H H
Py
n-Butane® C.H,, H—C—C—C—C—H CH;CH,CH,CH; -0.5
TR or CH3(CH,),CH;
H H H H
lil li{ ll‘I !il !i! CH;CH,CH,CH,CH
n-Pentane* CSHH H—(I:—(I:—Cl—(lz—(lz—ﬂ OI"CH,:!(CHZ,_),Ci{, ? 36
H HHH H
PERRET
CH;CH,CH,CH,CH,CH
n-Hexane* C H—C—C—C—C—C—C—H Pk el 69
¥ R or CH,(CH,).CH,
HHHMHH H
BB S SRS
n-Heptane* C;H,g H—(I:-(I:—(lz—(f—(l:——ﬁ:—(l:—ﬂ CH;(CH,)sCH; 98
H HHHHHH
H
(A
n-Octane* CgH,, H—(I:—(l:—(it—(lt—(lj—-(lz—(lj—(lz—ﬂ CH;,(CH,)CH; 126
H HHMHHMHMHH
n-Nonane* CsHyg CH;,(CH,);CH; 151

n-Decane*  CyoHp CH;(CH,).CH; 174
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BIOMARKERS
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Conservative oil biomarker compounds
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Petroleum Biomarkers: Hopanes and Steranes
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Nomenclature of Biomarkers

Modifier Effect on biomarker
homo- One additional carbon (C) on structure
bis-, tris-, tetrakis- (di-, tri-, tetra-) Two, three, four additional C, respectively
pentakis-, hexakis- (penta-, hexa-) Five, six additional C, respectively
seco- Cleaved C—C bond (specified)
benzo- Fused benzene ring
nor- One less C on structure
des-A (de-A) Loss of A-ring from structure
1S0- Methyl shifted on structure
neo- Methyl shifted from C-18 to C-17 on hopanes
SpIro- Two rings joined by one C
o Asymmetric C in ring with functional group (usually H) down
p Asymmetric C in ring with functional group (usually H) up
R Asymmetric C that obeys clockwise convention of Cahn
et al. (1966)
S Asymmetric C that obeys counterclockwise convention of

Cahn et al. (1966)
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Figure 2.23. Procedure for designating « (below the plane) and
B (above the plane) hydrogens or other groups for a polycyclic
biomarker. The example 1s the C;7 sterane cholestane. Reprinted
with permission by ChevronTexaco Exploration and Production

Technology Company, a division of Chevron USA Inc.



Figure 2.24. Three-step procedure for R versus S

stereochemical assignments n acyclic portions of biomarkers as
described in the text. Reprinted with permission by
ChevronTexaco Exploration and Production Technology

Company, a division of Chevron USA Inc.



Step I. Orient the molecule so the smallest
substituent attached to the asymmetric carbon
atom, for example a hydrogen atom (Figure 2.25),
points away from the viewer and the asymmetric
carbon 1s closer to the viewer. Imagine that the
bond between the asymmetric carbon atom and the
smallest substituent represents the steering column
in your car while the remaining three substituents
are the steering wheel.



Step 2. Rank the three remaining substituents
forming the steering wheel from largest to smallest,
based on atomic number. For different carbon
substituents, the larger group generally has higher
priority. For example, an #-butyl group has higher
priority than an ethyl group. However, 1f two or
more carbon atoms are attached to the atom bound
to the asymmetric carbon, then the ranking 1s
higher than if there 1s only one carbon atom. An
isopropyl has a higher ranking than an n-propyl or

even an n-butyl group (Figure 2.25). For 1sotopes,
priority is given to higher atomic weight.




Step 3. Draw an imaginary curved arrow from the
highest to the next highest ranked group on the

steering wheel. The asymmetric carbon 1s in the R
configuration (lLatin dextral, meaning right) if the

arrow points clockwise on the wheel, or in the S




‘Table 2.3. Common symbols used to depict the

stereochemistry of atoms in biomarkers

% or Bond stereochemistry not specified
' Bond directed out of page ()
? or Bond directed into page (o)

Hydrogen directed out of page (3)

O @

Hydrogen directed into page ()

Double bond




OH

Phytol
[E-3,7(R),11(R),15-tetramethylhexadec-2-enol]

6(R),10(S)-Pristane (meso) 6(S),10(R)-Pristane (meso)
6(R),10(R)-Pristane i 6(S),10(S)-Pristane

Figure 2.26. Phytol (top) is a precursor of pristane and has the
same stereochemistry as the biological (meso) configuration of
pristane in immature sediments (middle). Pristane contains two
asymmetric carbon atoms at C-6 and C-10. The 6(R),10(S) and
6(S),10(R) configurations are identical and are called
meso-pristane. The 6(R),10(R) and 6(S),10(S) configurations are
mirror images (enantiomers), as shown by the vertical dashed
line representing a mirror plane. Pristane has two diastereomeric
pairs: meso-pristane and 6R,10R-pristane, and meso-pristane
and 6S,10S-pristane. Reprinted with permission by
ChevronTexaco Exploration and Production Technology

Company, a division of Chevron USA Inc.
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Light oils

Heavy oils

# Major mass loss ~50%

>

Structural rearrangement/
minor mass loss ~<20%

Total acid number* 0.2 0.5 1.0 15 2.0 25+
(mg KOH per g oil)
API gravity (*API) 36 3 31 28 20 520
Gasoil ratio 0.17 - 0.12 0.08 0.06 <0.04
(kg gas per kg oil)
Gas wetness (%) 20 10 5 2
Sulphur content (wi%) 0.3 0.4 0.5 — 1.0 1.5+
C,, saturated hydrocarbon 75 70 65 50 50 35
content (%)
Level of biodegradation
Scale of Peters and Moldowan 0 1 2 3 4 5 6—10
(ref. 34)
Scale of Wenger et al. (ref. 16) Mone Very slight Slight Moderate Heavy Severe
Methanet el
CiCs Ethane - —
gases
Propane | 0’| @ leeeeaa-- —— |
Isobutane - —- |
n-Butane o e— |
Pentanes -
nAkanes | 00| lm=m=m=====-= 4
CeCys Isoalkanes M
HCs Isoprenocid alkanes o= M
BTEX aromatics === e
Alkylcyclohexanes | | | | =m===== ~
n-Alkanes, -—-= *
isoalkanes
Cﬁ;g % TTsoprenoid alkanes p—— e — |
Naphthalenes (C. ] R A —— ‘
Phenanthrenes,
dibenzothiophenes | | | | TTTTTT i —
Chrysenes o= = = = —
Regular steranes - z
C,;—C,5 hopanes -
C,;—C,g hopanes -
'CIS_CSS TrT;rorigaticps:eroid
biomarkers hydrocarbons ===
Monoaromatic
steroid -
hydrocarbons
Gammacerane -
Oleanane __
C,—C,, steranes - __ﬁ
Tricyclic terpanes -
Diasteranes == ——
Diahopanes = = m— |
25-Norhopanest = = m— |
Nt Alkylcarbazoles =——— ==
o Carboxylic acidst =
*Ref.14 = e mmaas Minor removal 1 Produced and destroyed during biodegration
1 Ref. 21 Major alteration
- Removal

-------------- » Methane generation and possible destruction
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Well 18058, Sec 1Y

Well 18158, Sec 1Y

Well 02198, Sec 36W 800 Y 500 — T
800 T T T T
XX Pt 1000 |, —66 ft SS _ 1000 L i
1000 | .
€
= 1200 - 1200
A 1200 . .
- XX Pt ~376 ft SS
t
g 1400 - 1400
Ly
= 1400 R .
—594 ft SS E
1600 L = 1600 |-
1600 |- — XX Pti
I ] ] ] ] ] ] ]
I I I I 0 50 100 150 200 250 0 50 100 150 200 250
0 50 100 150 200 250 228, 25-norpentakishomohopane (ppm) 228, 25-norpentakishomohopane (ppm)

228, 25-norpentakishomohopane (ppm)

Figure 4—The abundance of 25-norpentakishomohopane (225) in sidewall core extracts (as ppm saturate fraction).
The profiles are arranged as a structural section relative to sea level. Subsea depths are shown on the three tie lines,
and measured depths are shown on the Y-axes of the well profiles. A stratigraphic marker, the XX point (Figure 2),
occurs at measured depths of 915, 1304, and 1870 ft (estimate) (279, 397, 570 m) in wells 0219S, 18058, and 18158,
respectively. The positions of the XX point in the wells illustrate that the zone of more degraded oil at—594 ft (<181 m)
subsea (bottom tie line) crosscuts stratigraphy.
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Figure 3—Structures of biomarkers discussed in text.
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Table 2. Correlations Between Viscosity and Selected Compositional Parameters for 15 Cymric Field Oils |
Linear Regression of Cross Plot Correlation
Biomarker Parameter (Y) with Viscosity (at 120°F) Coefficient (1)
Homohopane Index (i.c., C35 homohopanes/sum of C;; to C35 homohopanes) Y = 0.095432 + 0.000038349 X (viscosity) 0.88
25-nortrishomohopane (22R)/trishomohopane (22R) Y =0.50471 + 0.00076907 x (viscosity) 0.88
25,30-bisnorhopane/30-norhopane Y =1.387 + 0.0025189 X (viscosity) 0.82
(X G5, to C33 25-norhopanes)/(Cyg + Cyy tricyclic terpancs) Y = 1.8993 + 0.00059147 x (viscosity) 0.82
(T s+ Tm)/(C;; + G55 hopancs) Y =0.73126 + 0.00048213 x (viscosity) 0.78
(Cag + Gy tricyclic terpanes)/(Cy; + CG;3 hopanes) Y = 0.63341 + 0.00041721 x (viscosity) 0.76
(Cyg + Gy tricyclic terpanes)/(X Cyg to C35 hopanes) Y = 0.14371 + 0.000080069 x (viscosity) 0.76
25-norhopane/hopane Y =3.2443 + 0.0030953 X (viscosity) 0.76
(X Cs0to Cz4 25-northopanes)/(X Cs; to C35 homohopanes) Y =0.69273 4+ 0.00093135 x (viscosity) 0.75
(wt. % asphaltic material)/(wt. % saturated + aromatic fractions) Y =0.76322 + 0.000075764 x (viscosity) 0.74
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Figure 6—Viscosity vs. homohopane index in Cymric
field produced oils. The regression excludes the oil
from the 0219S well, which has an unusually large satu-
rated hydrocarbon fraction and may represent an oil
fractionated by the enhanced oil recovery process. The
equation calculated here is used in Figure 8 to estimate
oil viscosities from sidewall core extracts from the
18158 well.
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Figure 7—Viscosity vs. 25-nortrishomohopane/trisho-
mohopane in Cymric field produced oils. The regres-
sion excludes the oil from the 0219S well, which has an
unusually large saturated hydrocarbon fraction and may
represent an oil fractionated by the enhanced oil recov-
ery process. The equation calculated here is used in Fig-
ure 8 to estimate oil viscosities from sidewall core
extracts from the 18158 well.
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Table 1. Correlations between viscosity and the selected parameters for Leng 43/37 oils

Geochemical parameter Regression of cross plot with viscosity (50°C ) Correlation coefficient (r )
Saturate ( w9 ) Log V=6.112]1 -0.0805x 0.86
Polar compound ( wt% ) Log V =0.0716x +0.5521 0.74
(Pl""P‘“)f(ﬂCn +DC|3:’ V=1869. 8x —-2035.4 0.96
(Pr +Ph)/Cy; hopane Log( V) =4.2881 -2.2151x 0.96

( Pr + Ph) /carotane Log( V) =0.0018x> —0. 1443x + 43486 0.97




y = -0.0B06x + 6. 1121
R = 0. 7386
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Fig. 3. Plots of viscosity vs. gross composition in oils from blocks Leng 43/37. The regression in-
cludes all oils. A. Saturate hydrocarbons concentrations (wt% ) show a linear relationship with the
Log ( viscosity, S0%C ) , with a correlation coefficient of 0. 86 ; B. nonhydrocarbon concentrations in-
crease with viscosity, and the trend is not very clear, with a correlation coefficient of 0.74.
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caotane, with a correlation coefficient of 0. 97.

Fig. 4. The correlation between some geochemical parameters and viscosity. a. Oil viscosity 14
in good linear correlation with { Pr+ Ph}/{nC,, + nC; ), with a correlation coefficient of 0. 96.

The regression includes all oils; b. the logarithm of viscosity is in good linear correlation with
(Pr + Ph)/C,, hopane, with a correlation coefficient as 0.96. The regression excludes oils with

unusual large ratio { circle) ; c. the logarithm of viscosity is a polynome function of ( Pr + Ph)/
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Fig. 5. The viscosity profile of reservoir Sg in block Leng 43. “I, II, III, IV, V, VI” stand for

six sandbodies, respectively.
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Figure 8—Well 18158, section 1Y (Figure 1). Viscosities
calculated from sidewall core biomarker data using the
first three equations in Table 2. The black circles show
the oil viscosities calculated from the homohopane
index data (i.e., using the Figure 6 calibration). The
open squares show the oil viscosities calculated from
the 22R.25-nor-wrishomohpane/22ZR-trishomohopane
data (i.e., using the Figure 7 calibration). The open cir-
cles show the oil viscosities calculated from the 25,30-
bisnorhopane/30-norhopane data (i.e., using the third
equation in Table 2). X shows the depths of sidewall
cores with viscosities that cannot be calculated because
the homohopanes have been entirely degraded in
these samples.
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(a) Bima shale samples (m/z 191)

(b) Bima shale samples (m/z 217)
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30ap (132230}
25af (1321.29)

31afs
{1338.31)

TofR
9Ts (1339.31)

29pa (0614.29) +
2% (136.20)

Ts (2635.2T)
Tm (0615.27)

Ts Chiron AS no. 2635,27

m 17ae{H), 22,29,30-Trisnorhopang

29af  17w(H), 21p(H)-30-Norhopane

29Bx  17B(H), 21a(H)-30-Norhopane (Fluka 90102)
29aor 17a(H), 21afH)-30-Norhopane

30cf  17a(H), 21p(H)-Hopane (Fluka 90656)

30 17aiH), 21oH)}-Hopane

30Bax  17PB(H), 21a(H)-Hopane (Fluka 08189)

3op 5 17w(H), 21p(H)-225-Homohopane

31of R 17w(H), 21p(H)-22R-Homohopane
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There are 4 common isomers of C30-hopanes. The most common are isomers with variable stereochemistry at
the 17 and 21 positions, either p(H) with hydrogen above the plane or a-(H) with the hydrogen below the plane.

The natural isomer B (17p(H),21B(H)) may be found in recent sediments. However, the afi-isomer is always
the dominant in mature sediments, while smaller amounts of the Pa- isomer are present. Only minor quantities
of the less stable ag-isomer are present. Thus, the pp- and the aa-isomers are useful internal standards as they
normally do not co-elute with other hopanes or triterpenoids in mature sediment.

The po-isomers (moretanes) are highly specific for immature to early oil generation. The moretanes are ther-
mally less stable than the ap-hopanes, and abundances of the C29 and C30 moretanes decrease relatively to the
corresponding hopanes with thermal maturity. The ratio of Pa-moretanes to their corresponding ap-hopanes de-
crease with thermal maturity from ca. 0,8 to <0,15. The moretane/hopane ratio is used most commonly for C30,
but it is also quantified using C29.

In fresh oil spills, the aB-isomer of hopane is considered to be non-biodegradable and conserved. Consequently,
it can be used as an internal standard to monitor the amount of total oil removed by bioremediation (treatment by
oil-degrading bacteria).

The hopanes elute on a normal nonpolar GC-column in the order; afp-, Pa-, aa-, pp. The C30 gammacerane
(Cat. No. 2646.30) elutes late and in the region between the C31 22R (1339.31) and C32 228 (1338.31)
isomers while the oleanane isomers (o and p, Cat. No. 0617.30 and 0618.30) co-elutes with lupane between
Pa29 and ap30.
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IBC Nigena Energy Summit, London, June 15-16 1999

oleanane
=) -4 q} .
M 011 % degraded nentacvehes
C30 hopane
*
ke *
non-biodegr aded tricvches
*
23T TET
C30 hopane
produced o1l from (29 hapane
a nearshore field oleanane
Ts Tm extended honanes
23T TET
A 1 i I 1 P | |
Figure 7. (3c-ms traces. Comparison for the terpanes of amacroseen with anearshore field oil. Both these oils, because of the abundance

of the biomarker oleanane, were denved from Tertiary aged sources. Selected biomarkers used in environmental and maturity

studies are shown. These include the age diagnostic molecule gleanane. The starred (%) peaks on the macroseen trace are biodegradation
products. Terpanes are biomarkers denved from bacteria and vegetation. They are depicted using the m/z 191 mass chromatogram .
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C28/C29 Sterane Ratio as Age
Indicator for Marine Source Rock
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Analytical Advances for Hydrocarbon Research, Ch9,
Blomarker Analysis for Petroleum Explonuon. C. S. Hsu (Ed)
KluwerAca c/Plenum Publishers: NY, 2003
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!ome !Elll‘ll!lOl‘lS:

Isotope Discrimination - The instantaneous difference in isotopic composition, usually
given in o/oo, between the parent substrate undergoing reaction and the product, at any
given instant in time.

Discrimination factor (after Fry, 2006):
D (A) = 5reactant - 5product o= [(Rsample/ Rstd)':l-] X 103

D is positive when light isotope reacts faster. Expressed in per mille (mil) or o/oo.

Note: Emerson and Hedges use Difference Fractionation Factor:

€ = 5product - é‘reactant

g IS negative when light isotope reacts faster. This reaction results in a -2

. er mil shift to lighter
Example for typical 813C o/oo values: -22 - (-20) =-2 !Osotope_ That iS?the

product is isotopically
lighter by 2 o/oo




‘Table 5.3. l Difference fractionation Jactors, e = 6product 6reacmm, for important equilibrium (equations -

with two-way arrows) and kinetic (one-way arrows) reactions among the elements H, C, 0, and N

Equilibrium fractionation factors are for 20 °C. Kinetic fractionation factors are approximate
as they vary in the marine environment.

Reaction € (%o) Reference
H Evaporation / condensation +78 Dansgaard, 1965
Hydrogen 0 D iy
C CO; solubility = Knox et al., 1992
COs(g) = COx()
Carbonate equilibria +84 Zhang et al., 1995
GOy BIE aHi=8, |5
Photosynthesis —l4to —19 OlLeary, 1981
Ca rbon 6 13C CO; +H,O — CH;O0m + O,
Respiration ~Q
CH;Oom + Oy — COy +H,0
CaCOj; precipitation + | (calcite)  Romanek et al,, 1992
Ca** + HCO; = CaCOs(s) + H*
Methane formation —40to —90 Lansdown et al,, 1992
4H, +CO; — CH4 +HYO
O Evaporation / Precipitation +9 Daansgard, 1965
H,O(g) = HO(l)
O, solubility +0.7 Knox et al., 1992
Oxygen 0 180 Os(g) = Os(aq)
Photosynthesis ~0 Guy et dl, 1993
CO; +H,O — CH;Oom + Oy
Respiration —20 Kiddon et al,, 1993
CH;Oom + Oy — CO; +HO
N Solubility +0.7 Knox et al., 1992
Na(g) = Na(aq)
) Nitrogen fixation —|.3 10 Carpenter et al., 1997
Nitrogen & 1°N 4H* 1 6HO + 2Ny — 4NHE +3 0, 58
NOj" uptake by photosynthesis ~5 F —~F Altabet and Francois, 1994
2H* —f—NO; +HyO — NH: +20,
Denitrification —20to —40 Wada, 1980

4NO3 + 44" +5CH;Oom — 2N +5C0O; + 7H,O

Fmerson & Hedaes (habD. 5



Fractionation factor (o) — (expressed In isotope ratios not del units)
The realized isotopic composition difference between reactants and
products.

o= [13C/ 12C]products/ [13C/ 12C]reactants: Rproducts/ I:ereactants
For our example earlier the o was 0.98182

Value of o will be close to 1 because isotopic differences are small!

The difference between Discrimination and Fractionation: A given
chemical reaction/process, say photosynthesis, may have associated
with it some isotope discrimination which would be constant if
conditions were constant and the substrate was unchanging. In the
real world scenario, conditions are variable and discrimination will
change over time, ultimately producing some net isotope
Fractionation.



All values are 8'3C(%o)
Photosynthesis
CO,
—7 %o
—26%o0
Ocean .
[
: HCO; <
+1%o —9%e. +1%o —89%, -~ COM
—22%0
CO, A/{
—22%s
Schematic diagram of
the exchanges and stable carbon CaCoO
isotope ratios among the reservoirs 3
of atmospheric CO,, ocean +2%o CH4
HCO; and CO,, solid organic _70%0
carbon (Com) and CaCO; and Crustal I'DCI(
CH,. Numbers under the chemical Sedimen-l
symbols represent the isotopic
ratio in %. See Table 5.3 for an
estimate of the fractionation
factors.




Fossil Fuel
co, -27

Soil Organic Matter

Leaves
-28

N4

-26

ATMOSPHERE
C0, -8

Tropical C-4
Grasslands

-13

Fractionation
factor for
carbon in
photosynthesis
is the same for
marine and
terrestrial
plants — but
7 eq. _they d_raw on
isotopically
different CO,
pools!

l

N W S,

Total Dissolved CO, O

POM -22
OOM -23

OCEAN

Fig. 3.1. 8%3C distribution in ecosystems. Single arrows indicate CO, fluxes. The double arrow signifies an equilibrium
isotope fractionation. Numbers for pools indicate 513C values (0/00) and numbers of arrows indicated the fractionation
(A, o/oo) occurring during transfers. Negative 8'3C values indicate that less heavy isotope is present than in the standard
(which has a 1.1% 13C content; Table 1.2a), not that isotope concentrations are less than zero. From Peterson and Fry
(1987). Reprinted, with permission, from the Annual Review of Ecology and Systematics, Volume 18, copyright 1987 by

Annual Reviews www.annualreviews.org.

From Fry, 2007



*

Factors affecting isotope fractionation

e Temperature — Affects kinetic (reaction rate-

dependent) isotope fractionation - Fractionation
decreases with increasing temperature. As total energy of
the system increases (i.e. thermal energy), the fractional
difference between the bond energies of the heavy and

light isotopes becomes less significant.

e Kinetics - heavier isotopes less likely to react
— therefore react slower. (affected by temperature)

e Equilibrium processes — phase changes
reactions (gas/liquid or solute/mineral)

» Diffusion — light isotopes diffuse slightly faster.



Kinetic Isotope Fractionation (depends
on differential rate of reaction for light vs. heavy isotopes)

For reaction sequence of 4 different compounds containing
carbon:

A-->B-->C-->D

If all A is converted to D, then no fractionation will take

place (this is a simple mass balance - if you start with a certain amount
of 13C, you will finish with the same amount)

If however, only a portion of A is converted to B, and then A
IS replenished, then fractionation is likely.

Thus, even if all B is converted to C and all C is converted to
D, fractionation will be evident in D and the fractionation
factor, €, . g Will be the same as¢ , .



10°C — «

f?‘f; » 8% ;{‘F +90/00
—- - {41y p enrichment
I\ _ of precip
NN
—9%. |:|:|.|,||||:|I'|:1|:|:|
Vapor I||||IIII SN +90/00
20°C P I|'|||Halnl||||| enrichment
:|:|:| ‘||:|:Iofprecip
NN :
( N
S (N Continent
N R< <<«
N

0%
Ocean

Since water vapor transport is generally from tropics to high latitude, snow
deposited at high latitudes has a lighter 6180 isotopic composition than
precipitation at lower latitudes. This shifting of the isotope signatures of natural
waters can be used to trace processes such as ice sheet buildup during glacial
periods, paleotemperatures and ocean temperatures.

All values are 6 '80%.

Schematic diagram
of the oxygen isotopic fractionation
among seawater, the atmosphere
and rain on land. See figure 5.10
also. Modified from Siegenthaler
(1976).




Near the poles, atmospheric water vapor
is increasingly depleted in '*O.

: Snowm thein#edor
of Antarctica has
5 percent less *0

(\s than ocean water.

Meltwater from glacial
i; ice is depleted in 0.

Heavy, "*O-ich water
condenses over
mid-atitudes.

. Water slightly depletedin '9(,‘
evaporates fromwarm sub-fropical '.'.-(.n‘ers.‘

Different ocean water masses have different isotope
signatures that behave as conservative tracers, aiding in
distinction of mixing patterns in the ocean.

http://earthobservatory.nasa.gov/Study/Paleoclimatology OxygenBalance/oxygen_balance.html



ATMOSPHERE

N»gas O
Cord
Leaves PRECIPITATION f | eq.
-8 f0+3 NH; -18 10 +8 (typical)
N7 NO3 -1Sto+3
Fossil Fuel VY N2 fixers
Emissions -2to+2 ¥
NOy -210+4 | [T ,\i
NH3 -8 '0 —4 e N N
: : _ Fertilizer Dissolved N2 +1.0
Soil Organic Matter -4 to +14 NHE ~0 POM =2 to +[|
NO3 ~+3
Deep Water NO3 +4 to +6

LAKE Wastewater NO5
~ +10 to +20 OCEAN

Fig. 3.2. Representative 3N values in natural systems. See Fig. 1.3a for explanation of symbols. From Peterson and Fry
(1987). Reprinted, with permission, from the Annual Review of Ecology and Systematics, Volume 18, copyright 1987 by
Annual Reviews www.annualreviews.org.



Tﬁ

ypical del >N values for marine N pools

Deep ocean nitrate +5 (up to +12 o/00in denitrification zones)
Atmospheric N 0 o/00
Phytoplankton -4 to +8 o0/00

N-fixer biomass 0 o/o0 (they draw on atmospheric N,)



O R M Schematic diagram of

the stable nitrogen isotope ratios of
different nitrogen reservoirs in the
sea. The general range of stable
isotope ratios (with respect to the
atmosphere) found in nature are
given in the boxes and the
difference fractionation factors = (in
%) accompany arrows between the
boxes. Many of the values are
approximations because of the
wide variations of observations. See
Table 5.3 for more details of some
of the reactions and the text for
explanation. Values are based on
data presented by Altabet and Small
(1990), Altabet and Francois (1994)
and Sigman and Casciotti (2001).

Surface
Ocean

Deep
Ocean

Atmosphere

N,(atm) 0

c=+0.6 /
rd

Surface ocean
N>(aq)

+ 0.7

£=0to—-4

Cyanobacteria

Phytoplankton
-4 10+8

Deep ocean
NO,
+5

Ocean

e
[

-51t0-9

- 1

€:+31

Zooplankton
+5

y Yy

Sinking PON
+11to +5

Sediment

Y

Sedimentary PON

+5to+12

No further

fractionation




Stratospheric 8024' +2.6 Background

ATMOSPHERE

fr‘/ _5 10 422

Fossil Fuel

502 -1 10 +25

Leaves

NL

- e

CONTINENTAL MARINE

PRECIPITATION PRECIPITATION

S0~ +110+7 S05™ ~+13
-10 1o +10

Soil Organic Matter -

similar
to
vegetation

WAM/
S0
-2210+20 Salt Marsh PO;A +17 to +21
POM 2 Plants S0§™  +2
LAKE OCEAN

Fig. 3.3. Representative 84S values in natural systems. See Fig. 1.3a for explanation of symbols. From Peterson and
Fry (1987). Reprinted, with permission, from the Annual Review of Ecology and Systematics, Volume 18, copyright
1987 by Annual Reviews www.annualreviews.org.
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How to track carbon cycle
during glacial cycles?



13C (99%), °C(1%):
stable isotope (nonradioactive) naturally occurring
14C (small residual):

radioactive
513(: (13C/12C)Samp'e_(13C/12C)standard
ino/oo_ (13C/12C)standard

Organic carbon: living plants (mostly in plants/photoplantons) ~ -22
Inorganic carbon: HCO;, CO42 (water), CO, (air) ~ +1,
Mostly in inorganic carbon (22 times more than organic carbon)

such that the mean is ~ 0.



!argon reservolr, ana !I !elr mar!er g!‘l’! values

Land (2160)
Organic C
. Atmosphere (600)
Vegetation (610) Inorganic C (CO,)
o C3 Trees dBC=-7
5\&?’.410‘ (813C = -25)

Soil (1550) Surface ocean (1000)

Dead vegetation, peat Inorganic C (975) 8'3C = +1
C3 >C4 Organic C (25) 8'3C=-22

Deep ocean (38,000)
Inorganic C (37,200) §'3C=0

Why organic '°C more negative?  Organic C (800) 3C=-22




Fractionation: Inorganic carbon (plant/plankton) form organic carbon

(tissue) with low 813C tissue, because plant/plankton favors 12C over 13C.

Carbon source: CO,
d13C = -7%o

Fractionation Fractionation
-18%o0 -6%o0

Trees and e
shrubs &£ . grasses
(C3) (C4)
'25%0 O _13%0

Carbon source:
Dissolved inorganic C
in surface ocean
(8'3C initially = 0 %o)

(Remaining inorganic C = +1%o)

Fractionation
-22%o0

Dead organic C
-22%o0



Carbon source: CO,
513(: = -7%o

Fractionation Fractionation

-18%o0 -6%o0
Trees and
shrubs £ =% =Hmmen Carbon source:
, rasses . : |
(C3) 14 g Dissolved inorganic C
-25%, B (1(;";) in surface ocean
= 00

(8'3C initially = 0 %o)

Remaining inorganic C = +1%eo
( g inorg

Fractionation
-22%o0

Dead organic C
-22%o0

Atrfospheric inorggnic carbon: 813C ~ -7

C3 pathway: treeg, shrubs, cool-climate grasses creates organic carbon: 813C ~ -25

C4 pathway: warm-climate grasses creates organic carbon: 813C ~ -13

Dominant C3 (trees) so mean plant 813C ~ -25



(a negative corre]ation)

(1) Ice sheet replace vegetation,
(2) Colder/drier climate forest

replaced by shrubs and grasses
=» Less plants on continents

Deep ocean:
high 380
low 313C

More negative d3C

A Glacial climate

Deep ocean:
low 8180

high 813C

B Interglacial climate



Phanerozoic Climate Change
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~ lce Deep ~ lce Deep

volume water volume water
8180 (%o) 8'13C (%o) 8180 (%o0) &13C (%o)
0 5 4___3 -1 O,. 1 1.05 4 3 -1 O 1

Pacific sediment core 1a9.0po

1:9

1.0 2.0






Reservoir C1
81.44
74.29
86.74
Kangan 85.37
86.3
84.21
85.38
82.64
88.28
81.97
86.6
88

Upper 85.9
Dalan 86.8

87.36
86
85.06
85.69
85.5
86.65

Lower 88.71
Dalan 36

86.59

C2
[e2S
6.6
SOl
4.03
2.7
2.23
5.16
5.96
3.66
1.7
6.03
1.65
3.91
2.93
0.89
Bl08
3.57
2.86
5.45
5.38
5
3.27
1.70

C3
3.06
3.89
217
141

1.23
1.82
2.84
1.19
3.03
1.84
0.49
1.45
1.02
0.75
1.4
1.37
0.97
1.83
1.64
0.72
1.08
0.38

iC4
0.56
1.16
0.46
0.33
0.35
0.15
0.37
0.89
0.34
0.52
0.35
0.2
0.39
0.25
0.57
0539
0.32
0.29
0.39
0.43
0.39
0.38
0.11

nC4
0.93
1.59
0.7
0.44
0.43
0.32
0.41
1.3
0.42
0.82
0.49
0.35
0.71
0.42
0.33
0.54
0.47
0.36
0.59
0.44
0.37
0.42
0.16

iC5
0.32
0.79
0.27
0.22
0.65
0.68
0.21
0.69
0.29
0.24
0.15
0.22
0.41
0.49
0.22
0.3
0.51
0.43
0.2
0.23
0.21
0.47
0.08

nC5
0.25
0.56
0.22
0.14
0.42
0.66
0.35
0.5
0.2
0.19
0.11
0.5
0.26
0.67
0.87
0.91
0.33
0.69
0.26
0.13
0.89
0.37
0.07

0.66
1.89
0.5
0.51
0.83
1.25
0.64
1.56
1.28
0.3
0.03
0.67
0.44
1.03
0.83
0.99

0.52
0.96
0.42
0.64
0.7
0.04

iC4/nC4
0.6
0.72
0.65
0.75
0.81
0.46
0.9
0.68
0.8
0.63
0.71
0.57
0.54
0.59
1.7
0.72
0.68
0.8
0.66
0.97
1.05
0.9
0.68

Wetness
13.18
16.41

9.76
7.14
6.88
5.88
8.87
12.84
6.46
12.81
9.38
3.73
7.66
6.24
3.98
7.99
7.17
6.13
9.25
8.69
7.87
6.51
2.8

N2
3.07
2.48
2.18
6.06

5.9

3
3.45
2.36
3.43

3.2
2.45

9

2.47
5.87
1.19
1.48
14

2.02
1.26
0.91
2.48
1.87

1.4
2.5

N NN N

2.1
3.74
1
1.6
13

H2S
n.a.
n.a.
n.a.
0.005
0.06
n.a.
0.23
n.a.
n.a.
n.a.
n.a.
0.001
0.009
0.01
0.002
n.a.
n.a.
n.a.
0.08
n.a.
0.002
0.05
0.002

He

n.a.
0
0.048
0.08
n.a.
n.a.

0.01

0.03
n.a.
0.04
0.042
n.a.
n.a.
n.a.
n.a.
n.a.
0
n.a.
0.33
0.06



reservgr | DePth s°C  &8C  sBC  dBC  sBC s8C S°C 6D S8C BN
(m) (€2  (C2) (C3) (C4) (nC4)  (iC5) (nC5) (CH4) (CO2)  (N2)

3490- 425 325 -299 208  -291 282 266  na 07  na

3500

2633-

_ 2655 -39.5 -29.2 -27.3 -27.1 -27.4 n.a. n.a. n.a. -2.8 n.a.

3588-

200 405 302 -292 293  -304 266 -281 -1530 10  -4.3

Kangan 2233.
402 305 -286 280  -299 273 271  na 56  -3.79

2288
~ Na#3 ; .40.73 -30.99 -2891 -2861 -2875 na  na  -1501 -12  -3.16
 Dalanm1 : 3719 -26.48 -26.37 -26.37 -27.39 na.  na  -138 na  na
_ : 4181 -31.69 -30.8 -2826 -2939 na  na  na  na  na
_ 22233' 398 299 276 275 -216 256 -27.4 -160.0 23  -2.8

2428-

395 283 274 272 271 272 246 -1470 20  -36

2543

ESIES 404 296 -287 279  -282 279 286  na 06  -38

3882

3728-

s 423 323  -297 294 286 284 -281 -1620 07  -3.3
| Agharié#s | Upper - 3884 2629 -2552 -2577 268 na  na  -143  na  na
| Kangan/#4 | Dalan ; 4132  -31.29 -29.46 -29.14 2919 na  na  -151  na  -2.49
O Nams : 4077 -29.99 -27.65 -28.71 -28.74 na  na  -149  -12  -4.05
_ : 3756  -26.6 -26.54 -2647 -27.44 na  na  -138 na  na
~ Shanoul#l : 396 -29.44 -2831 -2731 2842 na  na  -140 na  na
 Homaml : 306 2968 -2814 2729 -2809 na  na  -142 na  na
| Sefidzakhur/#l - -394 266 -26.6 -256  -265 n.a. n.a. -160 n.a. n.a.
_ : 4164 -31.34 -2963 -2921 -2959 na  na  -153  -15  -3.28

4342-

400 267 -251 254 250 242 246 -1560 -1.6  -4.8

4475
DAl g - -37.38 2698 -27.11 -2637 2746 na  na  -182 na  na
© Naks | Dalan : -39 3078 -2827 -27.85 -2752 na  na  -149 22 5

4210- - 4025 2639 2541 2587 -26.71 " 2628 -142  na na

4390 : : : : 1 26,055 : a a
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Tree Diagram for 15 Cases
Single Linkage
Euclidean distances

E. Assaluyeh-Kangan-1(oil)
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