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BPSM Is evolving

Now stands for Basin Processes and Subsurface Modeling

Expanded scope includes carbon sequestration, gas hydrates,
carbonate models, pore-pressure prediction, integrated
workflows, and other basin-scale subsurface processes

Contacts: Allegra Hosford Scheirer <allegras@stanford.edu>
Tappan Mukerji <mukerji@stanford.edu>
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All organic matter becomes more aromatic and
anisotropic with burial and maturation
Behar and Vandenbrouke, Org. Geochem., 1987

H/C = 106 0/C = 0281 MW = 26176

Reflectance is related to refractive and

absorptive indices of the material (Fresnel-
Beer eq.)

i

Absorptive indices are dominated by the size
< . iy
U, Ny g

and orientation of aromatic rings (Schuyer
et al., Trans. Faraday Soc. 1953)

STRUCTURE Hlc: HW/C = 067 O0/C = 0053 MW = 13226
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Models of vitrinite reflectance range in sophistication

Simple correlations Global kinetics that correlate Calculate molecular
with temperature with reflectance; may have composition and
pressure dependence relate to reflectance
Example: . |
xamples: :
Barker’s - P Example:
geothermometer Vitrimat
Easy%RoX
ISOCONVERSIONAL
LOPATIN TTI KINETICS POWER-LAW HIGH PRESS
WAPLES ARRHENIUS RO | POWER-LAW
SIMPLE-RO HUANG ARRHENIUS RO
\ SUZUKI;T L LE BAYON ET AL
ARRHENIUS TTI IKU%RO
WOoOoD EASY%RO ///j RITTER ET AL BAsSIN% RO
SWEENEY & NIELSEN ET AL
VITRIMAT / BURNHAM TP”:/’M
B & RESRO
USR:'::NMEY EA}/R . CAFE - ZOL_:(_RPCE)NG
%RO
IFP TR MODEL EASY%RO2
UNGERER BURNHAM

from my 2016
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My Takeaway Advice

1. Don’t use Easy%R, anymore—it has some serious weaknesses

a) My preference is Easy%R_ V for basin modeling; Easy%R B for bitumen when no
vitrinite is available

2. The Easy%R, family of models were developed to reduce computation time, which is not
as important with today’s computers; using 2"d-order reactions is just as effective

3. The Vitrimat approach is more rigorous and adaptable to various kinds of organic matter

4. Most vitrinite reflectance suppression is due to misidentification of vitrinite, but true
suppression can exist in sapropelic shales

Stanford University



Relating reflectance to fundamental optical
properties came in the 1950s | mstsa
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Refractive index has contributions from localized
and delocalized electrons (n* is a complex number: n* =n =+ ik)

Wolfram Demonstrations Project

Wolfram Demonstrations Project

Drude-Lorentz Model for Dispersion in Time-Dependent Superposition of Particle-in-a-Box
- . . Eigenstates: delocalized electronsin
Dielectrics: localized electrons ]
conjugated  systems
off-resonance interaction causes T
oscillator frequency wy I « - . " ol 0 h2
oo pramee 0 viscosity” that slows wave i Lo 9
<how anomalous dispersion [] propagation by the refractive index “l ° 2| E j = J )
1 : 8mx
e - P
Z = - wavefunction of particle in 1D box
g 7 1.5¢
o 1.0}
E ost 0.5
3 ' TN i - X
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05| 2 \4\_/6/ 8 10 position of particle 200 A
frequency proportional to energy p = plasma T (H) =444 E,
€ 14+ wg probability density of particle in 1D box £
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€0 (wg — w?) + dwy 20, £ 100} i
§ - ] 4
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2 . 1.0
damping parameter y ol £
0.5}
0.00 2 P 5 8 10 position of particle

light frequency w

= 1D energy in atomic units: 0.01125 Stanford University 8




Localized electron contributions to the refractive
iIndex can be estimated by group additivity rules

. . R 1/2
o . . Group contributions to the 2 1M 1+ 2%
Refractive index Is determined molar refraction version of ~ Ri= 5% n=|—g -
o the Lorentz-Lorenz eq. -
by the number densities of C, rene & v
Group contributions in 10 ® m”/mol to the molar refraction (4 = 589 nm)
H, N, S’ and O —CHj; General 5.644 >C=0 Methyl ketone 4.787
Attached to benzene ring 5.47 Higher ketones 4.533
° I it —CH»- General 4.649 Attached to benzene rin 5.09
More preCISe|y1the number denSItIeS Attached to benzene ring 4.50 -CH=0 G:neral t ¥ 5.83
of atoms with different hybridizations >CH- Genezal _ 3616 -COOH General 7.212
. Attached to benzene ring BioY —-COO- Methyl esters 6.237
+ Van Krevelen (2009) cites group —> Anached to benzene ring 229 SR
additivity rules in his book, Properties @ Cyclohexyl =LAy Attached to benzene ring 671
. . . cetates )
Of POIymerS Thelr Correlatlon Wlth @ Phenyl n=1.50 2551 -0OCOO- Methyl carbonates 7.75
chemical structure; their numerical . Higher carbonates o
eStImatIOH and pl’edICtlon fl'0m @( o-Phenylene 24.72 Attached to benzene ring 4.89
. . . >NH General 3.585
addltlve grOUp COﬂtl’IbUtIOﬂS Attached to benzene ring 4.53
\O/ m-Phenylene 25.00 ~N- Erredl 2803
Attached to benzene ring 4.05
. . . —CONH- General 7.23
To a first approximation: ) S s 2505 [
H,, Average value 0.59 _C(EJN 5028
C:281 H:101 N:281 S:8O, O:18 -O- Methyl ethers 1.587 :IS\]HZ P ggz;
. . . . Higher ethers 1.641 i
- Eliminating H and O increases the Attached to benzene ring 177 Tty 02
. .y . Acetals 1.63 X ’
pOIarlzablllty denSIty -OH Primary alcohol 2.551 —S- M_ethyl Sulph_lde s
Secondary alcohol 2.458 Higher sulphides 8.07
« PVAc=1.47,PE=1.49, PS=1.59 Tertiary alcohol 2453 % _—

Phenol 227 Stanford University 9




Consider the various contributions to hydrocarbons,
diamond, and graphite

Ry i iy~ 1.8% for graphite Diamond (tetrahedral C)
N n = 2.42 (greater than mature kerogen~1.8)
170 N d = 3.52 g/cm?3
\\\ * ¢ A liquids Ro ~ 6%
1.65 - N\ . _
¢ solids Anthracite (polyaromatic rings)
x 160 1 Npmax = 2.01, N, = 1.93
E d=1.5g/cm3
2155
g | . R, ~ 4% and H/C ~ 0.3
% OII_E 1.6 OO; $
e 150 ¢ ] ®.° A .
8 - ; o effect o G raphlge B — indicates that the
145 {811 ° 4 | meltond Npax = 2.15, N, = 1.81 : Lo
13 s A\ ~0.07 ~ _ primary contribution
o | Kmax = 0.66, Ky = 0.0 to reflectance is the
H40 0.0 05 0 L 50 55 d =2.26 g/cm3 absorptive term
H/C atomic ratio Ro max — 15.6% and Ro min = 205 para“el to the

aromatic ring
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Anisotropy starts above 1.0%Ro and is not clearly significant
until 1.5%Ro (H/C ~ 0.6), after the oil is generated

Feo (O/O)

40

30

20

1.0F

F\)O max
A Ro av
§
Ro min
A
A
O
}_ O
oil . - Ro min suggests weak
generation 4 orientational alignment,
— - given that Ro min of
‘D o graphite is ~2%
A
1.0 20 30 %

RO av

Sharkey & McCartney, 1981
guoted by Mukhopadhyay, 1992
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LLNL work around 1980 shows that ring condensation
OCCUrs malnly after 0|I components are generated

T | | !
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Ring condensation provides long n-bond resonance lengths for broader and stronger optical absorption
Stanford University




Elemental balance equations and original correlations
derived for the original Vitrimat (GCA 1989)

CH,0,C1_y « H, 30 ne1440ya_op+a Hy0+bCO,+ cCH, + dCH,
6 =[x —2ya—ny—x(1—-yB/2-7)]/(4—7)

H/C = (x —nyaf,—nyf, —45f5)/(1 — yBfy/ 2 —vf, — f5)

0/C =y —af,—Bfp)/(X—yBfy/ 2 —vf,—&f)

a = fraction of initial O eliminated as H,0

B = fraction of initial O eliminated as CO,

v = fraction of initial C eliminated as CH,,

0 = fraction of initial C eliminated as CH,

f ;= fraction of species 7generated

wt% C = 1200/[12 + (H/C) + 16(0/C)] —1.5

%Ro = 12exp(—3.3(H/C)] — (0/C)
%Ro = exp(—1.25 + 4.5A + 300A> + 1.6 x 108A1%)

20 i
10 =
o
g s w
8 ﬂ
s ]
Q
2
° 1F ﬂ
@ . ‘/—McCartney &1
- 4 .Er%un (1958) ]
£ 0.5 Y R .
> [ \! 4
Y
T Bend due to
o
O content. o ‘Q\. 1
Is that correct? * N
0_‘[,_ - l L I | | LY
0 02 04 06 08 10 12 14

H/C, atomic ratio

FIG. 1. Comparison of vitrinite reflectance data (MCCARTNEY
and TEICHMOLLER, 1972) to that calculated with Egns. (1) and (2].
The symbols retain their original meaning: ], ® European vitrinites;

QO U.S. coals.
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Multiple workers have noted a dogleg shape not
captured by Easy%Ro

77C/km

Suggate, J. Pé’rr. Geol.
(1998), using:data from

= Teichmiiller (1:979)
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Motivation for updating Vitrimat (and Easy%Ro0)

« Several authors, most recently Nielsen et + Kinetic studies in the 1990s and later

al. (2017), have indicated that Easy%R indicate that the most probable frequency
does not increase fast enough at high factor for kerogen conversion is about
maturity o ————— 2x1014 slinstead of 1x1013 s assumed
— Basin%Ro ..
Random draws of basin%Ro for Vitrimat 1989
—— Easy%Ro
50 . 0
Nielsen et al., 2017
| me—— Samoun Rock-Eval I (1987-9)
—— Multiple labs (1990+)
> 08 | . _
—~ 100} = Petersetal.,, 2016 _.--
< o 1
@ 3 s
5 Probably o
@ 150 Lo
5 correct o
o )
1]
= 200 3
Probably £ o2
a50 - INcorrect ©
| “TEN0  AEst | 1E+12 | ABets  AEe1d  TE4S  1Erts | AEs7
Frequency Factor, s

300

0 05 1 15 2 25 3 35 4 45 5
%Ro Stanford University 15




Basin%Ro does not work well at laboratory time
scales for humic coals—worse than Easy%Ro

Vitrinite reflectance, %Ro

Vitrimat H/C — — Modified Vitrimat Vitrimat H/C — — Modified Vitrimat
® Woodford-hydr A Phosphoria-hydr O Mahakam-conf A Morwell-conf
O Blackhawk-hydr A  Wilcox-Hydr L O Wilcox-hydr ©  Wilcox-conf
O Wilcox-hydr B ©  Wilcox-conf v ;_(lglp|te6-§(())nf © iy:!te gg;tm
X  Morwell-conf + High Hl Lignite * ylt? : atm © y|te. atm
e Ararioe-hvd % Bohai-hvd O Huminite-conf A Toarcian-conf
ranpe-nyar ohal-hydr + Svalbard hvb coal ® Kimrdge-conf
2.0 7 ® Araripe-hydr ¥ Asturias-conf
72 h Y, 2.8
n 24 h
7 A
1.6 —FEasy%Ro 7 x 2.4
: ——Easy%Ro
===Basin%Ro
’ 2.0

o
00

==Basin%Ro

0.8
0.4
0.4 3=
0.0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 O O q|] 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

250 300 350

Temperature, °C

240 280 320 400

Temperature, °C

360 450
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Easy%R DL was a step on the road to improvement

but still did not matc

Original Vitrimat
Original T g7 7 T T T T T_
samplel<> j

_'F '..‘::“‘ _T\

300 I~ @‘:‘ : | | .
1
cs-)” - Q‘\t A
95’ \ C corr.
© 320 - S H/C corr.
[+ }]
g oo\
et
340 | o s
i J
360 AR -
I N O N SR S |
0.2 1.0 1.8

Vitrinite reflectance, %Ro

FIG. 9. Vitrinite reflectance data of LEWAN (1985) for hydrous
pyrolysis of Phosphoria (<) and Woodford (O) shales and Wilcox
Fairfield (A) and Blackhawk coals (@) compared to our model cal-
culations (72 h at indicated temperature).

Vitrimat H/C = = Fasy%RoDL
® Woodford-hydr A Phosphoria-hydr
o Blackhawk-hydr A Wilcox-Hydr L
o Wilcox-hydr B o Wilcox-conf
xX Morwell-conf + High HI Lignite
L J Araripe-hydr x Bohai-hydr
2.0
72 h
o /
16 - . a/
@]
o
R N 8a v/
) O o /o
Q Y
c 12 T ((\\
©
5 W A0
@ X
[
g
@ 08 |
=
h=
p—
=
>

o
~

0.0

200

240

280 320

Temperature, °C

Vitrinite reflectance, %Ro

N laboratory data very well

Vitrimat H/C — e Easy%RoDL
(o] Mahakam-conf x Morwell-conf
o Wilcox-hydr © Wilcox-conf
v Huang lignite-conf < Xylite 136 atm
+ Xylite 680 atm o Xylite 1360 atm
o Huminite-conf A Toarcian-conf
+ Svalbard hvb coal ] Kimrdge-conf
&  Araripe-hydr Y Asturias-conf
2.8
] /
1 24h o /
2.4 A
Easy%RoDL used o ¥ /
20 4 A=2x10%st x / °

300 350 400

Temperature, °C

250

200

Better agreement at high reflectance, but reflectance still too low compared to coals during early maturation

Stanford University
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After trying lots of options, | found better simultaneous
agreement with lab data using A=1x10*° s-1

— — 4,
Vitrimat H/C 1989 ~ — — Vitrimat 2018 Vitrimat H/C 1989 ~ — — Vitrimat 2018 0 /
® Woodford-hydr A Phosphoria-hydr o M?hakam-conf X Mgrwell-conf - Easy%Ro /
Blackhawk-hydr A Wilcox-Hydr L O Wilcox-hydr o Wilcox-conf - /
a ] Y ) Y vV  Huang lignite-conf ¢ Xylite 136 atm — Easy%RoDL /
O  Wilcox-hydr B ¢ Wilcox-conf +  Xylite 680 atm O Xylite 1360 atm /
X Mor?vell—conf + High .HI Lignite O Huminite-conf A Tgarcian-conf o 3.0- - - = Basin%Ro
& Araripe-hydr X  Bohai-hydr +  Svalbard hvb coal ® Kimrdge-conf o
2.0 &  Araripe-hydr %  Asturias-conf X Easy%RoB
i - /
72h A 287 ! S 0
_ o/ 1 24h / z EasyX%RoV
16 - 4 £
nc:) 1 é 2 O ]
® Vitrimat 2018 @ i
g .5 ] 0 L Vitrimat 2018
g 1.2 1 andEasy%RV 0 |
g ] = and Easy%R_V
c
% 1 Lohr & =
5 08 { Hackley " < 1.0
=
s 0a For bitumen, as
explained later
0.0 x T . 1 . . : . :
0.0 ------------------ 00 | LI IO I D N B B N BN N BN B N N B R BN B R N B R B
200 240 280 320 360 200 250 300 350 400 450 25 75 125 175 225 275
Temperature, °C Temperature, °C Temperature, °C

Comparison of various reflectance models for geological heating at 2 °C/Myr.

Vitrimat 2018: Burnham, Org. Geochem. 131, 50-59 (2019)

Developed with support from Total S. A. Stanford University




Vitrimat 2018 was also calibrated against more

compositional data than the origina

Measured wt% C

Measured reflectance, %Ro

100
1| ®Behar Morwell coal
A Behar Mahakam coal
1| © Behar Wilcoxconfined
90 - | ®Behar Wilcox coal hydrous
1| & Monthioux Mahakam coal
7 | mSaxby brown coal
] % S
80 - AA g
||
70 - ..0 »
60 r ——r——— .
60 70 80 90 100
Calculated wt% C
3.0
25 1
2.0 4 L
4 ‘ xX .
] [ ]
1.5 <
: .‘ A @ Behar Morwell coal
J L A Behar Mahakam coal
1.0 ] F 4 (]
4 X Toarcian shale
] OWilcox coal confined
051 4
= @ Wilcox coal hydrous
] @ 5axby brown coal
0.0 r ~— 7T
0.0 0.5 1.0 1.5 2.0 2.5

Calculated reflectance, %Ro

3.0

H/C atomic ratio

1.0

0.8

0.6

10.0

Vitrinite reflectance, %Ro

=
o

0.1

Vitri t
| h d . . dff & 1.0 * Mahakam Monthioux
|ls this distinctive difference ] o  Mahakam Monthioux
in path universal? A ®  Behar Mahakam
] 0.8 4 O  Behar Mahakam
Rel A Morwell Behar
- p=}
[ ... o 1 A Morwell Behar
o A = = Calculated O/C
g 0.6 1 Calculated H/C
® © i
e .. Calculated ‘g.
h ® Behar Morwell coal - 0.4
A Behar Mahakam Coal o .
) 8] N
A Monthioux Mahakam coal ~ A A
| B Saxby brown coal 0.2 4 &
© Behar Wilcox confined ~
& Behar Wilcox hydrous 4 u] & 80
O Senftle coals aQ © a 0_a o <&
0.0 . — —
0.00 0.10 0.20 0.30 200 300 400 500 600
0/C atomic ratio 24 h at Temperature, °C
3.2
Calculated
1e ° ® Behar Morwell coal
1 A Behar Mahakam coal
e 2.4 A ® Behar Wilcox hydrous
X ® v
o oo © Behar Wilcox confined
§ a B Saxby brown coal
st L O Senftle coals
4 ] [ ]
] & 16 °
. ®  Behar Morwell coal & 2
i +* o
J A Behar Mahakam coal P Y =
. [ Behar Wilcox hydrous ® ~ \ E
=]
. ®  Behar Wilcox confined ~ = 0.8 -
i +  Saxby brown coal
Calculated L
== e= NcCartney-Ergun 1
T LI T Ll T 0.0 T T T T T T T T T T T T T T T
0.3 0.5 0.7 0.9 1.1 03 04 05 06 07 08 09 10 11

H/C atomic ratio

H/C atomic ratio
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Additional comparisons have been made since

« More optimization of the Vitrimat CO, and H,O kinetics at low maturity may be
warranted

- Faster water release kinetics during diagenesis are needed to match diagenesis
« These would have a minor effect on calculated reflectance during and after the

oil window
H/C VERSUS O/C DIAGRAM 119
4.00
os o . . Lignin
. —Vitrimat 2018 N —Vitrimat 2018 IE; O

3.20+ oPenn State Data Base g W PALEQZOIC 1t , Dopplerite
~ 1] A MESQOZOIC ¥ i
® Lt 191 ® CENOZOIC L : -

=z ® .

E < 100 *
o 2.40- =
c 8 : .
g - & e
@ L 4
E x 080 .i/
£ 1.60- . L
Z Lud g . loss of
[+ 4 = om, 9 ° s
c = ¢ 7 water
> E C:51 X I B o

0.80- > \ o

3 ___“ 050] é}
L ]
040,
¥ ¥ if f T T T 0
0.40 0.60 0.80 1.00 1.20 e 24 (83 =R T
H , c - ATO M] c RA T Io 000 005 010 015 Q20 Q2s 030 035 040 045 050

ATOMIC RATIO 0O/C

Fig. V1,6 Coalification diagram of micrinites and vitrinites.
+ Micrinites 7; O Vitrinites 7; X Alk. extract 17; @ Residue 17,

Stanford University



An open guestion is the whether the relationship
between oll generation and vitrinite reflectance is
exactly the same in nature and in the laboratory

1.0 {=— =2 C/min =2 C/min ——
/

=
I 0.8
s O.
O
o
&00.6
XS]
©
04
0
-
Q
0.2
L

00 T T T T T T T T T T T T T T m T T T T T T T

0.4 0.8 i e 1.6 2.00.4 0.8 1.2 1.6 2.00.4 0.8 i . 1.6 2.0
Easy%Ro (1e13) Easy%RoDL (2e14) Easy%RoV (2e15)
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Reflectance, %Ro

The Vitrimat 2018 algorithms can be used with any

sedimentary organic matter

1 @Type Comparison to
1.6 - el data of Hackley =
A lype u ~
- & Lewan, 2018 _ i//é\)
u lype u A A
1.2 - L — 4 A
= N A
= u ;:; VA
] A
0.8 B As
1 A A
2 A o
A
A
L o
0.0 I | I
300 320 340 360
Temperature, °C

Type Il kerogen is very similar to reported values for bitumen

Vitrinite reflectance, %Ro

6.0

5.0

4.0

3.0

2.0

—Type | kerogen
——Type Il kerogen o
i ¢ Hackley-Lewan GRS
o Mahlmann-LeBayon
A Landis-Castaio
.

1.0 2.0 3.0 4.0 5.0

Kerogen or bitumen reflectance, %Ro

6.0
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Vitrinite reflectance suppression is real

« Demonstrated using HP of mixtures by Peters et al. (Org. Geochem., 2018)
« Suppression tends to disappear by VR = 1.3 %R

* VR and BR merge above 1.4 %R,
14 |-
1.3
12 -
X
11 -
()
e ; 0
o € 10|
o s £
[ = 3 Q
S o9f= 54 @
8 - 5
“6 // .-' m 0.8 T
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Summary

* Vitrinite reflectance increases due to a combination of densification and
aromatic condensation reactions

« The anisotropy of graphite helps put them in perspective
« Evidence is strong that Easy%R, underestimates VR at high maturities

- Easy%RDL and Easy%R_V have a sharper dogleg near the end of olil
generation

« Corresponds to the onset of aromatic condensation reactions

« Easy%R,V is derived from Vitrimat 2018,which is based on a higher
frequency factor

* Vitrimat 2018 also inspired Easy%R B for bitumen reflectance
« Vitrinite suppression is real, so vitrinite in oil-prone shales is misleading
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