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Abstract

This review paper introduces the theoretical fundamentals of chemical reaction kinetics and thermodynamics,
the history of their application in organic geochemistry, and future trends in the study of biomarker isomerization.
Reaction kinetics were firstly applied and developed in organic geochemistry in 1970's as an organic maturity
indicator tool for predicting the stage of oil and gas generation from kerogen. Between ca. 1975 and 1990 (the first
period), empirical reaction kinetics was actively applied in organic geochemistry using nomographs and
calculators. From ca. 1990 to 2005 (the second period), with widespread access to PCs, organic geochemists began
to utilize computers extensively to easily process large datasets and to develop simulators for basin and petroleum
system modeling based on the reaction kinetics for oil/gas generation and vitrinite reflectance. After ca. 2005 (the
third period), datasets of apparent activation energy (£.) and frequency factor (4) were comprehensively reviewed
and summarized, in order to understand their practical implications. Simulations of molecular dynamics were also
often performed in the third period, based on chemical thermodynamics theory.

Sampei and Suzuki (2005) showed that the kinetic parameters £, and 4 obtained from laboratory heating
experiments cannot be applied to reconstructing the evolution path of sterane-hopane epimerization in natural
sedimentary basins. The £, derived from heating experiments is about two times greater than that from natural
sedimentary basins. Moreover, the 4 parameters derived in the laboratory and those from nature are quite different
with the 4 values derived from heating experiments being several orders of magnitude greater than those from
sedimentary basins. These differences are probably attributable to the low values of apparent activation entropy (S.)
found in natural sedimentary basins. The implications of the low S. of biomarker isomerization in nature must be
clarified in future, in order to improve the precision of organic maturity and paleo-temperature indicators. The
equilibrium constant equation K.=exp(-4G,/RT) will draw more attention in estimating the isomer composition in
equilibrium at a given temperature. Chemical thermodynamics theory suggests that the difference of Gibbs reaction
energy (G,) among isomers must be within * 10 kJ to estimate a practical K. value using a dataset obtained from
standard GC-MS analysis. The K. of isomerization for particular organic molecules will become an important

temperature-pressure indicator especially for low grade pelitic schists in regional metamorphism.
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Fig.1  Schematic energy level diagram of sterane isomers R and S for epimerization. E,, : activation energy of R,
H.x : activation enthalpy of R, G, : Gibbs activation energy of R, S, : activation entropy of R, T: absolute
temperature, E,.s : activation energy of S, 4G, : Gibbs reaction energy, 4H, : reaction enthalpy, 4S5, : reaction

entropy, K. : equilibrium constant, R : gas constant
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Fig.2  Activation energy (E,) and frequency factor (4) of (a) epimerization of sterane and hopane for geologic heating rates of
1-10°C My in nature and hydrous pyrolysis experiment at 280-350°C in laboratory, and (b) biphenyl cyclization, aromatic
pseudo-reactions, pristane formation index (PFI) and ester-decomposition reactions (Peters et al., 2005). The highlighted in
bold in (a) shows the part overwritten by the present paper on the original figure of Peters et al. (2005). The data set of
Arrhenius constants in (a) is divided into two groups, Laboratory and Nature. The data of the reaction “cis- 2 -Butene —
trans- 2 -Butene” determined in the laboratory plots near the Nature group.
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219 L ARROBEREORETHET L L
Lo ERETORWIRE T (280°C A 5450°
CHE) TORRLELRD, BRFATORVRE
T Ftee 2 5150°C ) TIEZERRLD
DA NEL ) AREHTLLED N E L 5T
(Fig.2), iR FROHFAZEZ TLE o Peters
etal. (2005) 12 &MU, EBRARLRRROT—5 v
FASKE L 2 oK AN S ERBAIE, B
RATIIZ DI LIcray = v b DERK
& RO EEND 720728 LT\Wwh, L
La2ss, EEEL L THEEOREALIIGT
FE L AFINNEL B r — AN H D 2 LI
5NTHY, FlziE [+ ACHCH=CHCH; — b
7 » A CH,;CH = CHCH, | Rt Tl&, E.=753k]
mol' BLUA=10""s"TH 5 (FMNITA, 1985 :
Fig. 2alllN%), L7zh > T, E. L ADMKRL A
HIZ7r O = NS DER - 5 SOSH b 572
FTIE R, TOMOEELREERE LTHIZA41Z
DVTIET Y P —PEFHERICR > TN D0
REMED D Lo L7z > TR (6) ZHWTART
AL S OMFREFET L L, ZOMKE (Table 1)
WFRIRGAE 2B L 72100°C TR ADE T £ 38128, b
T L 200 K BLF ECTOEMEZRT L) 127% 5,
Mackenzie and McKenzie (1983) KK R TD
AT T V20R/S & RIS 2R/ISDEMEALD A T F
NEN60X10° s'&1.6X102s'ELTED, S,
IEZENZ1-282) K'mo"' & -271J K''mol ' T& %
CEERLTWES, ZOL) BERVADEE LD
S A, RERTIE TIGMAL L 72 B IRE GHMss e
) OFDFEMES - HHEMIC 2 5] 2Li25E
g2 EE26ND, AT T Y DOFHFHALKIGED
SIERARGFHETHERZELFE LI IZE VDS
(Mackenzie and McKenzie, 1983), 11 k=% i & H 5

HTOTAFIVFTILR M) AFNFTIL
DAF VAL - XF N T b - A FIVEDRE UG
HETIES IR D /INE LD (Peters et al., 2005:
Fig2b DIE T D E, & AN N7 )V —7F, Kho
Tuy hEF3~8)0 TNHLDIFEDIBIZE W
TSI RIRGM T TR MBAFER ST TRk
L EDBERIZSHEHESPICEN T LEDLD L,
7B, Mackenzie and McKenzie (1983) *° Alexander
etal. (1986) dIEML T2 L )12, KWS. 2HT
B TUEALDS KRG T O IR T CHATT 572
DIIEBETERET b SHITHD TS
R (1°C Ma ' FE) O#&EIE, ATTnT
CALIERIR TR T ITFED o TLED (FHK -
$HR, 2005 : Fig. 3 TIEFTEA R L HAR1987TO KK
F=D LI EEXLTWAS), 2DEHIZ, KW
SRS RITTREIZOWTIE, 5%E5
IR LS ERmIIIHE SND ZEEEN S,

DI EOBRPERYT S 2 & ZEICBERS 5720
WAERREM T TOFEBRDLETH B, FEERE

Table 1 Relationship between 4 (frequency factor) and S.
(activation entropy) calculated in this paper. S, is
calculated at a temperature of 100 °C using equation
(6) in the text based on the relationship between E, and
A from Peters et al. (2005: log 4 = 0.132xE,-14). gas
constant (R): 8.31 J K'' mol', Boltzmann constant (k3):
1.38x10% J K'', Planck's constant (h): 6.63x10** J s

E, A S.
(kJ/mol) (1/s) (J/K)
70 1.74 % 10° -338
80 3.63%10* -313
90 7.59%10° -287
100 1.58x 10" 262
110 331%10° -237
120 6.92%10' 212
130 1.45x10° -186
140 3.02X10° -161
150 6.31%10° -136
160 132x10° -110
170 2.75%10° -85
180 5.75%10° -60
190 1.20 % 10" -35
200 2.51% 102 -9
210 525108 16
220 1.10x 10" 41
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@ (this study) /M
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) [E=21.7kcal/mol, 4=1.0 X 10-1s1 100°C/Ma
2
7] (Mackenzie and McKenzie, o
a 1983; this study) 1501 gee)
&}
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= . o 7 N A i . .
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= 1 p — ‘ ’ !
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Fig. 3

Cross plots of epimerization degree for sterane and hopane (Sampei and Suzuki, 2005). Fields delineated by

broken lines are from Suzuki (1987), showing heating experiments, Japanese basin (Neogene), Paris basin

(Jurassic) and North Sea basin (Jurassic).

TR VR VELE C S W E TOINBER SRR T
Hbo £oT, HARFIZBW CHM 2 IEEEE &
A RAL THERDIEMEIZ 57 o TV A HERR G 5
TS L IIBMOTCEETH L, Thbb,
WERE S I TE 2 RKIRERS Ch 5 L v ) BLES Y
Prb, ZOX) REKEREHNLZ LT,
HERFH2 5B 2 SALF B 0 IO 72 2 Bk
PHHREL 2 B 00h LN, SHOGHKMIRILS
WErgE OB & L ClE, RRAAF TCOFRE(LT
Y hO =5 o%EO S 5% L MDA S
%o F72, Suzuki (1984) 25K L 72220057 4 H
FAwIIINTG A= —nraA7Tay MNEERO
Tk % 7 FEALBUGIC S IGH LT, Ry #hii <o 2
JEIE D & %  OWFREDEHHEIITZ A L9 I
T52 MRS NLHFEDO—DTH S,
B, BUSHEERICHE L 2EE VTR
R FHEE T ARSI, FOBROMREEOR
V) MERTOREIIOWTOEET LLE
Wb KT LIEF CIXRISHEE X% 1) /)
S B0, ZEALIEETH#ITT 5, BlZIE, A
7 v DITEALD [E, A, Heating rate] % [84

k Jmol', 6.6x10°s"' (Alexander et al., 1986),
10°CMa'| & LTEMET 5 &, AR HiE115°C
DEEDAT TV Cu-208/(20S+20R) 13043& 7% 5
73, BE#Z128% U C Cooling rate = -10° C Ma™' T105°
Clleo7zt & (WEY -7 0510054 #K), A
T T ¥ C-20S/(20S+20R) (2047 & R RHE 2 5,
ZOZ L, [MREDMET LT AR I3
Ol ZEEBERT LA, RAHMETHEET DB
WIZERESRREOICAEL SN TLE ) DT,
ZOHBEOERIINGE S LETH L,

5.2. {e¥#HF

Sampei et al. (1994) A3¥EHE L 72 & 912, Ak
SEAL S O AT # b O E I & > TEILT
L7280, TEIE L 72 OB G SRR (P
¥ o3, zoF i KbmiRiEEs LTHva 2
ENTEDLLEEZOND, PIZATBWBRIL L %2 5
Wt a7 — b - RIKT AR LS
HCHEAERNIZAT T 7« RS FEOFRIL
FEFRREL A S UL, F O BPERIE A 5 il BLIZ
WARH IR BB TEDL L) IR DAEELND 5.



=R RA

PR OBEE GEEH @ & 2 TIPSR &
AG L E ORI, X (13) K. = exp(-4G/RT)
wHWTEHHE SN, HlZiETable2 D& H %7 —
Ylv MUREND (KRRICL 2R E), ZOFE
FHEPSE 252 0%, FEEZ W TRA
Wiz RfEb 52 ENTEL 2 DDORMMED AG,
DI 0~ 10k IRRFEE DR /AEL
RHENDEV)ZETHDL, ZOHPHEBLTL
39k, RO THEOLEL S hDEFEE IR
IF5% T 295% U EEZoTL T, #ED
GC-MS 7347 T4 i % K> B L CIIEAN %
WEMRONLEL E>TLE ),

WIS, RREHEPEL L2 E, AT TV
C-208/(20S+20R) D Pl AY & DFEEZALT %
POV THK (13) ZHAWTERETHE L 72454
% Table 3 1Z7R T ZOFTHESMICEALTIE, #iz
X van Graas etal. (1982) &, T EIFEIETE
Hah/zA77 v (IVAY UPBHWLNZ) O
20S1Z20R &£ V) & A*120.48kJ mol ' 721\ Z &
R L TWAEDT, KHETIZRIZAG, = -0.50k]
mol' M L 720 4G % Z OMEICEE L TEHET
A& HEAS0°C, 100°C, 150°C, 200°C & BEhn§
HIZL72055 T, AT T »208/(208+20R) LD

Table 2 Changes in composition of isomers R and S for R<>S
epimerization with changing 4G, at temperature of
100°C calculated in this paper. The equilibrium constant
(K.) was calculated using equation (13) in the text.

il 1X Z 7L 2°7110.546, 0.540, 0.535, 0.532% f#7»
I 2o TW L (Table3)o ZDZEALIE, 4GS
EMTHIUTIREDE 7 12O T EA0.5
12DV T WL 2 &R LT\ Ab, Mackenzie and
McKenzie (1983) DS/RL72AT 4 7Y A F ¥ Co-
208/(20S+20R) H. P fiE130.54 (B iR =R D Hi
RS =7 v e dviEE R R E LTS
7)) TH DA, ZTD054D R e K iR iz o
U C van Graas et al. (1982) (2102°CTH A L %
RL7: (R LSy ba -2 ke EE L
TWhRW, SO LEIHTAG FEEME LTHW-
AT HIEOHEE L, WiRA, 5200°CHEE E TO
IO R A HOSMAETIIAREEZ 5N,
—7, 200°C DL ETAG 28R - =2 bIc & -
THSPIZEALT 5 & 2 5N A INARHEREY -
B ECEL T, wl (16) O X9 KM
B AG OEIAPVE L 12 b,

AG, = AH,ps+/C, dT - T(AS:us*+/C,/T dT) + JAV dP

(16) (NH, 2012)

(AH.p5 : 298°C TORIE L ¥ ¥ V¥ —, C;:

EFEEIVILE, ASu: 298°C TORIGT ¥ b
ov—, P.EhH)

Table 3 Changes in sterane Cx»-20S/(20S+20R) values with
changing temperature calculated in this paper. 4G, is
fixed at -0.50 kJ mol"" for calculation. K. is calculated
using equation (13) in the text.

AGr K isomer isomer Timp. K Sterane
(kJ/mol) ‘ R(%) S(%) ) ‘ C»S/(S+R)
0 1.0 50.0 50.0 0 1.25 0.555
-1 1.4 42.0 58.0 25 1.22 0.550
-2 1.9 34.4 65.6 50 1.20 0.546
-3 2.6 27.5 72.5 80 1.19 0.542
-4 3.6 21.6 78.4 100 1.17 0.540
-5 5.0 16.6 83.4 120 1.17 0.538
-6 6.9 12.6 87.4 140 1.16 0.536
-7 9.6 9.5 90.5 150 1.15 0.535
-8 13.2 7.0 93.0 160 1.15 0.535
-9 18.2 52 94.8 180 1.14 0.533
-10 25.1 3.8 96.2 200 1.14 0.532
-11 34.7 2.8 97.2 300 1.11 0.526
-12 479 2.0 98.0 400 1.09 0.522
-13 66.2 1.5 98.5 500 1.08 0.519
-14 91.3 1.1 98.9 600 1.07 0.517
-15 126.1 0.8 99.2 700 1.06 0.515
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ZoR (16) TNA F~— I —SOHES T
BanplakzZh v, LarL, BICEaY: - §
WO FE TIIEBOHEIIZ OV TORIERE R L
ZOIBHABIRREINTYD (B 212, Ikeda,
2004 ; JII &, 2006 ; N H, 2012). X (16) % H
WTHKIRE - ENTTOAG IRk FEFNIZ, &5
X (13) ZHCWTPEEHDSKED, $abbR
RO RIATEMEICHEEZTE L L1285,

B, FHMEE VTR IR Z HEE T S5
2iE, BOCHEE AR & MR B R o R0
VIMERT ORELERT 508 IH 505, WH
EZEOREII/NESV, RS, KT LAZRET
T AT BSOS R |2 R % 2
THENLTH b, 7272 LEERIZME 9 Cooling rate
AN ST IUTN S 0T R R EE N D
BIREL 20T, 4RIEZNSICHT 250
LBET OB LI ATH D,

6. T&D

HHEH IR BT B SUSHEE & b8
DEADB\FE L IRHOF I DOWT, B2l
TEX7HBEEFIUTOLHIICTFED LN,

(1) FEETEEFE LTLEHENTVLE
PSRRI L C, ZOEBEGHTH S G
R L LB FOMERRE 500 3w &
BRI F EDEL, N F~—h — VAR
LB 2 2 OB L ICHE R L7z,
(2) 1975~19904: =4 (55 1#1) &, RS
RDE M IR B ASH LI Lo Sk
WTHY, FWEIHAAARDFE I AED T2,
(3) 1990~20054 =4 (8281 &, /sy ar
DN LR GEIEDRE S 2k o 7272012, Kt
HERmA ) ANTABAEEY I 2L -5 —%
WY I 2V = —DEELER L7,

(4) 20054 Z A LA (83 W) &, EMEIL= %
VE—LHERNTOTF—% Y bORFEMEIT &
Do, FFEHFHS I 2L —F—OffiR L
W&o TLF BN F B ROBE#RIEHE > TE 72,
(5) HRFR OB EB»r SEONIATT V-
R DT EALDTHEAL T ROV F— L BHEER T 1%
FINE L, ERIESNZNH IR E

Vo IR EAR TOFEELT AV F— IEEROE
BEFNTCOYSRETH), HARROBEENR
TAIFERME X ) S EHTLLE S /NS vy I Bk
(2005) 2 kAL, EBEXHWLEAT TV -
IOy u ATy M ETORKOBE
BEEBHBETELZWI X9 o7,

(6) LB 15 % v 72 F 5 il 12 K. = exp
(-4G/RT) % HWCEE SN L5, FEE Hwv
TR EHIRZ ERHWICRED A LI TEX LR
AL D AGAZ, 725720~ 10k IEE & 2%
DRSS RBEN D,

(7) MR OSEERIZOWTUE, RRSGMHT
TORIEMLLY PV —0&EHF L, KB
DFHNY I 2L —2a BT AZENLEEN S,
(8) WHRMRALFBTFIZOWTIE, IR
R OREENFEHIZBNT, NMF~v—h—5
HALEE D AG, DR FEE TR ED A S a1
ST L BRI - E RSS2 &
WEIENS,

3
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FLOABE TG 2TV e 2 &I
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IGEEREBEHCTE T LD, ZoTHEiass
IEFOFRMEMLAE 1T L T2 &
L CW 222 USTZEDMESS L D IESH b D & o
TBY F¥. FWMITHER & T B cilg
TEXLEKE LT L7-OT, GBS0 ER
FERRCTC L & & E LT WM SUCH B R - L
FHENFONEFIL, AREFHA T EZITERE
SR L T2 A b0 BnEd, A
KNFOFHIZBNTEBELEOL  OGELE
PN RAE - JCHAL RS O — 1 e A,
F 7oA R BRA LS RO 3 5 O 1 B 7 o B &
HHFEY IR D S NEH DOFFEICE < DF8stE R L
TLZE ok - Al RS HIZ s s
e, B34 R CIBBEE W - 724
COBEAIT, LD EHLELERL LIFET,

RFEE, SAREATIA L R AR A
=R LI LA EFRIC Lo g s F L7
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