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Chapter 1 

GeneralIntroduction  
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Sincethefindingofporphydnderivativesincrudeoils，bitumensandsedimentary   

rockextractsbyTreibs（1936），ithasbecomeapparentthattheunderstandingsbetween   

Organic compounds fbundin the biosphere andlithosphere provideimportant   

informationondepositionalenvironments，burialhistory，etC．，andfurthermore，Onthe   

Origin oflifb（Calvin，1969）．Morerecently，WOrkinorganicgeochemistry has been   

Stimulated by aninterestin the processesinvoIvedin the generation ofliquid   

hydrocarbonsintheearth’scruStandbythedevelopmentofmethodssuitableforthe   

evaJuation ofhydrocarbon deposits・Many ofthe earlier work concerlb・ated on the   

anaJysISOforganicmoleculeswithardative）ylowmolecularweight，Whicharefbund   

inpetrOleumandthebitumensextractedffomoilshales，petrOieumsourcerocks，etC・   

However，it emerged that a great dealofinformation would be available to the   

geochemistif suitable methods could be applied forthe analysIS Oftheinsoluble   

fractionsoforganicmatter・  

Theinsolublefractionofsedimentaryorganicmattermaybeclassifiedintohumic   

substance，WhichjsinsolubleinorganicsoIventsbutaresoluble（inpart）inalkaline   

solution，andkerogen，WhichisinsolubleincommonorganicsoIvents，alkalinesolution，   

andnonoxidizingacidssuchasHClandHF（FbrsmanandHunt，1958；Durand，1980）・   

Theetymologicalmeaningofkerogenis“generatingwax”（theGreekkerosmeanwax）・   

ThewordwascoinedbyA．Crum－Brown（Stewart，1916）tonametheorganicmatterof   

theoilshaleoftheLothians（Scotland），Whichproducesawaxyoilafterpyrolysis．  

Kerogenisthe most abundant form of organic carbon on earth・It has been  

estimatedthatkerogenamountsaboutlxlO22gcomparedtoaboutlxlO19gofcoal，  

whichitselfmayberegardedasamixtureofparticulartypesofkerogen，andabout  

lx10i8gofoil（＝unt，1972；Hunt，1979）・ThisngurerepresentslO－15％ofthetotal  

carbon（Organicandinorganic）containedintheearth’scruSt（Tablel－1）・  
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Tableト1．Quantitiesofthedifftrentfbrmsofcarbonintheearth－scrust．  

Quantities  

Fomsofcarbon  g  

1x10ユユ  Kerogen  

Carbonates  

insedimentaryrocks  

innonsedimentaryrocks  

dissolved in oceans 

6xlOユ2  

1xlO三三  

5x10】9  

Elementalcarbon（mainlyinbasaltic，graniticandmetamorphicrocks）lx1022  

DissoIvedinoceans（CO2，Organics）  1x1018   

Atmosphere（CO2）  1x1018  

Biomass（1ivingorganisms）  0．3～3xlO18  

（什omHunt，1972）  
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Kerogenorlginatesinorganicdebristhathasbeenreworkedbyorganismslivingat   

thewater－Sedimentinterfhce・Whendepthofburjalincreases，theproportionofkerogen   

intheorganicmatterdecreasesashydrocarbonsandothersolubleorvolatilemolecules   

are progressively formed・Thisis mainly a result ofthe thermaldecomposition of   

kerogen as the temperatureincreases（kerogen diagenesis）．Therefbre，it has been   

Widelyacceptedthatpetroleumhydrocarbonsaregeneratedmainlyfromkerogenduring   

diagenesis．  

Thetherma）decompositionofkerogenuponburialproceedsthroughamultitudeof   

Chemicalreactionsthatareunknownindetail（Philippi，1965；Welte，1965）butwhich   

arerecognizedtobequasi－irreversible（HuckandKarweil，1955；HanbabaandJ血tgen，   

1969；Tissot，1969）．AlthoughpetrOleumgenerationresultsfromamillion－yearlong   

process，the processisnotinthermodynamicequilibriuminthe subsurface．Indeed，   

SuChanequilibriumwouldresultmostlyindrygasandpolyaromaticcarbonresidue   

（Dayhoffetal．，1967；Takachetal・，1987）・Consequently，thegenerationofpetroleum   

innatureiscontrolledbychemicalreactionkinetics，inparticularbynon－isothermal   

kinetics，becausetemperattlreChangesasafunctionoftimeundergeoIogicalconditions   

（TissotandEspitali6，1975）・Appropriatekineticmodelsfbrthethermaldecomposition   

OfkerogenwithaconsideradonofgeothermaIhistories，bothindividuauyoptimiヱedto   

the sourcerockofinterest，Shouldtherefore，be apromlSlngtOOlfbrcalculatingthe   

timingandintensityofhydrocarbongenerationandenhancethee用ciencyofpetroleum   

exploration・  

In view of the complexity of the chemical reaction kinetics for petroleum 

generation from kerogen，CauSed by numerous paralleland successive reactions，   

“macrokinetic’’orgrosskineticconceptsweredevelopedtosimplifytheproblemof   

modelingtheseprocessesfbrgeologlCalpurposes・BasedonearlyworkofvanKrevelen  

＿4－   



etal．（1951），Pitt（1962）andGermancoalscientistsonnon－isothermalreactionkinetics   

（）血tgen，1964；Hanbaba，1967；）血tgen and van Heek，1970），grOSS PetrOleum   

generationcurvesobtainedbylaboratoryheatingexperimentareapproximatedbythe   

linearcombinationofanumberoffirst－Orderkinetic equations，eaChofthese being   

Characterizedbyan activationenergyandthepre－eXpOnential（什equency）factor・To   

date，tWO typeS Of parallelreaction models exist，depending on the spectrum Of   

activationenergleSbecontinuousordiscrete．Continuousmodelsassumecommonlya   

Gaussian distribution which has the advantage of reducing the number of free   

ParameterStOdetermine（BraunandBurnham，1987）・Discretemodelsusegenerallya   

SPaClngOflor2kcal／molbetweenconsecutiveactivationenergleS，reSultingintento  

twentyparameterStOOPtimize（TissotandEspitali6，1975）・Activationenergiesandpre－  

exponentialfactorsforthermaldecomposition ofkerogenare determined by these  

kineticmodelsuslngdataobtainedbylaboratoryheatingexperimentsofkerogen・  

Formanyyears，Rock－Evalpyrolysismethod（Ungereretal・，1986；Tissotetal・，   

1987；BurnhametaL．，1987；UngererandPelet，1987；Sweeneyetal．，1990；Jarvie，   

1991）andtheprogrammedmicropyrolysismethod（BurnhamandBraun，1990；Braun   

etal．，1991）have been usedwidelyfordeterminationofkinetic parameters・These  

pyrolysIS methods glVe three peaks by detection，Which correspond to those for  

hydrocarbons（peakSl）infreeform，hydrocarbons（peakS2）released什omkerogen，  

and CO2（peak S3）什om kerogen during heatingwith temperatureincreasing  

programmlng．The determination of kinetic parametersis based on the ㌦x  

（temperatureatpeaktop）andshapeofpeakS2CapturedffomatleastthreeRock－Eval  

pyrolysIS runS Perfbrmed uslng difftrentheating rates・Sincethepeak S2inclt）de  

mixturesofcompounds，theiractivationenergleSandpre一色XpOnentialfactorsareonly  

averageiVaIuesofthemixtures・払chcompoundonthereleaseffomkerogenhasitsown  
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Valuesofactivationenergy andpre－eXPOnentialfactor．However，itisimpossibleto   

determinethesevaluesforeachcompoundbythesemethods．Itisbettertoknowprecise   

activationenergleSand pre－eXPOnentialfhctorsofindividualcompoundsnotonlyfbr   

academicstudies，butalsoforthepetroleumexploration・  

The purpose of this study 

In the present study，the author perfbrmed geochemicalstudy on kerogen   

diagenesis by thermalanalysisbased on areaction kinetic rnodel，and attempted to   

determineanact主vationenergyandpre－eXPOnentialfactorforindividualcompoundson   

releaseftomkerogenandreleaseextentsofthosecompoundsinasedimentarysequence・   

The author used kerogen samples prepared from Neogene sediments coIIected at   

OutCrOpS along the Oashizawa routein the Shirtjo basinin Yamagata Preftcture，   

NortheasternJapan（Taguchietal・，1983）・Thejointstudyontheorganicandinorganic   

diagenesisinthissequencerevealedthatpetroleumformationtookplacemainlyinthe   

KusanagiFormadon（Taguchie（al・，1986）・  

Athree－StePaPPrOaChwastakentoachievetheo句ectives・  

In Chapter2，the author used a thermogravimetric analyzer（TG）witha gas   

chromatograph－maSSSpeCtrOmeter（GC／MS）oramassspectrometer（MS）inorderto   

identify compounds from kerogen as many as possible and reveal the changes of 

compositionandrelease－temPeratureSOfcompoundswithincreaslngburialdepth・   

InChapter3，theauthoranalyzedkerogensbyTG－GC／MSandTG－MSmethodsto   

obtaintheactivationenergyandpre－eXPOnentialfactorfbranindividualcompoundon   

release打omkerogen・Heretheauthorreportstheresultsofthermalinvesdgadonof  

kerogen and the determination ofthe values ofthe activation energy and pre－  

expon8ntialfactorforindividualcompounds・  
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JnChapter4，theauthorusedamathematicalmodeltoknow releaseextentsof   

individualcompoundsfromkerogen，uSlngParameterSSuChasactivationenergyand   

pre－eXPOnentialfhctorfbrreactionkineticsandtemperatureandrateofsubsidencefbr   

thermalhistoryofsediments・Heretheauthorreportstheresultsoftheapplicationofthe  

modeltothestratigraphicsequenceoftheNeogeneShirtjosedimentsandcomparethe  

results to the depth pro創es of soIvent extractable hydrocarbons reported for the   

Sediments．  
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ChapterZ  

InvestigationofOrganicCompoundsReleasedftomKerogen   

inNeogeneSedimentsoftheShiqioBasin，）叩an  

byaLaboratoryHeatlngExperiment                                                                                                        ●  
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ABSTRACT・Kerogensinsedimentsofdifftrentburialdepth overastrat】graPhic  

SequenCeintheNeogeneShirLiosedimentarybasinwereheatedfromroomtemperature   

to8000C underahelium椚owby athermogravimetric analyzer（TG）．Compounds   

releasedbythethermaldecompositionofkerogenwereintroducedintoandanalyzedby   

a gas chromatograph－maSS SPeCtrOmeter（GC／MS）・Two hundred and fbrty－nine   

COmpOunds wereidentified and are mainly a）iphatic and aromatic hydrocarbons・A   

releasepronleofeachcompoundfromkerogenwithincreaslngheatingtemperature   

WaS Obtained byTG－MS・In ger）eral，therma）release ofcompounds started around   

3500c which shif（edto4500cwithincreaslng burialdepth ofkerogen and ended   

roughlyat5500c・Therelea＄叩eakwidthbecamenarrowerwithincreaslngburialdepth  

Ofkerogen，Whichrefkctsthelossofathermallymorelabilefractionofkerogenin   

Sedimentsduringdiagenesis．  
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INTRODtJCTION  

Kerogen accounts for a m叫Or pOrtion of sedimentary organic matter andits   

thermalanalysISisimportant to the study of organic diagenesis and petroleum   

formation．In other words，there remain many problems on the fomlation of   

hydrocarbonsfiomkerogen，One Ofwhichisathermalbehaviorofkerogen during   

diagenesis．  

Amongvariousanalyticalmethod＄fbrthestudyofkerogen，heatingexperimentis   

ausefulonewhichprovidesinformationonthereleaseofchemicalconstituentsfrom   

kerogeninrelationtopetrOleumformation・Inthisrespect，theRock－Evalinstrument   

hasbeendeveloped（Espitali6etal・，1985aandb，and1986）・However，theRock－Eval   

analysISglVeSOnlythreepeaksofdetections，i・e・｝peaksforextractablehydrocarbons，   

thermogenichydrocarbonsfromkerogen，andCO2fromkerogen・Komiyaetal・（1990）   

COmbined a thermogravimetric analyzer CrG）with a gas chromatograph－maSS   

SpeCtrOmeter（GC／MS）or a mass spectrometer（MS）・Thi＄COmbinedinstrument   

enabledtoidentifyindividualcompoundstherma11yreleasedfromkerogen，aSWellas   

toestimatereleasetemperaturesofcompoundsfromkerogen・  

Inthischapter，theauthorappliedTG－GC／MSandTG－MStokerogensfromthe  

NeogeneShinjosedimentsinordertoidentifycompoundsasmanyaspossibleand  

revealthe changes of composition and release－temperatureS Of compounds from   

kerogenwithincreaslngburialdepth・  
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SAMPLES  

Kerogen samples usedin this heatlng eXperiments were prepared打om the   

Neogenesedimentsamplesco11ectedfromoutcropsalongtheRiverOashizawainthe   

ShirtiobasininYamagataPreftcture，nOrtheasternJapan，in1980，aSCOmmOnSamples   

forthestudyoforganicandinorganicconstituentsandtheirdiagenesis（Taguchietal．，   

1983）．The sedimentsamplesaremainly marineshalesandmudstonesfromMiddle   

MiocenetoPliocene，andwerenumbereddiscontinuouslyffomNo．90105（bottom）to   

No．83110（top）ofthe1600mthicksedimentarysequence（Fig．2－1）．Someresultsof   

thejointstudyweresummarizedbyTagtlChietal．（1986）．  

Themethodforpreparationofkerogenwasreportedinthestudyofstablecarbon   

isotopicratiosofkerogen（ShimoyamaandMatsubaya，1985），Theauthorusedportions   

Ofthen－prePared eleven kerogen sample Nos・83110，83109，83108，83107，83106，   

83105，83103，83101，90101，90102and90104inthisstudy．  
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Fig・2－1・SchematicstratigraphicandlithologlCSeCtionsofthestudiedarea・  

M軸Orr∝kfhcies：1：Darkbrownandestictuffbreccia；2：Wryhardsiliceot）SShale；3：Greyhard  

siltstone；4：Darkgreyhardsiltstone；5：Sandytuu；6：Greysandysiltstone；7：Calcareous  

COnCretion．CThguchietal．，1986）  
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EXPERIMENTS  

TheinstrumentconfiguradonwasreportedbyKomiyaetal．（1990）．Thekerogen   

SamPlewasheatedunderaheliumflowffomroomtemperaturetO8000catarateof  

600c min‾lin the TG（Shimadzu TGA－50）．During heating experiment，the TG   

COnStantlystoreddataofkerogenweightloss・  

In the TG－GC／MS method，COmpOunds releasedfrom kerogen by the heatlng   

experimentweretransportedbytheheliumflow and storedinacoldtraplnliquid   

nitrogen．Thetrapwasmadeofanuncoatedfusedsilicacapillarytube（1mxO・25mm   

i．d．）．Aftertheheatingexperiment，thetrapwasplacedintheGCovenpreheatedat   

300c．The temperature of the oven wasincreased according to the temperature－   

increaslngprOgrammentionedlater・Thetrappedcompoundswerevaporizedinthetrap   

bythetemperatureincreaseandintroducedtotheGC／MS（GC：HewlettPackard6890，   

MS：HewlettPackard5973MassSelectiveDetector）bytheheliumflow．Acapillary   

COlumnusedforGCseparationwasaD払5HT（30mxO・25mmi・d・，J＆WScientific）．  

TheGCoventemperaturewasprogrammedfrom30to40。catarateofl。cmin－1，  

from40to60。cat2。cmin－1，ffom60to100。cat3。cmin－1，fromlOOto200。cat  

4。cmin－1andfrom200to350。cat5。cmin－1・TheMSwasscannedeveryO・3lsec  

OVermh40－5∝）inanelectronimpactmodeat70dV．Thedataobtainedwerestoredin   

thecomputerwithalibrarysearchsystemofNIST（theNationalInstittlteOfStandard＄   

andTechnology，USA，1992）．Thecompoundswereidentifiedbycomparisonofpeak   

retentiontimes（Ortheirrelativeretentiontimes）onmassfhgmentogramsandtheir   

ma＄SSPeCtraWiththoseofstandardcompounds ormassspectraofNISTdata．The   

relativeretentiontimesusedwerefromliterature（Larteretal．，1979；Alexanderetal．，  

－17－   



1983；Rowlandetal．，1984；Hartgers，1992；Ioppoloetal．，1992；Georgeetal．，1998）．  

In the TG－MS method，released compounds wereintroduced directly and   

immediatelytoMSbytheheliumflow・TheMSwasscannedeveryO．31secovermた   

40－550inanelectronimpactmodeat70（Ⅳ．  
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REStJLTSANI〉DISCUSSION  

TGanalysis  

TG result of kerogen sample No．83101（Carbon content19・4％）is shownin   

Fig．2－2．Asmallpeak（1）around3500cand alargeone（3）around6000cwere  

observedinthe differentialTGcurve，andattributedtothedecomposition ofpoorly   

CrySta11izedpyriteandordinarycrystallizedone，reSpeCtively，preSentinthekerogen  

SamPle．Abroadpeak（2）over400－5500cisquitelikelyduetokerogendecomposition・   

Theweightlossofthebulkkerogensamplewas41・6％，andthatofkerogenitselfwas   

ll．9％based on the TG curve．The other kerogen samples showed nearly simi1ar   

PatternSOfTGcurvetothatofthesampleNo・83101・TheweightJossesduetothermal   

decompositionofkerogenwerealsoaboutlO％intheotherkerogensamples・  

TG・GC／MSanalysis  

Figure2－3showsatotalionchromatogramofcompoundsreleasedffomkerogen   

SamPle No・83105・A totalof249peaks wasidenti鮎d，and compound names   

correspondingtothepeaksarelistedinTable2－1・The62compoundswithafilled   

circlewereidenti鮎dbyretentiontimesandmassspeCtraOfstandardcompounds・They   

are mainlyaliphatic and aromatic hydrocarbons，and phenolic compounds・The77   

COmpOundswithanopencirclewereidentifiedbydoubletpeakdistributionpatternsfbr   

n－alkane and n－alk－1－ene homologues，and bypeakdistdbution patterns fbrC之－Ci   

alkylbenヱeneandC2andC3alkylnaphthaleneisomers・Thehomologuesandisomers  

Werealsoidentinedbymass打agmentogramsobtainedffommassspectrainliterature   

（Larteret al．，1979；AlexanderetaL．，1983；Rowlandetal・，1984；H叫gers，1992；  
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400  

Temp／℃  

Fig・2－2・ThermogravimetricanalysISOfkerogensamPleNo・83101・  
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Table2－1・Compoundsreleased打omkerogensampleNo・83105・  

No・ Compounds  No・ Compounds  

64   G劇偏  

65   C怠H16  

66   0‡Hほ  

67   C9H18  
68 0Ethylb8nZ艦n¢  
69  Cユー如吋l仙ophene  
70 0J乃－Ⅹylene  
71 0クーⅩylene  
72・  Cユーdkyl山iophene  
73   C2・dkyl仙ophene  
74  Cユーd坤血ophene  
75   S吋r8ne  
76 0かⅩylenモ  
77  0Non－トene  

7g O Nonan¢  

79   C91i18  
80   CldH2三  

81  C9HlO  
82   C10H2ユ  

＄3 0Jト針opyl血眼用e  
84  〃・打opylthiophene  
85 ●トE叫yト3・mぬylbe舵蝕e  
86   Cトdkyl伽ophⅢe  
＄7 ●ト別Iylヰme仙ylb印ヱⅢe  
88 413．5－Trimethylbenヱ亡nC  
89  C3・如kyl血ophcn七  
90 ●1－E血yトユーmC血ylbenヱ帥e  
91  C3一山kylthiophen亡  
92 01ふ｛Tdmモ也ylb印Zenモ  
93  ●Bモn血相n  

94   C9HlO  
95   C9Ⅲ10  

96   C9HlO  
97  0D亡C・ト餌場  

98  ●Phono1  
99 ●Isob叫抑ねnヱ班¢  

1（追  OD¢Can亡  

101 ●∫gC．一玉山申玩n乙ene  
lO2 ●l，ユβ－Trim¢血ylぬヱ印e  
lO3 ●トM¢也yト3－isopropyl加温輔e  
lO4 ●トMe山ylヰisopmpylbeれヱ食ne  
lO5   C9HlO  
l鵬   Indene  

lO7 ●l－Mぬyト2－isopropyl玩nzene  
lO8 01β・D毎払ylknヱene  
l（汐 01－Mdhyト3－prOpyl加蛇ene  
llO ●1，小以e也yl加n加n8  
111 0トMぬylヰpropylbe蛇¢nC  
112 ●か8u呼l撫m訟n亡  
113  ●1ヱ・Dk血ylknヱ亡n亡  
114 01β一斑m¢myト5っ也yl加悦吼e  
l15 0トM古仏yトヱ・pmⅣ1由比Cne  
118  ●β－C托＄d  

l17 01．¢mm¢血yト之ヾ也ylknz軌e  
l18 013一班m亡血沖4虻叫1b肌Z軌e  
l19 01ユーmm坤ylヰe也ylb亡混軌e  
lZO 01β・mmC也yl一之ヰ也yl玩瓜ヱ仇e  

lヱ1 ●刑－Cresol  

12ヱ ○クーCresd  
123  0UIld8C－トen亡  

124 01ふDim¢也y18一喝Ib粗雑nヒ  
lま5  ●Und∝an¢  

ほ6 ●ユふDim曲ylpbモnd  

1   C訂bondio裏de  

2  Sulfur dioxide 
3  GIH＄  
4   C5HlO  
5  C5H 12 
6   C5H8  
7   C5H10  
8   C5HlO  
9   C5H8  
】O Carbondisulfid¢  

11  C6H12  
12  C6H14  
13   C6H14  
14  0Hex－ト¢n¢  

ユ5  0Hex餌l¢  

lる   CdHlヱ  

17  C6H1?. 
18   C6H10  
19   C6H10  
20   C亜12  
21  C6H12  
22   C‘H10  

23  C6H12  
ヱ4   C6杜lユ  

25   C6H10  
26   C6H8  
27   C6H8  
ヱ8   CるH10  

29   C‘H10  

30   B¢nヱ¢ne  

31  T鵬ophene  
32   C7H16  
33   C6Hlヱ（Cyclohexan¢？）  
34   C7H14  
35 0Hept－1－Ⅲe  

36 0Heptan七  
37   C7H12  
38   C7H14  
39   C7H12  
40   C7H14  
41  C7H12  
42   C7H14  
43  C7H12  
44   C7Hlヰ  

45   C7H12  
46   C7HlO  
47   C7HlO  
48   C7H10  
49   C7HlO  
50   C7H12  
51  C7HlO  
52   Tolu¢れ¢  

53   Me叫l血io匝ene  

封   C7HlO  
55   Ace嘘CaCid  

5る   M曲yl血ioph8ne  

57   αHl占  

58   0‡Hl丘  

59   C畑偏  
60   C8H16  
61 00ct－1－モ批  

62   C＄H14  
岱  ●Octむl¢  

●CompoundsidentinedbyretentiontimesandmassspeCtraOfstandards・  
OCompoundsidentinedbydistributionpatternsfbrhomoIoguesaJldisomers・  
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Table2－1．（C（）〟血〟ed）．  

No． Compounds  No・  Cornpoun由  

1聞 01j．7－Trimぬyln叩h也如ne  
191 01，3ふTrime也yln8Phtha】租e  

192 0I3．5－Trimethy］naphthlene  
193  0l，4ふTrim血ylnaph他山n¢  
194 023，6－TdmethylnaphthaleJle  
195 01，2，6－Trimethylnaphthalene  
196 01ふ7－Trime仇yln叩h血akne  
197  0l，6，7－TrimethylnaphthaJene  
l娼  ●nuorene  

199  0l．2．4－Trimethyln8Phthalene  
200 01，2，5・Tdme仇ylnapb払出ene  
201 0n－NonylbeTuene  
202 0l，2，3－Trim¢也ylnaphth如ne  
203  ●H¢Xadec－1一朗Ie  

204  0Hexade¢an¢  

205   M¢也yldi玩nzo餌ー飾  
2鵬   Alkylaヱul用e  
207   Alky18Zul抽亡  
208 0′トDecyl玩n祝ne  
ヱ09   M¢叫・1fluorene  
ヱ10   Me仙yl爪uorene  
211 0Heptad¢仁一トene  
ヱ12 0H叩hdecant  
213  0nうst・ト8ne  

ユ14  0phst・Z・モne  

之15  ●m¢れanthrモne  

216  ●Anthac¢n¢  

217  0〃・Und¢Cylknz8n烏  
218  ●0¢h血c岬1・One  

219  00c也decane  
220 ●3－M七山ylphen弧仏陀n亡  
221 ●2－M血ylphen肌払ー¢ne  
222 02－Me仇yl和也mceれ¢  
223  0n－Dodccyltxnヱ印亡  
2Z4 ●9－M¢仙ylpb¢nan仇ー珊e  
2ヱ5  0トMe血ylan血相cモne  
22る ●1－Mモ血ylpb¢nan血相ne  
227  0Nonad¢C－ト¢批  

228  ●Nonade¢aれe  

2ヱ9  S8  
230  ●Bco5－トⅢ¢  

231 0Eico＄an¢  
232  ●阿山omn血亡n¢  

二日3  ●糎ne  
234  0H¢meicos－1－8ne  
ヱ35  0Hen¢icosanc  

23る  ODocos－1－en亡  
237  ●m∝職制腫  

：臼＄  OT血髄－トene  

ヱ39  0T血岱an¢  
240  0Te打aco＄－1－¢ne  

241 0T¢地肌e  
24Z OPen也C出－1－ene  

ヱJ蛤  ●P¢ntaC瓜ane  

2ヰl OHex誠OS・1－モn8  

245  0Hex批OSan亡  
ヱ4る OH印也亡α卜lヰne  
247 0H甲加脱ne  
ユ4B  00c仏COS－トenモ  
Z49  ●Oc也C皿e  

127  ●1，2，4，5・T¢tme叫ylbenz紺e  
128 ●1．2，3，5－Tetmme也yIbnz¢ne  
129   C10H10  
130   C10H10  
131 01，2，3，｛T¢t帽∬腫血ylb8nZ¢ne  
13ヱ ●2－E也ylpbenol  
133  0〃－PⅢけ1bnzene  
134   C5一山吋1加温ene  
135 ●2，小Dim¢血ylph¢nO1  
136  ●2．5・Dim¢thylph印Ol  
137   C汀Hl占  
138  ●Naph山dene  
139  ●4竜也ylphenol  
lヰO I）8nZO血oph¢ne  
141 ●3ふDimethylph¢nO1  
142  03－E仇ylphenol  
143  ●2ふDim飢hylph¢nOl  
lJは  ●Dod¢C－トene  

145  ●3，小Dime仙ylp加nol  
146   Q一山吋Iphenol  
147  0Do（kcane  
148   C5・山吋1benz¢ne  
149   C12H封  

150   C13Hユ8  

151  C3一雨kylpheno1  
152   Q－8比ylpheno1  
153  CllH12  
154   C3－aJkylpheno1  
155   CllHほ  

156   CllHl＝  
157   CllHlユ  

158 0JトH¢Xyl加氾¢n¢  
159 ●2－M¢thylnaphthal¢ne  
l伽）  M¢thylh汀比0仏iophen¢  
161  M血ylb汀比0也ioph8n¢  
162 ●トMe仙ylnaph伽由仁ne  
lる3  0Tdd¢C－1－ene  

lる4   C14兄28  

1る5   Cl浦山0  

1舶  OTrid館ane  
l（汀 OJトH¢pり1benzモne  
l（娼   ClヱH14  

169   ClヱHlO（Biph亡myl？）  
170   C12兄14  

171   Cユーdky伽舵Othiophen¢  

172 02・E血yln8pht丸山ne  
173 0トEぬylnaphthal¢ne  
174 ●乙6－Dime叫ylれ叩h血細ene  
175 ●Z，7－Dimぬyln叩htblene  
176  ●Te打adモC－1－モカe  

177  ●13－DimcthylnaphthaJene  
178 ●1，7・Dimぬyユn叩b血akne  
179 ●l，6－Dime血yln叩h血d印e  
180  ●T飢mdモCan¢  

ほ1  ClヱHlO  

182 ●l．4－Dimcthy）n＆Phthalene  
183 ●ヱ3一助methylれ叩h血ak批  
184 ●1ふDimetbyln叩bthdenモ  
l＄5 ●1ふDim血ylれゆ血如nモ  
l鮎  ○脾0¢吋1knzenモ  
1即  ●Dikn血指n  
l＄  OPen也dec・1－ene  
l＄9  ●馳n也d¢Cane  
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Ioppoloetal．，1992；Georgeetal．，1998）．ThellOcompoundswithoutacirclewere   

identinedbycomparisonwithmassspectraofNISTdata．  

Themqorreleased compounds are aliphatic hydrocarbons，aSindicated bythe   

homologous series ofn－alkanesand n－alk－トenesranglngf（OmC6tOC28，C2－C4  

alkylbenzenes，andpolycyclicaromatichydrocarbonsandtheiralkylderivativesinall   

SamPles・Thesecompoundsareknowntobepresentasmaincompoundsinpetroleum，   

SuppOrtingthatpetroleumhydrocarbonsweregeneratedfromkerogeninthesediments．   

Branchedalkenes（Pdsトトeneandprist－2－ene），Phenol，alkylphenoIs，thiophenes，and   

alkylthiopheneswerealsofbundinrelativelyhighabundance．  

Table2－2showsrelativeabundanceofaliphaticandaromatichydrocarbons，and   

Phenoliccompoundsreleasedf（Omthellkerogensampleswhicharelistedfromtopto   

bottom according totheirrelative depthinthe sedimentary sequence．The released   

amountsofaliphatichydrocarbonsincreasegraduallywithincreaslngdepth．However，   

those of higher molecular aliphatic hydrocarbons，i．e．，eicosane and eicos－1－ene，   

decreasedrasticallyatthedepthofkerogensampleNos．90102and90104．Activation   

energies of higher molecular aliphatic hydrocarbons in thermal decomposition of 

kerogenaresmallerthanthoseoflowermolecularones（TangandStauffer，1994；Tang   

andBihar，1995；Biharetal・，1997）・Therefbre，theabsenceofthehighermolecular   

aliphatichydrocarbonsinkerogensampleNos・90102and90104isprobablydueto   

theirearlierreleaseffomkerogenduringdiagenesisbeforethekerogenreachedatthose   

dep也s・  

Thereleasedamountofl，3，5－trimethylbenzeneincreaseswithincreaslngkerogen   

depth，Whereasthatofl，2，3－trimethylbenzeneishigherinthekerogensamplesatupper   

andmiddledepththanatbottomthreesamples・Thedifferentpro創esmayindicatethat   

thosecompoundshadcome打omdi鈍rentprecursorsand／orfblIoweddi鈍rentreaction  
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Table2－2．Compoundsreleased丘omtheelevenkerogensamples．  

Kerogen  Dccane  Dec－l－ene  Pentadecane  Pent且dec－l－ene  

・
＋
＋
＋
十
伸
…
…
…
叫
…
 
 

エ
〓
〓
エ
…
〓
 
 

ー
＋
＋
＋
＋
＋
両
村
付
回
…
 
 

－
＋
十
＋
＋
ワ
T
〓
〓
⊥
 
 

Eicos－l－ene  13，5－TrimethyIbenヱenel，23－Trimcthy）bcnzenc  Kerog印  C  
¢
 
紬
 
S
 
O
 
 
 

E
i
 
 

83110  
83109  
83108  
g3107  
83100  
83105  
83103  
83101  
90101  
90102  
901糾  

エ
榊
榊
榊
榊
榊
榊
ニ
…
 
 

・
－
＋
＋
－
十
＋
＋
‥
 
 

一
－
＋
＋
●
＋
＋
＋
…
－
↓
 
 

ー
＋
＋
＋
＋
＋
＋
叫
…
日
日
 
 
 

Kerog亡n  NaphLhaJene  lI6－Dimethyln＆phtha］ene・  PherLanl加nc  

831100 
83109  
83108  
83107  
831鵬  

83105  
83103  
捻3101  

90101  
90102  
901糾  

｝
榊
榊
…
榊
榊
榊
ニ
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－
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－
 
1
 
＋
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＋
－
－
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－
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＋
－
＋
 
＋
 
＋
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＋
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●
 
－
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＋
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－
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SymboIs，＋＋＋＋，＋＋＋，＋＋，＋，－，and・indicateverymuchm年IOr，Verym叫Or，m句Or，mOderate，  

minor，andtraceamountsofcompoundsreleasedfromkerogensamples．  
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pathwaysduringdiagenesis・Therelativelyhighabundanceofl，2，3－trimethylbenヱene  

likelyindicatesthatprecursorsderivedfromnon－arOma也c carOtenOids（e．g．，β，β－  

CarOtene）hadincorporatedintokerogenandtheyyieldedl，2，3－trimethylbenzeneduring  

theheatingexperiment（Hartgersetal．，1994）．  

The highly released amounts of poIycyclic aromatic hydrocarbons（e．g．  

naphthalene，1ふdimethylnaphthaleneandphenanthrene）f（Omkerogensamplesaround   

the middledepth were observed・Thedepth pro創esofthe polycyclicaromaticand   

aliphatic hydrocarbons are similar to those of extractable polycyclic aromatic and   

aliphatic hydrocarbons，reSPeCtively（ShioyaandIshiwatari，1983）inthe sediments．   

Thissimilaritysuggeststhatthehydrocarbonsinthesediment＄Weremainlygenerated   

fromkerogenduringdiagenesis・  

PhenoIwasreleasedinabundancefromkerogensampleNo・83109specially，and   

Showsagraduallydecreasewithincreaslngkerogendepth．ThedepthproⅢesofmost   

ClandC2alkylphenoIsshowsimi1arpatternstothatofphenol，althoughthedataare   

notshowninthe text．Itis genera11y accepted thatphenolic compounds have been   

derivedfromlignlnCOmPOnentSincorporatedintokerogen・Inthestudyofstablecarbon   

isotopes，itis reported thatthe sotlrCe Oforganic matter changed ftom rparine to   

terrestrialtoward the upper Part Of the sedimentary sequence（Shimoyamaand   

Matsubaya，1985）．Therefbre，itislikelythatthedepthpronleofphenolabundance   

mainlyrenectsthechangeofdepositionalenvironment，althoughapossibilitythatthe  

PrO創eispartlyaffbctedbydiagenesiscannotbeexcluded・  

TG・MSanalysis   

Figures24to2－8show continuous release pronles（along temperature）of  

compound＄打omkerogensampleNos・83109・83105，83101，90101and90104・These  
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Fig・2－4・ThermalreleasepatternSOffiveselectedionscorresponding  

tothecompoundsshownbytheions打omkerogensamp）eNo．83109．  

Apeakintensityshowsareladveintensityatthepeakmaximum．  
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Fig．2－5．Thermalreleasepatternsoffiveselectedionscorresponding  

tothecompoundsshownbytheionsffomkerogensampleNo．83105．  
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Fig．2－6．ThermalreleasepatternSOffiveselectedionscorresponding  

tothecompoundsshownbytheionsfromkerogensampleNo．83101．  
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Fig．2－7．ThermalreleasepatternSOf且veselectedionscorresponding  

tothecompoundsshownbytheionsfromkerogensamPleNo．9010l．  
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Fig．2－8．Thermalreleasepattemsof蔦veselectedionscorresponding  

tothecompoundsshownbytheionsfromkerogensampleNo．90104．  
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kerogensampleswerechosenoverthestratigraphicsequenceinrelationtopetroleum   

formation，because the depth around the sample No．83001corresponds to the   

begimingofthethresholdofpetrOleumgeneration（Taguchietal・，1986）・Ionsatmk   

69and71arethecommonmassf（agmentsofn－alk－トenesandn－alkanes，reSpeCtively．   

Them々94is asslgnedtophenol，120toC3－alkylbenzenes，and178totriaromatic   

hydrocarbons・  

The releasepeak of compounds from the kerogen sample No・83109at a  

temperatureincreaslngrateOf600cmin・1startsataround3500candendsatroughly  

5500cwithmaximum－releaseat4800casseeninFig．2p4．Asthedepthofthekerogen   

SamPlebecomesdeeper，the＄tartingandmaximum－releasetemperaturesshifttoward   

higher．InthekerogensampleNo．90104，thestartingandmaximum－relea＄eare4500c   

and5100c，reSpeCtively（Fig．2－8）・Furthermore，thepeakwidthbecomesnarrowerwith   

increasing burialdepth．Kerogen consists of bonds of various strengths（Various   

activationenergies）・Thepeaknarrowing（Ordisappearanceofthelowertemperattlre   

PartOfpeak）isprobablyduetothebreakdownofbondswithloweractivationenergies   

andtheloss ofcompounds withthose bonds as diagenesisproceeded，and gave an   

apparentshiftofthestartlngandmaximumィeleasetowardhighertemperature．  
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CONCLIJSIONS  

Kerogensofdi蝕rentburialdepthfromNeogeneShirtjosedimentswereheatedin   

theTGfromroomtemperaturetO8000cunderaheliumnow，andreleasedcompounds   

wereanalyzedby GC／MS orMS・Theresultsoftheseanalyses are summarized as   

fbllows：   

l，Kerogensamplesreleasedvariouskindsoforganiccompoundsduringtheheatlng・  

Among249compoundsidentified，aliphaticandaromatichydrocarbonswerem叫Or  

COmPOunds・Thesecompoundswerealsofoundasm叫OrCOmPOundsinpetroleum・  

Therefbre，the result supportsthat petroleum hydrocarbons were generatedfrom  

kerogenduringdiagenesisinthesediments・   

2．Examinationofcontinuousreleasepro甜esofindividualcompoundsftomkerogen  

alongheatingtemperatureshowedthatcompoundreleasesstartedataround3500c  

andendedatroughly550Ocwithmaximum－releaseat4800cattheupperpartofthe  

SequenCe・   

3．Asthe depth of kerogen becomes deeper，the starting and maximum－release  

temperaturesshiftedtowardhigher，makingthereleasepeaknarrower．Theapparent  

Shiftofthetemperatureswaslikelyduetotheearlierlossofcompoundsbondingto  

kerogenwith．loweractivationenergleS・  
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Chapter 3 

DeterminationofActivationEnergyandPre－eXPOnentialFactor  

for Individual Compounds on Release from Kerogen 

byaLaboratoryHeatingExperiment  
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ABSTRACT・KerogenrecoveredffomNeogeneShirtjosedimentswereheatedffom   

room temperature to8000c using a thermogravimetric analyzer（TG）．Organic   

COmpOundsreleasedfromkerogenduringheatingweretrappedandanalyヱedbyagas   

Chromatograph（GC）－maSS SpeCtrOmeter（MS）・Among these compounds，benzene，   

hexane，tOluene，phenol，heptaneandindenewereselectedtodeterminetemperaturesat   

WhichmaximumreleaseofthesecompoundsoccurredbasedonTG－MSpeakprofiles・   

Thisanalysiswascarriedoutusingprogrammedheatingrates（Hi）of5，10，20，30，and  

600cmin－1andnvetemperaturesatpeaktops（7Laxinabsolutetemperature）were  

determinedforeachcompound．Theplotofl／T。aXVSln（m／（㌦ax）2）foreachcompound  

Showedagoodstraightlinewithahighcorrelationcoemciency．Accordingly，amean   

activationenergy（Eo）andpre－eXpOnentialfactor（A）atEoforeachcompoundonthe   

releasefromkerogenwerecalculated，uSingtheequationoftheapproximatemethod（Or   

GaussianE－distributionmethod）byBraunandBurnham（1987），  

1n（放／（㍍ax）Z）＝一旦。／月㌦ax＋1m（A尺燭）  

WhereRistheidealgasconstant・TheactivationenergleSandpre－eXpOnentialfactorsof  

thesecompoundswereinarangeof43・1to60・9kcal／molandof3・56xlOlOto  

16－1 l・21xlOs，reSpeCtively・TheaveragesoftheactivationenergleSandpre－eXpOnential  

factorsobtainedffomthefivekerogenshaddecompositionratesinorderofindene   

benzene，tOluene＞Phenol＞hexane，heptane，Whichindicatedthathexaneandheptane   

WeremOreStrOnglyboundtokerogenthanthethreearomatichydrocarbon＄．  
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INTRODUCTION   

Ithasbeenwidelyacceptedthatpetroleumhydrocarbonsaregeneratedmainlyby   

thermaldecomposition of kerogenin sediments．Some studies descdbed the   

hydrocarbongeneration丘omkerogenbykineticmodelsuslngdataobtainedbyheating   

experiments・TheRock－Evalpyrolysismethodhasbeenusedfbrthatpurpose（Ungerer   

et al．，1986；Tissot et al．，1987；Burnham etal・，1987；Ungerer and Pelet，1987；   

Sweeney et al．，1990；Jarvie，1991）・This pyrolysis methodgives three peaks by   

detection，Which correspond to those for hydrocarbonsinfree fbrm，hydrocarbons   

released f（om kerogen，and CO2from kerogen・Sincethe first two peaksinclude   

mixturesofcompounds，theiractivation energiesand pre－eXPOnential（Orffequency）   

factorsareOnlyaveragevaluesofthemixtures・Eachcompoundonthereleasefrom   

kerogen hasits own values of activation energy and pre－eXPOnentialfactor，and   

therefbreitisdifnculttodeterminethesevaluesforeachcompoundbythismethod．  

Foridentificationofcompoundsreleasedfromkerogenandfbrdeterminationof   

theirreleasetemperatureS，athermogravimetricanalyzer（TG）wasconnectedtoagas   

Chromatograph－maSS SpeCtrOmeter（GC／MS）and to a mass speCtrOmeter（MS），   

respectively（Chapter2）・Thissystemenablesdeterminationoftheactivationenergyand   

Pre－eXPOnentialfactor ofanindividualcompound on the release ffom kerogen by   

ChanglngtherateofexperimentalheatingonaglVenSamPle・  

Inthischapter，theauthorexaminedkerogeninNeogeneSh叫OSedimentsbythis   

approachtoobtaintheactivationenergyandpre－eXPOnentialfactorforanindividual   

COmPOund・Theauthordescribestheresults ofthermalinvesdgadonofkerogen and   

PreSentthevaluesobtainedbythistechnique・  
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SAM王ILES  

Kerogen samples used for determination of kinetic parameterS are Same aS   

describedin Chapter2・Kerogen samples usedin this heating experiments were   

preparedfromtheNeogenesedimentsamplescollectedfromoutcropsalongthe鮎ver   

OashizawaintheShirtjobasininYamagataPrefbcture，nOrtheasternJapan，in1980，aS   

COmmOn SamPles fbr the study of organic andinorganic constituents and their   

diagenesis（Taguchietal・，1983）・Theauthorusedportionsof5previouslyprepared   

kerogensamplesNos・83109，83105，83101，90101and90104inthisstudy．  
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EXpERIMENTS  

AnalyticalprocedureforTG－GC／MSanalysISissameasdescribedinChapter2・  

IntheTG－MSanalysIS，akerogensamplewasheatedinTGunderaheliumflow  

fromroomtemperatureto800。catincreaslngrateSOf5，10，20，30，and60。cmin－l・  

Theheatingrateswerecontro11edbyathermocoupleJuStabovethekerogensample・   

ReleasedcompoundswereintroduceddirectlyandwithoutaslgnificantdelaytoMSby   

heliumnow．MSwasscannedeveryO．31secoverm々40－550inanelectronimpact   

iomizationmodeat70dV．  
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RESULTSANDI）ISCUSSION  

Idemti鮎ationbyTG・GC／MSamdTG・MS  

Figure3－1showsmassfragmentogramsofm々78，86，92，94，100，andl16fbrthe   

COmPOundsreleasedfromthekerogensampleNo・83105bytheTG－GC／MSanalysIS・   

Theotherkerogensamplesshowedsimilarmassfragmentogramsofthosem々totho＄e   

OfthesampleNo．83105・  

Themassfragmentogramofm々78bytheTG－GC／MSanalysis（Fig．3－1a）showed   

alargepeakataboutl・9minandasmalloneataboutl・4min・Thesetwopeakswere  

3234 
identifiedasbenzeneandcarbondisulfide（Css），reSPeCtively，basedontheirmass  

SPeCtra．Thecompoundreleasepro創eofmk78bytheTG－MSanalysis（Fig．3－2a）   

Showedalargeandasmallpeak・Becausethetemperatureofthesma11peakcoincided   

withthatofthethermaldecompositionofpyriteasrevealedbytheTGanalysIS，this   

peakwascarbondisulndewhichwasprobablyfbrmedbythereactionofthecarbon   

residuein kerogenandsulfurproduced打omthethermaldecompositionofpyritein   

kerogen・Therefbre，thelargepeakontheprofileswasasslgnedtobenzene released   

打omkerogen．  

The massfragmentogram ofm々86（Fig・3－1b）showed alargepeak atabout   

l．5mininretentiontimeandabroadoneffomabout2．8to3．9min．Accordingtotheir   

massspectra，thesetwopeakswereidenti鮎dashexaneandtetrafhorosilane（SiFi），  

respectively．The仇互86correspondstothemolecularionofhexaneanda舟agmention  

（SiF3’）oftetranuorosilane・The tetrafhorosilane wa＄prObably fbrmed during the  

preparationofkerogensamples・Thecompoundreleasepronleofmた86（Fig・3－2b）  

showed two peaks・The peak at about2500c wasidentified as tetrafhorosilane  
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Fig．3－1．Mass丘agmento卵mS（別々78，86，92，94，  

100andl16）ofcompoundsreleasedffomkerogen  

SamPleNo・83105byTG－GC／MSanalysis・  
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Fig．3－2．Compoundreleasepronles（mた78，86，92，  

94，100andl16）ffomkerogensampleNo．83105by  

TG－MSanalysis（temperatureincreasingrateat  

200cmin－1）．  
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according to the mass spectrum・Therefbre，the peak atabout5000c was hexane   

releasedfromkerogen．  

Themass什agmentogramsofm々92，100andl16（Figs．3－1c，eandりshowed   

Onlyone peakonthe massfragmentograms・Thesepeakswereasslgned totoluene，   

heptaneandindene，reSPeCtively，basedontheirmassspectra・Themass什agmentogram  

Ofmh94（Fig．3－1d）showedonelargepeakatabout15mininretentiontimeandsome   

peaks at about5min・Thelarge peak was phenolbased on retention time，maSS   

SpeCtrumOfastandardcompound，anditsmuchlargersiヱe・Therefore，itwasconcluded   

thatthepeaksonthecompoundreleasepro再Iesofm々92，94，100，andl14（Figs．3－2c   

tof）wereoftoluene，Phenol，heptaneandindene，reSpeCtively．  

On the other mass fragmentograms，mOre than two peaks were detected．For   

instance，themassfねgmentogramsofm々69（F3g．3－3a）and71（Fig．3－3b）showed   

peakdistributionpatternsofhomologouscompounds・Theionat〝寝69correspondsto  

C5H9＋andm々71toC5Hll＋，Whicharecommonmassffagmentsofn－alkenesand  

n－alkanes，reSpeCtively・Accordingly，aSeriesofn－alkenes（rangingfromC6tOC25）and   

a series of n－alkaneS（ranging ffom C6 tO C28）wereidentified・The mass   

ffagmentogramsofm克120（Fig・3－3c）and142（Fig・3－3d）showedpeaksof7isomers  

OfC3－alkylbenzenes（molecularion120）and20fmethylnaphthalenes（molecularion  

142），reSpeCtively．Althoughthe compound release pronles of these fbur mass  

ftagmentogramsshowedpeaksatabout5000c，eaChpeakconsistedofmixturesof  

abovecompounds・Therefbre，thosemas＄丘agmentogramsandtheircompoundrelease   

PrO創eswerenotusedfbrthepresentpurpose・  

Detemina也omofrmax   

Figure3－4showsthereleasepro創esoftoluene（m克92）打omthekerogensample  
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a）m々69JトAlkenes  

b）m々71n－Alkanes  
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Fig．3－3．Mass丘agmentogramS（m々69，71，120  

and142）oforganiccompoundsreleasedftom  

kerogensampleNo．83105byTG－GC／MSanalysis・  
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No．83105andFig．3－50fhexane（mklOO）fromNo・90101heatedattemperature  

increaseratesof5，10，20，30，and60。cmin－l．Theseheatingrateswereselectedfor  

practicalreasons・Considerablylowerrates（e・g・0・1Ocmin－1）wouldrequireaboutfive  

daysforthe completion ofa heatlng eXPeriment，Whereas higher heating rates are   

knowntocauseslgn頂cantdiffbrencesbetweentherealtemperatureofthesampleand   

theprogrammed rate・This problemhas beendiscussedindetai1byBurnhametal・   

（1987）．  

In order to estimate an activation energy and pre－eXPOnentialfactor，Tnax   

（temperatureatpeaktop）wasdetermined・Fortheestima也onofthetimelagbetween   

COmpOundrelease什omthekerogensampleinTGanddetectionbyMS，thetimeatthe   

peaktopduetothedecompositionofpyriteinthekerogensampleonthediffbrential   

TG curve and thatofpeaktop on the compound release pro創e ofmh64fbrthe   

molecularionofSO2WereCOmpared・Similarlythetimelagwasdeterminedforeach   

heatingrate．Thus，TL．axwasdeterminedbycorrectingtheobservedtimeatpeaktop   

uslngthetime－temperaturegraphrecordedbyTG・Table3－1showsTL．axofbenzene，   

hexane，tOluene，Phenol，heptane，andindeneatfiveheatingrates・TheseTnaxvalues   

ShiftedtowardhighertemperatureSWithincreaslngheatingrates，andfb11inarange  

between424．6and459．9。cat5。cmin－1，andsoonasshowninTable3－1．Itis   

importanttonotethataslightchangein7L．axcanslgn抗cantlychangetheactivation   

energyandpre－eXPOnentialfactor・Therefbre，COnSiderablecarewasmadetodetermine   

thecorrectTnax・  

ActiYa銭onener訂amdpre・eXpOnential払dor  

Assumlngafirstorderreactionforthecompoundontherelease如makerogen ■   

Sample，theactivationenergyandpre－eXpOnentialfhctorweredeteminedf（omTLax  

－47－   
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Fig．3－4．Compoundreleasepronlesoftduene  

丘omkerogensampleNo・83105byTG－MS  

弧山ysis．  
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b）Heptane（mJklOO）  
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Fig．3－5．Compoundreleasepronlesofheptane  

舟omkerogensamPleNo．83105byTG－MS  

analysis．  
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Table3－1・Tmaxofbenzene，hexane，tOluene，Phenol，heptane，andindeneon  

releasefromkerogensamplesinShirtjosediments．  

r虹瓜ノOC  

Kerogen m々 Compounds 5℃min－1100Cmin－1200Cmin‾1300Cmin‾1600Cmin‾1  

83109  78 Benzene  439．6  453．7  470．2  477．3  493．4  

86 Hexan¢  435．6  450．0  瑚．9  ∠帖8．1  478．5  

92 Toluene  440．5  455．4  473．4  480．3  494．4  

94 Pheno1  428．2  441．0  454．4  461．2  473．8  

1α） Hept狐e  424．6  434．3  449．4  457．6  469．7  

116 Indene  4蛇．1  453．9  473．8  481．3  497．4  

83105  78 Benzen¢  451．2  462．4  475．7  ∠は2．5  5帆4  

86 Hexane  朝腹0  458．1   470．1  478．2  494．2  

92 Toluene  451．3  463．2  475．9  制．1  502．8  

94 meno1  454．8  ㈱．0  476．2  483．7  502．8  

1（追 Hephne  443．8  455．2  ∠帖5．0  473．0  488．6  

116 Indene  451．2  轍．8  477．9  485．2  510．7  

83101  78 Benzene  454．0  466．7  481．6  488．8  511．8  

86 Hexane  452．0  4朗．5  477．7  485．0  502．5  

92 Toluene  454．0  467．8  481．8  489．1  510．9  

94 円IenO1  451．6  ㈱．6  ∠け7．4  制．5  504．9  

1（氾 Hepはne  447－1   460．4  ∠打2．4  481．5  495．9  

116 Ind¢ne  452．7  469．1  482．1   Jは9．1  515．7  

90101  78 Benzene  453．3  467．2  482．0  胡汀．6  501．9  

86 Hexane  450．1  463．7  4乃．9  481．9  494．8  

92 Toluene  454．4  467．7  481．1  亜7．5  499．8  

94 Pheno1  449．4  462．1  475．5  亜0．5  491．9  

100 Hepはne  中国■6  456．1   472．2  ∠打6．9  489．9  

116 Indene  451．4  466．7  480．5  胡姶．6  499．8  

901糾  78 B¢nZene  458．1  470．0  479．4  493．6  513．7  

鮎 Hexane  456．3  465．7  476．3  4試）．6  5鵬．4  

92 Toluene  459．9  470．8  488．5  璽叫．6  513．7  

94 PheI101  453．6  瑚．0  478．7  爛．2  505．7  

1∝）Hept00e  婚3．3  鰯．3  475．8  胡始．2  501．7  

116 Indene  459．3  470．4  峨．3  496．4  516．9  



withdi批rentheatingratesusingtheequationoftheapproximatemethod（OrGaussian   

E－distributionmethod）byBraunandBurnham（1987）：  

ln（助／（㍍弧）2）＝一札偶㌔ax＋1n（朋燭）  

where放istheheatingrate（Kmin－1），EothemeanactivationenergyofGaussian  

distributionofactivationenergleS，Athepre－eXPOnentialfactoratEo，Rtheidealgas  

constant，andIL．axinK．Figures3－6to3－10showtheplotsofl／Tnaxvs．ln（撤／（Tnax）2）  

fbrbenzene，hexane，tOluene，Phenol，heptane，andindene．Allplotsshowedreasonably   

Straightlineswith highcorrelation coe鮪ciencies（r）fromO．999（heptanefromthe   

kerogensampleNo．83101）toO・977（PhenolfromNo・83105）・Theactivationenergies   

and pre－eXPOnentialfactors fbrthese compounds on the release ffom蔦ve kerogen   

SamPlesobtainedbythesemeansarelistedinTable3－2・Theactivationenergyandpre－  

16 1 
exponentialfactorofphenolfromNo・9010lwere60・9kcal′molandl・21xlOs，  

respeCtively，Whichwasthelargestamongthevaluesofallreleasedcompoundsofall  

lO－1 
kerogensamples・Conversely，43・1kcal′moland3・56xlOsforindeneffomNo・  

83101wasthelowest．Thevaluesofkineticparametersfbreachcompounddidnot   

reflectthedifftrenceinkerogensofdifftrentburialdepth，eXCeptthatthevaluesfor   

COmPOundsfromthekerogensampleNo・90101weresomewhathigherthanthosefor   

theotherkerogensamples．  

Therateconstantsofeachcompoundat1200cwerecalculateduslngtheArdlenius   

expression（Table3－2）・Thejointstudyontheorganicandinorganicdiagenesisinthe   

ShirtjosedimentsconcludedthatpetrOleumgenerationtookplacemainlyintheupper   

PartOfthe KusanagiFormadon withthe onsetoftheintense generation at1200c   

（Taguchietal．，1986）．Thefa＄teStandslowestamongthosevaluesinTable3－2were  

ー51－   



a）Benzene  b）Hexane  

tn（Hr／（Tmax）2）＝－2．37xlO4（1／Tmax）＋21・7  1n（Hr／汀max）2）＝－2．94xlO4（1／Tmax）＋29．9  
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Fig．3－6・1／T －1n（鮒（㌔ax）2）plotsofbenzene（a），hexane（b），tOluene（C），phenol（d）， maX  
heptane（e）andindene（nonthereleaseffomkerogensampleNo・83109・  
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a）Benzene  b）Hexane  

ln（Hr／0－max）2）＝－2・50xlO4（1／Tmax）＋23・1  fn（Hr／（Tmax）2）＝－2・82xlO4（1／Tmax）＋27．7  
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C）Toluene  d）PhenoJ  

fn（Hr／（Tmax）2）＝－2・59xlO4（1／Trnax）＋24・2  In（Hr／（Tmax）2）＝－2・46xlO4（1／Tmax）＋22．7  
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e）Heptane   f）lndene  
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Fig・3－7・l／T －ln（fhl（㌔ax）2）plotsofbenzene（a），hexane（b），tOluene（C），Phenol（d）， maX  
heptane（e）andindene（f）onthereleaseffomkerogensampleNo．83105．  
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a）Benzene  b）Hexane  
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Fig・3－8・1／T －ln（W（㌔肌）2）plotsofbenzene（a），hexane（b），tOluene（C），phenol（d）， m8X  
heptane（e）andindene（00ntherelease什omkerogensampleNo・8310l・  
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a）Benzene  b）Hexane  
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Fig・3－9・1／T －1n（Lhl（㌔皿）うplotsofbenzene（a），hexane（b），tOluene（C），Phenol（d）， maX  
heptane（C）andindene（f）onthereleasefromkerogensampleNo・90101・  
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b）Hexane  

Jn（Hr／汀max）2）＝－2．57xlO4（1／Tmax）＋23．8  

a）Benzene  

ln（Hr／（Tmax）2）＝－2．39xlO4（1／Tmax）＋21．2  
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Fig・3－10・l／T －ln（fk／（㌔ax）2）plotsofbenzene（a），hexane（b），tOluene（C），Phenol（d）， maX  
heptane（e）andindene（f）onthereleaseffomkerogensampleNo．90104．  
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Table3－2．ActivationenergleS，pre－eXPOnentialfactorsandrateconstantsat1200Cof  

benzene，hexane，tOluene，phenol，heptane，andindeneonreleaseffomkerogensamples  

intheSh叫OSediments・  

ActivationenergleS Pre－eXPOnentialfactors RateconstantSat1200C  

m々 Compounds Kerogen  kcal／moI  s‾1  s－1  

1．03xlO12  

4．37xlO12  

3．24xlO＝  

9．35xlO13  

6．62xlOl1  

2．46xlO12   

4．76xlO15  

4．80xlO14  

3．12xlO13  

1．88xlO15  

8．87xlO12  

2．60xlO拍   

6．01xlOl1  

1．4lxlOlヨ  

6．65xlOll  

l．20xlO15  

2．19xlO12  

6．83xlOほ   

2．29xlO14  

2．83xlOl三  

5．73xlO12  

1．2lxlO16  

6．60xlO12  

4．95xlO13   

9．19xlO13  

2，47xlO15  

6．67xlO13  

4．13xlOlヰ  

8．5lxlO13  

2．21xlO14   

1．94xlO11  

1．46xlOl1  

3．56xlOlO  

l．64xlOlヰ  

1．7lxlO11  

4．90xlOll  

0
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3
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5
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′
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．
5
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．
5
5
．
5
4
5
4
 
礼
祖
仏
5
5
．
仏
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7．65xlO‾15  

1．02xlO‾15  

5．90xlO‾15  

6．07x10‾lT  

2．59xlO‾15  

1．41xlO‾15   

1．43xlO‾17  

3．11xlO‾17  

1．79xlO‾沌  

7．29xlO‾18  

3．94xlO‾16  

4．69xlO‾lT   

9．62xlO‾15  

3．75x10‾1G  

3．36xlO‾15  

6．83Ⅹ10‾柑  

7．53xlO‾16  

5．75xlO‾16   

3．ふ4xlO‾16  

2．10xlO‾15  

7．08xlO‾1‘  

1．68xlO‾18  

6．31xlO‾1丘  

2．19xlO‾16   

1．13xlO‾15  

1．41xlO‾17  

1．56xlO‾16  

4．47xlO‾17  

8．1lxlO‾17  

9．77xlO‾17   

2．41xlO‾lヰ  

1．59xlO‾拍  

3．89xlO‾lヰ  

4．35xlO‾17  

7．62xlO‾15  

5．34xlO－15  

78 Benzene  83109  

83105  

83101  

90101  

90104  

aVerage   

86 Hexane  83109  

83105  

83101  

90101  

90104  

aVerage  

92 Toluene  83109  

83105  

83101  

90101  

90104  

aVerage  

94 Pheno1  83109  

83105  

83101  

90101  

90104  

aVerage  

l00 Heptane  83109  

83105  

83101  

90101  

90104  

aVemge   

l16 Indene  831（汐  

83105  

83101  

90101  

90104  

aVerage  
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14－1 18－1 3・89xlO－sfbrindenefbmNo・83101andl・68xlO－sfbrphenol加mNo・  

90101，reSPeCtively．Theaveragevaluesoftherateconstantsofeachcompound打om   

fivekerogensampleswereinorderofindene＞benzene，tOluene＞Phenol＞，hexane，   

heptane，Whereastheaverageactivationenergieswereinverseinorder（Table3－2）．In   

thisstudy，itisconsideredthattheactivationenergyistheamountofenergyrequiredto   

break bonds．Therefbre，itis hypothesized that hexane and heptane of aliphatic   

hydrocarbonsaremorestronglyboundtokerogenthanbenヱene，tOlueneandindeneof   

aromatic hydrocarbons based on their higher activation energleS and slower   

decompositionrates・  

DeterminationofactivationenergleSandpre－eXPOnentialfactorsbytheRock－Eval   

PyrOlysis has been perfbrmed on numerous samples■A narrow range ofactivation   

energiesbetween49kcal／mol（Zumbergeetal・，1988）and56kcal／mol（Ungererand   

Pelet，1987；Jarvie，1991；TegelaarandNoble，1994）wasfbundfbrorganiccompounds   

from the TypeIkerogen．Tissot et al・（1987）reported56kcal／moland the pre－  

14－1 18－1 exponentialfactorsinarangeof10sto10sfbrtheTypeIkerogen・Theranges  

WereSOmeWhatwiderformarinekerogen（TypeⅠⅠ）withactivationenergiesandpre－  

12－1 
exponentialfactors，46kcal／molandl・lxlOs（Nove11ietal・，1987），53kcal／mol  

and9．7xlO13s－1（Jarvie，1991），and56kcal／moland5・2Ⅹ1014s－1（Espitali6etal．，  

1988），reSPeCtively．Thehighsulfurkerogensincarbonateandsulfur－richsourcerocks   

WererepOrtedtohaveloweractivationenergiesthanmarineshales（Tissotetal．，1987；   

TegelaarandNoble，1994）・Furthermore，thehighoxygenandsulfurkerogenshave   

loweractivationenergiesthanthehighsulfuronlykerogens（JarvieandLunde11，2001）．   

Activationenergiesandpre－eXPOnentialfactorsfortheTypeIIIkerogen（lowmaturity  

coals）were加m47to60kcal／mol，andffomlO13to1016s・1（Ungereretal．，1986）・  

ElementalcompositionsofkerogensinNeogeneShiqjosedimentsplottedonaVan  
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Krevelen diagramindicate thatthey area mixture oftheTypeIIandIIIkerogens   

（Taguchietal．，1986）・Theactivationenergiesandpre－eXPOnentialfactorsobtainedin  

thisstudy，therefbre，fallwithintherangeofreportedvaluesforbulkkerogenofTypeⅠI   

andIII．  

Thebulkkineticparametersforthermaldecompositionofkerogenobtainedby   

Rock－EvalpyrolysISareOfpracticaluseinpetroleumexploration，PrObablybecause   

theyareaveragedvaluesofcompoundmixtures・However，itisbettertoknowprecise   

activationenergleSandpre－eXpOnentialfactorsofindividualcompoundsnotonlyfbr   

academicstudies，butalsofbrthepetrOleumexploration．Sincethecombinedmethodof   

TG－GC／MSandTG－MSenablestoestimatetheactivationenergyandpre－eXPOnential   

factor ofanindividualcompound on the releasefromkerogen，this methodgives   

detai1edandusefulinformationonthetimlngOfpetrOleumgenerationandthequalityof ●  

PetrOleum．  

－59－   



CONCLlTSIONS  

TodeterminevaIuesofkineticparametersfbrindividualorganiccompoundsonthe   

releasefromkerogen，fivekerogen samplesofdiffbrentburialdepthffomNeogene   

Sh呵OSedimentswereheatedinTG丘omroomtemperatureto8000catincreaslngrate  

of5，10，20，30and60。cmin－1，andreleasedcompoundswereanalyzedbyGC／MSand  

COmpOund releaseprofilesby MS・Theresultsoftheseanalyse＄are Summarized as   

fb1lows：   

l．Thelargepeaksatabout500OconthecompoundreleaseproⅢesofm々78，86，92，  

94，100，andl16bytheTG－MS analysISWerefbundandtheywereofbenzene，  

hexane，tOluene，Phenol，heptane，andindenereleasedffomkerogen，reSpeCtively．   

2・TL．ax of compounds releasedfrom kerogen samples shifted towards higher  

temperaturewithtemperatureincreaslngrate，andfellinarangebetween424．60c  

（heptaneat5。Cmin－1）and516・90c（indeneat60。cmin－1）・  

3．Theplotofl／Tnaxvs．ln（助／（㌔ax）2）foreachcompoundonreleaseshoweda   

rea早Onablystraightlinewithahighcorrelationcoefficiency．   

4．Asaresultofdeterminationofthekineticparametersofanindividualcompoundon  

releasefiomkerogensbytheequationofBraunandBurnham（1987），itwasfbund  

that the activation energleS and pre－eXPOnentialfactors ft11in a range between   

43．1kcal／mol（indene）and60．9kcal／mol（phenol），andbetween3．56xlOlOs‾l  

16－1 
（indene）andl・21xlOs（phenol），reSPeCtively・  

5．Theaveragevaluesofthesekineticparametershaddecompositionratesinorderof   

indene＞benzene，tOluene＞Phenol＞hexane，heptane．Therefbre，itwasfbundthat  

hexaneandheptaneweremorestronglyboundwithkerogenmatrixthanbenzene7  
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tolueneandindene．  
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Chapter4   

MathematicalModelfbrReleaseofCompoundsfromKerogen  

anditsApplicationforNeogeneSedimentsoftheShiI函Basin，Japan  
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ABSTRACT・Amathematicalmodelwasmadetoobtaindepthpro創esofcompound   

abundances（release extents）releasedfromthermaldecomposition ofkerogenin a   

sedimentarysequenceuslngParameterSfbrreactionkineticsinthedecompositionand   

fbrthermalhistory ofthe sequence・Equations for release extentsand difftrential   

releaseextentsofcompoundswerederivedfromaratelawoffirst－Orderreactionand   

theA血eniusexpression・ThemodelwasappliedfbrtheNeogeneShiqiosediments，   

WhosedepthswerereportedbyTaguchietal・，（19＄6）・Theactivationenergiesandpreq   

exponentialfactorsforbenzene，hexane，tOluene，Phenol，heptaneandindeneonrelease   

ffomkerogenwerereportedinchapter3．Thegeothermalgradientwasdeterminedby   

themethodbySuzuki（1984）anddatabySuzukiandShimada（1983），andtherateof   

the sediment subsidence by Shiraishiand Matoba（1992）・The depth pro創es of   

di触rentialrelease extents fbrcompounds were di蝕rentin temperature（therefbre，   

depth）eachother．Theaveragetemperaturesofthemaximumreleaseswere1340cfbr   

benzene，1590cforhexane，1360cfbrtoluene，1430cfbrphenol，1520cfbrheptane，   

and1210cforindene．Thetemperaturesforbenzene，tOlueneandindeneappearinthe   

PetrOleumgenerationzoneandfbrtherestsbelowthezone・Furthermore，themodel   

indicatedthathexaneandheptaneOfaliphatichydrocarbonswerereleasedinsediments   

deeperthanbenzene，tOlueneandindeneofaromaticones・Thesedepthpro缶Ieswas   

similar in pattem to those reported for solvent extractable aliphatic and aromatic 

hydrocarbonsinthesediments，butshiftedtowarddeepersedimentsthanthereported   

pro創es．Theseshif［smaybecorrectedbytakingconsideradonofthee蝕ctofsediment   

COnStituentsfbrthedeterminationofparametersfbrreactionkinetics・  
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ⅠⅣTRODUCTION   

Reactionkineticshavebeenappliedfbrthegenerationofpetroleumconstituentsin  

Sediments，uSlng parameterS SuCh as activation energleS and pre－eXPOnential  

（打equency）factorsfbrthermaldecomposition ofkerogen（Tissot，1969；Tissotand   

Espitali6，1975；UngereretaL・，1986；Sweeneyetal．，1986）．Fordeterminationofthe   

twoparameterS，theRock－Evalpyrolysismethod（Ungereretal．，1986；Tissotetal．，   

1987；Burnhametal・，1987；UngererandPelet，1987；Sweeneyetal．，1990；Jarvie，   

1991）andtheprogrammedmicropyrolysismethod（BurnhamandBraun，1990；Braun   

etal・，1991）have beenusedwidely・Thesepyrolysismethods givethreepeaksby   

detection，Which correspond to those fbr hydrocarbonsin free form，hydrocarbons   

released from kerogen，and CO2from kerogen・Since the first two peaksinclude   

mixtures of compounds，the two methods glVe Only average values of activation   

energleSandpre－eXPOnentialfactorsfbrthecompoundsinthemixtures・  

Foridenti丘cationofindividualcompoundsthermallyreleasedfromkerogenand   

fbrdeterminationoftheirreleasetemperatures，athermogravimetricanalyzer（TG）was   

COnneCted to a gas chromatograph－maSS SpeCtrOmeter（GC／MS）and to a mass   

SPeCtrOmeter（MS），reSPeCtively（inChapter2）・Furthermore，this systemenablesto   

determineactivationenergleSandpre－eXpOnentialfactorsforindividualcompoundson   

releasefromkerogenbychanglngtheincreaslngrateOftemperatureinTG，andthe   

author obtainedindividualactivation energleSand pre－eXPOnentialfactors for six   

COmPOunds on release打om kerogen samPles recoveredftomthe Neogene ShiI如   

Sediments（inChapter3）．  

InthisChapter，theauthorusedamathematicalmodeltoknowreleaseextentsof  
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individualcompoundsfromkerogenalongwithprogressivelyincreaslngtemPeratureOf   

Sediments，uSlngParameterSSuChasactivationenergyandpre－eXPOnentialfactorfbr   

reaction kinetics and temperature and rate of subsidence fbr thermalhistory of   

Sediments．Heretheauthordescribestheresultsoftheapplicationofthemodeltothe   

StratigraphicsequenceoftheNeogeneShiqjosedimentsandcomparetheresultstothe  

depthpro艮IesofsoIventextractablehydrocarbonsreportedfbrthesediments・  
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METHODS  

MathematicalModel  

Amathematicalmodelfordescribingthethermaldecompositionofkerogenwas  

firstintroducedbyTissot（1969）andfurtherdescribedbyTissotandEspitalii（1975）   

andbyTissotandWelte（1984）・Sincethemodelsregardkerogenasacompositeof  

Variouskindsofmolecularspecies，itsthermaldecompositionistreatedbyasetof  

SeVeralfirst－Order reactions with di飽rent activation energleS and pre－eXPOnential   

● factors，OCCumngSlmultaneouslyandindividually．  

Whenareleasereactionfbracompoundfromkerogencanbeapproximatedasa   

firsトOrderreaction，thereactionrate  

＝戎Ⅳゎ   

dr  
（1）  

Where kis a reaction rate constant and Niis an amount Of a kerogen－bounded   

COmPOundattimet．ThetemperaturedependenceoftherateconstantisglVenbythe   

A汀heniusexpression  

た＝Ag‾古畑r  
（2）   

WhereAisapre－eXpOnentialfactor，Eanactivationenergy，Rtheidealgasconstant，   

andTtemperatureinKfbracompoundonreleaseffomkerogen・   

From（1）and（2）  

弘＝＿Ag一別尺rd才  

略  
（3）   

Bythe analysisofn－alkanesin sedimentsatseveraldifftrentdepths，Philippl  

（1965）showedthattimeandtemperatureofsubsidingsedimentsareimportantfactors  

in petroleum generation・Therefbre，in order to make a mathematicalmodelfor  
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hydrocarbongenerationbythermaldecompositionofkerogenduringdiagenesis，itis  

necessarytointerrelatetimet，temPerature7こanddepthd（m）ofasubsidizingsediment  

asreportedbyJohnsandShimoyama（1972）．   

Fromapaleo－geOthermalgradientu（Km－1）andasurfacetemperatureTs（K），  

r＝〟（ブ＋71  

Fromarateofsubsidencev（ms．1）  

d＝γf   

Combining（4）and（5）  

f＝（ト乃）  
〟V   

Combining（3）and（6）  

空色＝＿ユAe一別Ⅳdr  
鴫  〟V   

Integralof（7）  

嘲＝－ A£g‾g′Ⅳdr柏蛸  

WhenT＝乃，Ni＝Nb（initialamOunt）andconst＝lnNb・   

Hence，  

舶 lm盟＝一三成g dr  
勅  

ー飢Ⅳ 

語＝ヰまA£ピ dr〕  

Anamountofareleasedcompound（彗）  

叫＝〃0一穐   

Combining（9）and（10）  

戎ピーg′Ⅳdr 

告＝1ヰま 〕  

（4）  

（5）  

（6）  

（7）  

（8）  

（9）  

（10）  

（11）   
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Difftrentiationofequation（11）withrespeCttOTleadstothefbllowingequation，Which   

denotesthechangeinrateofreleasewithprogressivelyincreaslngtemPerature：  

d（叫／杓）  朋 
e  

）   
（12）  

A  
以γ  dr  

SoIvingequation＄（11）and（12）byusingtheexperimenta11ydeterminedparametersfbr   

reactionkineticsandthermalhistoryofsediments，WeCanObtainadepthpronleof   

releaseextent（Eq（11））anddiffbrentialreleaseextent（Eq（12））fbracompoundfrom   

kerogen．  

ParaJneterSfbrShiItiosediments  

AcかαJわ乃β乃eWαJdク作一叩♂乃g乃血Jカαβr  

InChapter3，theactivationenergleSandpre－eXPOnentialfactorsfbrsixorgamic   

COmPOundsonrelea占effomfivekerogensamplesrecoveredfromtheNeogeneShiltjo   

Sedimentsofdiffbrentburialdepthweredeterminated．  

KerogensampleNos．83109，83105and8310loccurredinsedimentsabovethe   

thresholdofintensepetrOleumgeneration（ShimoyamaandMatsubaya，1985；Taguchi   

etal．，1986）．Therefbre，these kerogensare ratherimmature and can stillgenerate   

Organic compounds by heatlng・Values ofactivation energleS and pre－eXPOnential   

factorswiththeiraveragesfbrthesethreekerogen＄amPlesarelistedinTable4－1，and   

usedinthisstudy．   

Pαおβ－g紺血mαJgrαd如才α耽わⅥねげ∫以あ∫適作Cg  

Suzuki（1984）reportedthemethodofdeteminationofthemaximumtemperatures  

experiencedbysediments，uSingtheratiosof20S／20RofC29－SteraneSandof22S／22R  

ofC32－hopanes・FromtheSmratiosofsteranesandhopanesintheShirjosediments  
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（SuzukiandShimada，1983），WeObtainedthemaximumtemperaturesofthesediments・  

PIotdngthesetemperaturesagainstthedepthsofsediments（Taguchietal・，1986），We  

obtainedanearlystraightline（Fig・4－1a）・Usingaleastsquaresmethod，Wedetemined   

avalueof3．6K／1（氾mfbrapaleo－geOthermalgradient．Theaveragepaleo－geOthermal  

gradientandaveragesurfacetemperatureinNeogeneargillaceoussedimentsofJapan  

havebeenestimatedtobe3．25Kノl00mand288K（150c），reSPeCtively（Aoyagiand   

Kazama，1980）．Thevalue（3．6K／100m）iscIosetotheaveragevalue・Asedimentary  

sequencehasitsownpaleo－geOthermalgradientandrateofsubsidence，Whicharenot  

fixedthroughtheprocessofdiagenesis・However，theincreaslngrateOftemperature   

（3．6K／100m）wasusedtogetherwith288Kforthesurfacetemperatureinthisstudy・  

TheboundaryageoftheNakawatariandNoguchiFormationswasestimatedtobe   

3．6Ma，theNoguchiandFurukuchiFormadons4・2Ma，theFurukuchiandKusanagl   

Formations9．2Ma，andtheKusanagiandOsawaFormations12．9Ma（Shiraishiand   

Matoba，1992）．UsingtheseagesandthedepthsoftheboundariesasshowninFig・4－1b，   

theaveragevalueoftherateofsubsidencewascalculatedtobe159m／Ma（100m／0・63   

Ma）．ThevaluefbrtheOnnagawaFoma也oninAkitabasin，Whichcorrespondstothe   

KusanagiFormadon，isl00－145m／Ma（Suzuki，1979）・Thisvalueisclosetothe   

calculatedone（159m／Ma）fbrtheShinjosediments・  

Hence，equations（ll）and（12）for the ShiTtio sediments are expressed，   

respectively，aS  

‾封  

告＝eXp（っ・5×1012A£g 叫  （11）’  

and   

［紬5×101之Ag朋）  d（叫ノ勅）  
（12）’   

dr   
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Fig．4－1．Thermalgradient（a）andrateofsubsidence（b）oftheNeogene  

Shiqjosediments．MaximumtemPeratureSWeredeteminedbythemethod  

bySuzuki（1984）anddatabySuzukiandShimada（1983）・Thedepthused  

Were血om’hguchietal．，（1986）andtheagesfromShiraishiandMatoba  

（1！汐2）．  
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MathematicaVersion3．0（Wol舟amResearchInc．）was usedforcalcula仕ons ofthe   

releaseextentsandthedifftrentialreleaseextents．  
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RESULTS AND DISCUSSfON 

Deptb．pro馳sbymodel  

Figure4－2showsthedepthpro且1esofdifftrentialreleaseextentsfbrbenzene，   

hexane，tOluene，phenol，heptaneandindeneobtainedbytheequation（12）’．Thethree   

PrOⅢesinthinlineforeachcompoundwereobtainedbyuslngaCtivationenergleSand   

Pre－eXPOnentialfactorsfbrthethreekerogensamples，andthatinthicklinewasforthe   

averageofthethree（Table4－1）．Thethreepro別esfbracompoundaresimilartoeach   

Otherinpatternbutdiffbrentintemperature・  

Theaveragetemperaturesofmaximumreleasewere1340cforbenヱene，1590cfor   

hexane，1360cfbrtoluene，1430cfbrphenol，1520cforheptane，and12lOcfbrindene   

Crable4－1）．Thetemperaturesofonset，maXimumandendingofreleaseineachprofile   

areShowninTable4－l，Whentheonsetandtheendingweredefinedatthe5％levelon   

thebaseofthemaximumreleasel00％．HexaneandheptaneOfaliphatichydrocarbons   

Werefbundtobereleasedatdeeperdepththanbenzene，tOlueneandindeneofaromatic   

hydrocarbons，mainlybecauseoftheirhigheractivadonenergleSthanthoseofthethree   

arOmaticones．Thedifftrencesofaveragevaluesintemperaturebetweentheonsetand   

themaximumofthesixcompoundswere24to260c，andbetweenthemaximumand   

theendingwerellto130c，Showlngthefbrmersweretwicebroaderintemperature  

than thelatters．Thisis due tothe factthat release reactions become faster as   

temperaturebecomehigher・  

Adashedlineisdrawnindicatingthetemperatureof1200catthesedimentNo．   

83001inFig．4－2．Thejointstudy ontheorganicandinorganicdiagenesisinthis   

SequenCeCOnCludedthatpetroleumgenerationtookplacemainlyintheupperpartOf  
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theKusanagiFormationwiththeonsetoftheintensegenerationat1200c（Taguchiet   

al・，1986）・TheaverageproⅢes showthatindenewasreleasedwithintheKusanagi   

Formadon with the maximum release around the dashedline．Most of benzene and   

toluenewerereleasedwithintheformation，buttheirmaximumreleaseswereat140C   

and160c，reSPeCtively，belowtheline．RoughlyahalfofphenoIwasreleasedwithinthe   

fbrmation，buttherestinthelowerfbrmation・Thelargepartofhexaneandheptanewas   

releasednotinKusanagiFormadonbutinthelowerformation．  

Comparisonofmodelwithreportedstudies  

Figure4－3ashowsthedepthpronlesofreleaseextentsofbenzene，tOlueneand   

indeneofaromatichydrocarbonsobtainedfromtheequation（11）’．Figure4－3bshows   

thedepthpro創esoftheconcentrationsofnaphthalene，2－methylnaphthaleneandl，6－   

dimethyln叩hthaleneinbitumeninthe Shiqio sediments（Shimoyamaetal．，2000）．   

OthersoIventextractablemethyトanddimethylnaphthalenesalsoshowedsimilardepth  

PrOfiles，Whose concentrationsincreased at the FurukuchiFormation and became   

maximumin the upper part of the KusanagiFormation（especially，No．83003）．   

Likewise，it was reported thatthe depthpronles ofthe concentrations ofaromatic   

hydrocarbons，SuChasalkylbenzenesandalkylnaphthalenes，Showedtheirmaximumin   

theupperpartoftheKusanagiFormation（ShioyaandIshiwatari，1983）．Incomparison，   

thereleaseextentofindenebythemodelmayexplainthereportedpro且Iesofthose   

extractable hydrocarbons・However，those of benzene andtoluene do notproperly   

explainthepronlesofthereportedones，becausethemodelshowedthereleasesslightly   

atdeepersediments．  

Figure4－3cshowsthedepthpro創esofrelea＄eeXtentSOfhexaneandheptaneof   

aliphatichydrocarbons．ThereleasesofthesealiphatichydrocarbonsstartedarOundthe  

－77－   



◆NaphthaJene  
ぺト喜㍊； 

。。  

「か■  

－＋Pentadecane  

－モトHeptadecane  

r金一 Ei00＄ane   

ReLeaseratio   ／nmoI・grOCk・1   ReIeaseratio   ／nmo卜grock・1  

0．0 0．2 0．4 0．6 0．81．00．0 2．0 4．0 6．0 8．00．0 0．20．4 0．6 0．81．00．0 10．0 20．0 30．0  

l I 1 1 1  1  1  l   

C） 

d）om 1∞  500  ＄由im8爪  thi¢kn88S  部細8   

■－       －■  

Heptane Hexane   

‥ 

‥ 

‥ 

0
8
拓
0
5
糾
 
0
0
 
0
2
0
1
 
 

1
 
 
－
 
 
 
 
1
1
 
 
1
 
 
1
 
1
 
ぬ
飴
関
田
幻
 
関
 
田
幻
 
 

Fig・4－3・Depthprofilesofreleaseextentsofbenzene，tOlueneandindenebythemathematical  

miel（4），depthpro創esofnq｝hthalene，2－methylnaphthaleneandl，6－dimethylnaphthalenein  

theNeogeneShiI函Sediments（Shimoyamaetal・，2000）（b），depthproBlesofreleaseexte血S  

Ofhexaneandheptanebythemodel（C），anddepthpro丘1esofpentadecane，heptadecane  

eicosaneintheNeogeneShiItjosediments（1ねbutaetal・，2002）（d）・  
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upper and middle parts ofthe KusanagiFormation．Figure4－3d showsthedepth  

pronles of the concentrations of aliphatic hydrocarbons such as pentadecane，  

heptadecaneandeicosaneinbitumenintheShirtjosediments（Yabuta，etal．，2002）．  

Theconcentrationsofthesealipllatichydrocarbonsstartedincreaslngattheupperpart  

Ofthe KusanagiFormation，andincreasedwithdepth・Similardepth profiles were  

Observedwithn－alkanes（C12－C38），Pristaneandphytane（IshiwatariandShioya，1986）．   

Thereleaseextentsofthetwocompoundsbythemodelstartedatdeepersedimentsthan   

those of extractable aliphatic hydrocarbons・One of possible explanations for the  

difftrenceisthathexaneandheptaneinthemodelarelowermolecularweightaliphatic   

hydrocarbonsthanthereportedextractablehydrocarbons．ActivationenergleSOflower   

molecularWeight aliphatic hydrocarbonsin thermaldecomposition ofkerogen are   

higherthanthoseofhighermolecularweightones（TangandStaufftr，1994；Tangand   

Bihar，1995；Biharetal・，1997）・Therefbre，theextractablehexaneandheptaneinthe   

Sediments，ifanalyzed，may Showthedepthpro創e shiftedtowardslowersediments   

thanthoseofthereportedhydrocarbons．  

The concentrations of reported soIvent extractable aromatic and aliphatic   

hydrocarbons decreased below No・83001（Fig・4－3b）and No・90104（Fig．4－3d），   

respectively．Threepossibleexplanationscanbeproposedfbrthedecreases．1）Kerogen   

inthesedimentNos．83001and90104andbelowcontainedlessaromaticandaliphatic   

hydrocarbon moieties than those above the sediment Nos．83001and90104，   

respectively．2）Aromatic and aliphatic hydrocarbons generated ftom kerogenin   

＄ediments below Nos．83001and90104，reSpeCtively，had mlgrated加mthose   

Sediments together withinterstitialwater．3）Aromaticandaliphatic hydrocarbons   

generatedin sediments below Nos．83001and90104，reSPeCtively，decomposed   

becauseofthehighertemperatureofthesesedimentsthanthoseaboveNos・83001and  
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90104．It seems that the explanation3）is theleastlikely one，because aromatic   

hydrocarbonsarethermallymorestablethanaliphaticones．Theexplanationl）ismost   

likely．Ifso，itisnecessaryfbrthismodeltoincludeanotherfactortoevaluaterelease   

extents quantitatively with depth of sediments for reconstructions of the reported 

PrOfiles ofaromatichydrocarbons below No・8300land aliphatic one＄below No．   

90104・Therefbre，thepro創esofthereportedcompounds（Fig．4－3bandd）shouldbe   

useddowntotheirdepthofmaximumconcentrationsforacomparisonwiththoseof   

themodelinFig・4－3aandc，reSpeCtively．Inaddition，theauthorassumedthatthe   

reported extractable compounds have been generated by thermaldecomposition of   

kerogenlike by this model・This assumptionis not necessarily efftctive toal1   

extractablecompounds．  

Catalytice蝕cttokineticparameterS  

Theauthorusedthekineticparametersobtainedfromkerogensamplesseparated   

ffomsediments，andtherefbre，thecatalytice蝕ctbythesedimentconstituentswasnot   

COuntedinthemodel・Thecatalyticefftctbythesedimentconstituentsispossibleto   

makedifftrentdepthpronlesfromthosebythemodel．Thesedimentsintheupper   

SequenCe（from the Nakawatarito the FurukuchiFormations）contain appropriate   

COnCen仕ationsofclayminerals，eSpeCiallysmectite，andonesinthelowersequence   

（the KusanagiForma也on）contain a mixed－layerillite／smectitemineral（50／50％to   

70／30％）Craguchiet al．，1986）．Theillite／smectitemineralhas been known to be   

fbrmed丘om smectite by the addition ofalkalications during sedimentdiagenesis   

（Burst，1969；PerryandHower，1972）．ThisindicatesthattheKusanagiFormadonhad   

previouslycontainedenoughsmectite．Ithasbeenpolntedoutthatcatalysisbyminerals，   

particularly clay minerals，WaS reSpOnSiblefbrthelow measuredpseudo－aCtivation  
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energies（Brooks，1948；Dobryansky，1963；Hedberg，1964；Louis，1966；Tissot，1969；   

ShimoyamaandJohns，1971；Welte，1972）・Therefbre，ifthekineticparameterSWere   

Obtainedbyheatingexperimentsofsedimentsamplescontainingkerogen，theoverall   

depthpronlesprobablyshiftupwardsalongthesequence．  
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CONCLUSIONS   

AmathematicalmodelfbrcompoundreleasefromkerogenwasmadeusIngkinetic   

ParameterSSuChasactivationenergyandpre－eXpOnentialfactorandthermalhistory   

ParameterSSuChasgeothermalgradientandrateofsedimentsubsidence．Themodel   

WaSaPpliedfortheNeogeneShiIかSediments，uSlngtheactivationenergleSandpre－  

exponentialfhctorsfbrsixcompounds，andthegeothermalgradientandtherateofthe   

sedimentsubsidence．  

The depth pronles ofdiffbrentialrelease extents ofbenzene，hexane，tOluene，   

Phenol，heptaneandindeneftomkerogendi脆redeachother．Theirmaximumrelease＄   

Werefbundaround1340cforbenzene，1590cforhexane，1360cfbrtoluene，1430cfor   

Phenol，1520cfbrheptaneand12lOcfbrindene・  

The concentrations of reported extractable aliphatic hydrocarbonsin Shirtio   

Sedimentsincreasedatdeepersedimentsthanthoseofextractablearomaticones，Which   

COincidewiththeresultsobtainedbythemodel・However，thereisadepthdifftrence   

betweenthosebythemodelandthereportedstudies，themodelshowlngthedepth  

PrOnles deeperthan the reported extractablecompounds：This difftrence may be  

COrreCtedbytheconsiderationofcatalyticefftctofthesedimentconstituents，eSpeCially   

Clayminerals，tOthekineticparametersfbrthermaldecompositionofkerogen・  
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Kerogen accounts fbr a m句Or pOrtion of sedimentary organic matter andis   

importanttothestudyoforganicdiagenesisandpetroleumgeneration．Somestudies  

describedthepetroleumgenerationfromkerogenbykineticmodelsuslngdataobtained  

byheatingexperimentssuchastheRock－Evalpyrolysis（Ungereretal．，1986；Tissotet   

al・，1987；Burnhametal・，1987；UngererandPelet，1987；Sweeneyetal・，1990；Jarvie，   

1991）andprogrammedmicropyrolysismethods（BurnhamandBraun，1990；Braunet   

al．，1991）．Sincetheproductsreleasedfromkerogenusingthesemethodsareamixture   

Of compounds，aCtivation energleS and pre－eXpOnemial fhctors fbrindividual   

COmPOundsreleasedftomkerogencannotbedetermined・Itisbettertoknowprecise  

activationenergleSandpre－eXPOnentialfactorsofindividualcompoundsnotonlyfor  

academic studies，but also fbr the petroleum exploration・Therefbre，the author   

PerfbrmedlaboratoryheatingexperimentstokerogenuslngTG－GC／MSandTG－MS   

methodsinordertorevealthekindofreleasedcompoundsandthechangeSOfrelease－   

temperatures of compounds from kerogen by diagenesisand obtain the activation   

energyandpre－eXPOnentialfactorforindividualcompoundsinthisstudy．FurthermOre，   

thereleaseextentsofindividualcompoundsbykerogendiagenesiswereestimatedbya   

mathematicalmodeluslngtheseparametersandtemperatureandrateofsubsidencefbr   

thermalhistoryofsediments．  

KerogensofdifferentburialdepthffomNeogeneShirtiosedimentswereheatedin   

theTGfromroomtemperatureto8（氾Ocunderaheliumflow，andreleasedcompounds   

WereanalyzedbyGC／MSorMS．  

Kerogensamplesreleasedvariouskindsoforganiccompoundsduringtheheatlng．   

Among249compoundsidentified，aliphaticandaromatichydrocarbonsweremqor   

COmPOunds・These compounds were alsofound as mqorcompoundsinpetroleum・  
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Therefbre，the result supports that petroleum hydrocarbons were generated打om  

kerogenduringdiagenesisinthesediments・Examinationofcontinuousreleasepro創es  

of individual compounds from kerogen along heating temperature showed that 

COmpOund releases started at around3500c and ended at roughly5500cwith  

maximum－releaseat4800cattheupperpartofthesequence・Asthedepthofkerogen  

becomesdeeper，thestartingandmaximum－releasetemperaturesshiftedtowardhigher，  

makingthereleasepeaknarrower・Theapparentshiftofthetemperatureswaslikelydue  

totheearlierlossofcompoundsbondingtokerogenwithloweractivationenergleS・  

Todeterminevaluesofkineticparametersfbrindividualorganiccompoundsonthe  

releasefromkerogen，fivekerogensamplesofdifftrentburialdepthffomNeogene  

ShiqjosedimentswereheatedinTGfromroomtemperaturetO8000catincreaslngrate  

of5，10，20，30and60。Cmin－l，andreleasedcompoundswereanalyzedbyGC／MSand  

COmPOundreleaseprofilesbyMS．  

Thelargepeaksatabout5000conthecompoundreleasepro丘1esofm々78，86，92，   

94，100，andl16bytheTG－MSanalysiswerefbundandtheywereofbenzene，hexane，  

toluene，phenol，heptane，andindene released打omkerogen，reSpeCtively・TLax of  

COmPOundsreleasedffomkerogen samples shiftedtowardshighertemperaturewith  

temperatureincreasingrate，andftllinarangebetween424．60c（heptaneat5Bcmin‾1）  

and516・90c（indeneat600Cmin－1）・TheplotoflnLaxvs・ln（放′（TLax）2）foreach  

compound on release showed a reasonably straight line with a high correlation 

COe餌ciency．AsaresultofdeterminationofthekineticparameterSOfanindividual   

COmPOtlndonreleasefromkerogensbytheequationofBraunandBumham（1987），it   

WaSfbund thatthe activation energleSandpre－eXPOnentialfactorsfbllin a range  

between43．1kcal／mol（indene）and60．9kcal／mol（Phenol），andbetween3．56Ⅹ1010s．1  

16－1 
（indene）andl．21x10s（Phenol），reSPeCtively・Theaveragevaluesofthe＄ekinetic  
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parametershaddecompositionratesinorderofindene＞benzene，tOluene＞Phenol＞  

hexane，heptane・Therefbre，itwasfbundthathexaneandheptaneweremorestrongly  

boundwithkerogenmatrixthanben2：ene，tOlueneandindene・  

A mathematicalmodelfor compound release from kerogen was made uslng  

activationenergyandpre－eXpOnentialfactorandthermalhistoryparameters suchas   

geothermalgradientandrateofsedimentsubsidence・Themodelwasappliedforthe   

NeogeneShirtiosediments，uSlngtheactivationenergleSandpre－eXPOnentialfactorsfor   

Sixcompounds，andthegeothermalgradientandtherateofthesedimentsubsidence．  

The depth profiles of dif托rentialrelease extents ofbenzene，hexane，tOluene，   

phenol，heptaneandindenefromkerogendifftredeachother・Theirmaximumreleases   

werefbundaround1340cfbrbenzene，1590cforhexane，1360cfortoluene，1430cfbr   

Phenol，1520c fbr heptane and12lOc fbrindene・The concentrations of reported   

extractablealiphatichydrocarbonsinShiqiosedimentsincreasedatdeepersediments   

thanthoseofextractablearomaticones，Whichcoincidewiththeresultsobtainedbythe   

model．However，thereis a depth difftrence betweenthose by the modeland the   

reported studies，the modelshowlng the depth pronles deeper than the reported   

extractable compounds．This difftrence may be corrected by the considera也on of   

Catalytic e触ctofthe sedimentconstituents，eSPeCiallyclayminerals，tOthekinetic   

parametersforthermaldecompositionofkerogen・   

In this study，the kind and release－temperatureS Of compounds released ffom   

kerogenwerefbunduslngTG－GC／MSandTG－MSmethods，anditwasindicatedthat   

thesemethodsenabletodetermineactivationenergleSandpre－eXPOnentialfactorsfbr   

individualcompoundsonreleasefromkerogen・nlrthermore，itwasindicatedthatthe   

releaseextentsofindividualcompoundsbykerogendiagenesiscouldbeestimatedbya  
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mathematicalmodeluslngkineticparametersandtemperatureandrateofsubsidence   

forthermalhistoryofsediments．Theseresultsprovideusefulinfbrmationaboutorganic   

geochemistryandtheoryofpetrOleumgeneration・  
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