As discussed in Chap. 1, petroleum is generated
from organic matter which accumulates in
sedimentary basins. Only a small fraction of the
organic matter produced in the photic zone in
the ocean becomes trapped in sediments (Fig.
14.1). Most of the organic matter is oxidised in
the water column or on the seafloor and the
nutrients are released into the water and
become available for new organic production
near the surface during upwelling. Most source
rocks are black shales like the Upper Jurassic
Kimmeridge Clay and its equivalents in the
North Sea basin.

The organic matter is transformed into kerogen
which consists of very large and complex
molecules. We do not usually apply the term
kerogen to fresh organic material, but to
material which is somewhat dehydrated after
burial to about 100 m or more. Kerogen is
formed gradually within the upper few hundred
metres of the sediment column after
deposition from precursor products like humus,
and humic and fulvic acids. The organic matter
may be derived from marine organisms, mostly
algae, or from plants derived from land.

The transformation of amino  acids,
carbohydrates, humic acids and other
compounds into kerogen is achieved by the
removal of functional groups such as acid
groups, aldehydes and ketones. This involves a
loss of oxygen from the organic material, also
of nitrogen, water and CO2.

Kerogen therefore has higher H/C, and lower
0/C, ratios than the initial compounds.

Kak obcyaanock B ra. 1, HedgTb reHepupyeTca

M3  OpraHMYecKoro Bellectsa, KoTopoe
HaKaniMBaeTcs B 0Cafo4HbIX
bacceiHax. Nvwb Hebonbllaa yacTb

OpraHM4Yeckoro BellecTsa, obpasyoweroca B
¢doTnMUeckoll 30HE OKeaHa, nonajaer B
HedTAHYIO NOBYLUKY B OTNIOXeEHMAX . bonbluas
YacTb OPraHWMYECKOro BeLLLECTBa

OKMCAIAETCA B TO/ILLE BOAbl MM Ha MOPCKOM
OHe n nuTaTe/bHble BELL,ECTBA
BbicBOBOXAalOTCA B BOAY MW CTAHOBATCA
OOCTYMHbIMW A1 HOBOFO  OPraHMYecKoro
NpPOM3BOACTBA Y NOBEPXHOCTU BO BpEMA
noabéma BoAbl K NOBEPXHOCTU. BOALWNHCTBO
MaTEePUHCKMX Mopos npeacTaBnstoT coboi
yepHble CnaHUpl, TakMe Kak BepxHetopckue
KUMMEPUIMKCKME FNNHBI U UX SKBUBANEHTbI B
6acceliHe CeBepHOro mops.

OpraHunyeckoe BeLLeCcTBO MNpeBpawaeTca B
KepOoreH, KOTOPbIN COCTOUT U3 O4YeHb HObLINX
M CNOXHbIX MONekyn. Mbl  0b6blMHO He
NPUMeHAeM TEePMWH KeporeH K CBexXemy
OpraHu4yeckomy maTtepuany, a K martepuany,
KOTOpbI  HeckosbKo  obe3BoXeH  nocne
3aXOpPOHeHus npumepHo 40 100 m u rnyb:xe.
KeporeH  d¢opmupyeTcs  NOCTENEHHO B
npesenax HECKONbKUX COTEH METPOB BepXHel
4acTM 0CaZO4YHOM TONLLUM NOCAE OT/IOXKEHMA.

W3 NPOAYKTOB-MpeaLwecTBEHHMKOB, TaKUX KakK
rymyc, a TaKXe rymrMHoBble U GyNbBOKUCNOTBI.

OpraHuMyeckoe  BeWECTBO  MOXET bbb
Mo/y4eHO W3  MOPCKMX OpraHMsMoB, B
OCHOBHOM BOZOpOCNEeN WA PacTeHWUH,

NONIY4YEHHbIX U3 3eM/IN.

MNpeBpalLeHne aMMHOKUCNOT, YrNeBOoA0B,
r'YMWHOBBIX KMCNOT U Apyrne coeguHeHwnin B
KeporeH p[ocTuraetca nytem  yganeHus
OYHKUMOHANbHbBIX FPYNM, TAKUX KaK KUCNOTHbIE
rpynnbl, anbAernabl U KETOHbI. TO BKAOYAET B
cebs notepro Kucnopoga M3 OpraHUYECKoro
maTepuana, a Takxe a3oTa, soabl u CO2.

Takmum o6pa3om, KeporeH umeetr bonee
BblcOKOoe 3HayeHne H/C un 6onee HU3Koe
3HayeHne O/C, uem ucxoaHble coeauHeHUA.




Kerogen may also include organic particles of
morphologically recognisable biological origin
such as vitrinite (derived from woody tissues
and liptinite materials, e.g. algae spores,
cuticles, etc.). Because of its resistance to
strong oxidising acids kerogen can be recovered
from sedimentary rocks by dissolving most of
the rock away with HCl or HF.

It is also possible to separate kerogen by a
density method, using heavy liquids, because
kerogen is lighter than minerals. The resulting
concentrate of kerogen can be studied
microscopically using transmitted and reflected
normal light, to identify the biological origin
and the degree of thermal alteration. These
phases of altered organic material are called
macerals. Algal material has a dull appearance,
while wood and material from higher plants is
called vitrinite. Vitrinite becomes increasingly
shiny when exposed to higher temperatures
and by measuring the amount of reflected light
in the microscope we obtain an expression for
the degree of thermal alteration (Vitrinite
index).

It is also useful to use ultraviolet light
microscopy, since certain components, i.e.
liptinites, display characteristic fluorescence
colours. Infra-red spectroscopy (IR) or nuclear
magnetic resonance (NMR) spectroscopy can
be wused to investigate the chemical
composition and structure of kerogen.

Being a complex of very large molecules
(polymer), kerogen is difficult to analyse, but
upon heating to 350-450°C in an inert
atmosphere (pyrolysis) it will break down into
smaller components which can then be
analysed by means of gas chromatography and
mass spectrometry.

KeporeH MOXKeT TaKxKe BK/IIOYaTb
OopraHM4yeckMe 4acTuubl  MOPPOIOrMYecKu
y3HaBaemoro buonornyeckoro
NMPOUCXOXKAEHUA, TaKMe  KaK  BUTPUHUT
(nonydyeHHbIi M3  ApeBecHbIX TKaHen U
JNIMNTUHUTA, CNOP BOAOPOCNEN, KYyTUKYA U Ap.).
MoToMy YTO €ro YCTOMYMBOCTb K CUJIbHbIM
OKMCAAOLWMM KUCI0TaM KeporeHa MoKeT 6bITb
BOCCTAHOB/IEHA M3 OCAAO4YHbIX MOpoa MyTem
pacTBoOpeHMA  GONbLIMHCTBA  Mopogbl ¢
nomoulbto HCl unun HF.

TaKKe MOMHO pasfennMTb KeporeH no
NAOTHOCTM C MCMONb30BaHUEM TAXKE/bIX
XUAKOCTEN, MOTOMY YTO KeporeH fierye

yeM MuHepanbl. [loAyYeHHbIN KOHLLeHTpaT
KeporeHa  MmoeT  6biTb  M3ydeH  nof
MUKPOCKOMOM c MCNOAb30BaHMEM
NPOXOAALLErO U OTPAXKEHHOrO CBETa, ANA TOro
YTObGbI onpefenutb  buonoruyeckoe
NPOUCXOXKAEHME W CTerneHb TEepPMMYECKOro
M3MEHeHMAa. ITM  ¢asbl  U3MEHEHHOro
OpraHMYyeckoro  maTepuana  HasblBakoTCA
Mauepanamu. MaTepuan sogopocneit nmeet
TYCKAbI BUA. [lpeBecuHy U maTepuan BbICLLIMX
pacTeHuii Ha3blBaloT BUTPUHUTOM. BUTpUHUT
cTaHoBUTCA Bce 6onee 6aectAwmm npu
BO34ENCTBMM BbICOKUX Temnepatyp U nyTem
N3MepPeHNA KOAMYecTBa OTPaXKeHHOro ceeTta B
MUKPOCKOM, Takum 06pa3om Mbl Moay4aem
BblpaykeHune ana

CTENEHM TEePMMUYECKOro MU3MeHeHMA (MHAOEKC
BUTPUHUTA).

MonesHo TaKxke MCMNoNb30BaTh
YyNbTPAaPMONETOBYIO MUKPOCKOMMUIO,

MOCKO/IbKY HEKOTOPble KOMMOHEHTbI, T. €.
NMNTUHUTBI, MMEIOT  XapaKTepHble LUBeTa

dnyopecueHuun. UK-cnektpockonusa (UK) nan
CrneKTpocKonums AAepHoro MarHUTHOro
pesoHaHca (AMP) moryT 6bITb MCNO/Ib30BaHbI
ONA UCCNefoBaHUA XMMMYECKOro CocTaBa M
CTPOEHMUA KeporeHa.

Byay4yn KOMNAEKCOM oYeHb 6ONbLINX MOTEKYA
(nonnmepos), KeporeH TPYAHO
aHaNN3MpPOBaTb, HO NPU HArpeBaHMK L0

350-450°C B nHepTHOM aTMmocdepe (nMponns)
OH bOypeT pacnagatbca Ha bonee menkue
KOMMOHEHTbI, KOTOpble 3aTemM MOryT 6biTb
NpoaHanu3npoBaHbl C MOMOLLbIO ra30BOM
XpomaTorpadum n Mmacc-CnekTpoMeTpuUu.




Kerogen has a wide range of compositions,
dependant on the original organic composition,
but may be classified into 3 main types which
may be plotted as a function of the H/C ratio
and the O/C ratio.

Type | sapropelic kerogen is formed from
organic material with a high content of lipids
with long aliphatic chains. It consists of spores
and planktonic algae, as well as animal matter,
which have been broken down microbially after
deposition in the sediment. Saprolitic material
which consists of fats, oils, waxes, etc., has a
high H/C ratio, usually between 1.3 and 1.7.
This kind of kerogen is often called Type I, and
contains little oxygen (O/C <0.1). It will provide
mainly oil, with less gas (CH4 and CO2). Type |
kerogen is typical of oil shales, especially in
freshwater basins like the Green River basin in
Colorado, Wyoming and Utah, but is also found
in marine

Type Il kerogen is a mechanically and
chemically complex mixture of algae and other
marine organisms and plant debris. The
composition varies considerably, depending on
the initial organic precursor materials which
again may be linked to depositional facies. Type
Il kerogen represents a composition midway
between types | and lll but it does not represent
a mixture of these end members. It has
relatively high H/C, and low O/C, ratios, but
contains more oxygen-containing compounds
(ketones and carboxyl acid groups) than Type I.
Esters and aliphatic chains are also common.
This is the usual type of kerogen found in
marine basins  where mixtures of
phytoplankton, zooplankton and micro-
organisms have accumulated under reducing
conditions, sometimes along with land-derived
plant material. This type of kerogen is the most
common source of oil.

KeporeH MMeeT WMPOKKIA AMana3oH COCTaBOB,
B 3aBMCMMOCTM OT MCXOOHOIO OPraHU4YecKoro
cocTaBa, HO MOXKeT bbITb

pasgenéH Ha 3 OCHOBHbIX TUNAa,
MOHO NPeACTaBUTb B BUAE
¢YyHKUMM oTHOWweHUA H/C n oTHoweHua O/C.

KoTopble

CanponeneBbili KeporeH | Tuna obpasyetca us
OpraHWYecKMX MaTepuanos C  BbICOKMM
copepXaHnem AMNUA0B C A/TMHHbIMM

anudaTtnyeckumm uenamm. OH COCTOUT U3 crnop
M NNAHKTOHHbIX BOAOPOC/AEN, a TaKkKe
KMBOTHOTO MaTepuasna, KOTopbliii noaseprcs
MUKPOBHOMY Pa3/I0XKEHUIO NOC/E OT/IONKEHUS.
CanponuTHbIA  mMaTepuan, cocToswmii  u3
KMPOB, Macen, BOCKOB, U T. 4., UMEET BblICOKOEe
oTHolweHune H/C, obbiuHo oT 1,3 go 1,7. 31or
TUN KeporeHa 4acto HasbiBatoT Tunom |, 1 oH
coaepXnT mano Kucnopoaa (O/C <0,1). OH
COAEPKUT B OCHOBHOM HedTb C MEHbLIUM
Konunyectsom rasa (CH4 n CO2). KeporeH | Tuna
TUMWYEH ANA FOpHYUX CaHLEeB, 0COBEHHO B
npecHoBOAHbIX BacceiHax, TaKMX Kak baccenH
lpnH-Pusep B Kosniopaao, Baltiomunre u OTa, HO
BCTPEYaeTca U B MOPCKMX BaccelHax.

KeporeH Il TvMna npepacrasnsaetr coboit
MEXaHMYECKM U XMMWYECKU CJIOXKHYIO CMECb
BOZOPOCAEN, APYIMX MOPCKUX OPraHM3MOoB U
pacTUTeNbHbIX OCTaTKOB. COCTaB 3HAYMTENBbHO
BapbMpyeTcaA B 3aBUCMMOCTU OT WCXOLHbIX
OpraHnYyecKmx maTepuanos-
npeawecTBeHHUKOB, KOTOpble TaKXe MOoryT
6bITb CBA3aHbI C PaUMAMMN OCaLKOHAKOMNEHUS.
KeporeH TtvMna Il npeactasnaetr cobow
NPOMEKYTOUYHbINA cocTaB mexay Tunamum | m i,
HO He npeacTaBnsaeT cobol cmecb 3TUX
KpaHUX uneHoB. OH MMeeT OTHOCUTE/IbHO
BblcoKkoe cooTHoweHne H/C n Huskoe O/C, HO
COOEPKMT BONblUe  KUC/IOPOACOAEPHKALLMX
COeguHeHUn (KEeTOHbl UM KapbOKCU/bHble
rpynnbi), yem TMn |. TakKe pacnpocTpaHeHbl
CNOXHble 3dupbl M anndatTnyeckme uenun. 3to
06bIYHbIMA TUN KeporeHa, obHapy*KuBaemblli B
MOPCKMX BacceliHax, rae B BOCCTaHOBUTE/IbHbIX
YyCNOBUAX AKKYMY/IMPOBANUCH cmecn
GUTONNAHKTOHA, 300N1aHKTOHA "
MMUKPOOPraHM3moB,  MHOrga  BmecTe  C
Ha3eMHbIM PACTUTE/IbHbIM MaTepuansom. ITOT
™n KeporeHa ABnaerca Hambonee
pacnpocTpaHeHHbIM UCTOYHUKOM HedTW.




Type Il humic kerogen is derived from organic
matter from land plants, such as lignin, tannins
and cellulose. This type has a low initial H/C
ratio, and a high initial O/C ratio, reflecting the
composition of the precursor plant matter. In
maturing (through the effect of temperature)
this kerogen, which is often called Type |l
(Tissot and Welte 1978), generates abundant
water, CO2 and methane (CH4). Most coals
have a composition and structure similar to
Type Il kerogens. Coal generates mostly gas
but some coals may also generate some oil.

With increasing temperature the chemical
bonds in these large molecules (kerogen) are
broken and kerogen is transformed into smaller
molecules which make up oil and gas. This
requires that the temperature must be 80-
150°C over long geological time (typically 1—
100 million years).

The conversion of kerogen to oil and gas is thus
a process which requires both higher
temperatures than one finds at the surface of
the earth and a long period of geological time.
Only when temperatures of about 80—90-C are
reached, i.e. at 2-3 km depth, does the
conversion of organic plant and animal matter
to hydrocarbons very slowly begin to take
place. About 100-150°C is the ideal
temperature range for this conversion of
kerogen to oil, which is called maturation. This
corresponds to a depth of 3—4 km with a normal
geothermal gradient (about 30—40°C/km). In
volcanic regions organic matter may mature at
much lesser depths due to high geothermal
gradients (e.g. high heat-flow areas). In large
intracratonic sedimentary basins or along
passive margins, however, the geothermal
gradient may be only 20-25°C/km and the
minimum overburden required to initiate
petroleum generation will be correspondingly
greater (4—6 km).

l'YMWHOBbIM KeporeH Tuma Il nonyyatoT w3
OPraHMYecKMX BeLLeCTB HA3eMHbIX PACTEHWU,
TakMe KaK JINTHWH, AybusbHble BelecTsa U
uennonosa. ITOT  TMN  MMEEeT  HU3Koe
HayanbHoe oOTHoweHne H/C u  BblcOKoe
ncxogHoe otHoweHne O/C, oTpaxaloulee
cocTaBs pacTuTesbHOro BellecTsa-
npeawecrseHHuKa. [lpu  co3pesaHun (nog
B/IUSAHMEM  TemMnepaTypbl) 3TOT  KeporeH,
KOTOpPbII YacTo HasbisatoT TMnom Il (Tissot and
Welte 1978), nponssoant mHoro Boapl, CO2 u
meTaHa (CH4). BonbWWHCTBO yrael no coctaBy
M CTPYKType CXoAHbl C KeporeHamn tuna lll.
KameHHbI! yroib NpoM3BoaUT B OCHOBHOM Fas,
HO HEKOTOpbIe YI/IM TaKKe MOryT reHepmMpoBaTb
HEMHOro HedTU.

C nosblleHMeM TemnepaTypbl XMMUYECKUE
CBA3N B 3TUX 6O/blUME MONEKY/bl (KeporeH)
pa3pyLlaloTca, M KeporeH npeBpaLLaeTca B
6onee Mesikune MOANEKYbl, KoTopble
TpaHchopmmpytoTca B HedTb U ras. TpebyeTcs,
yTobbI TEMNepaTypa bbina 80—150 °C B Te4eHUne
ANUTENbHOTO reo/IorM4ecKkoro BPEMEHM
(06b14HO 1-100 MUNANOHOB NeT).

Takum ob6pa3om, npesBpalleHUe KeporeHa B
HedTb M ras npouecc, KoTopbli TpebyeT 6onee
BbICOKMX TeMMNepaTyp Yem MOMKHO HalTW Ha
NMOBEPXHOCTU 3EM/IU U SANTENbHOMO BPEMEHM.
TonbKo Npu Temnepatype okono 80-90°C, T.e.
Ha rybuHe 2—3 KM, O4YeHb Mea/IEHHO HAaYMHaeT
NPOUCXOAUTb MpeBpaLLeHNe  OpPraHUYecKmx
BELLeCTB  PaCTEHWA WU KUBOTHbIX B
yrnesogopoabl. Okono 100-150 °C —
naeanbHbI  AManasoH  Temnepatyp  And
npeobpasoBaHMA KeporeHa B HedTb, KOTopoe
Ha3blBAEeTCA cO3peBaHMEM. ITO COOTBETCTBYET

rnybuHe 34 KM o HOPMabHbIM
reoTepmMmuyeckum rpagmeHtom (okono 30—
40°C/km). B BYJAKaHMYECKMX  peErMoHax

OpraHMYecKoe BELLECTBO MOMKET CO3peBaTb HA
HaMHOrO MeHbWNX yBMHAxX M3-3a BbICOKMUX
reoTepMUYEecKMX rpagmMeHToB (Hanpumep,
30HblI C MOBbLIWEHHLIM TEM/JI0BbIM MOTOKOM).
OOHakKo B KPYMHbIX  BHYTPUKPATOHHbIX
0CafloyHbIX bacceHax MnM BAONb MACCUBHbIX
OKpaWUH reoTEePMUYECKUI TPaaMEHT MOXKET
coctasnatb  Bcero  20-25  °C/km, a
MWHUMaNbHasA CKBaXKMHa, Heobxoaumas AanA
MHUUMUpPOBaHMA  Aobblum  Hed™  Byaper
COOTBETCTBEHHO 6osblue (4—6 Km).




In general one can say that petroleum can not
be generated near the surface except locally
through the influence of hydrothermal and
igneous activity. Shallow deposits of oil and gas
which we find today were actually formed at
great depths and either the overburden has
been removed by erosion or the hydrocarbons
have migrated upwards considerable distances.
As we have already seen, however, large
amounts of natural gas, chiefly methane (CH4),
may be formed near the surface by biochemical
processes. Temperature increases with
increasing overburden, causing the carbon-
carbon bonds of the organic molecules in the
kerogen to rupture. This results in smaller
hydrocarbon molecules. When kerogen
maturation reactions are completed, the
kerogen’s “organic” components, which may
be derived from lipids, fatty acids and proteins,
have been converted into hydrocarbons.

As the temperature rises, more and more of the
bonds are broken, both in the kerogen and in
the hydrocarbon molecules which have already
been formed. This “cracking” leads to the
formation of lighter hydrocarbons from the
long hydrocarbon chains and from the kerogen.
The removal of gas, mainly CH4, leaves the
residual kerogen relatively enriched in carbon.
At the outset kerogen (Type I and Il) has an H/C
ratio of 1.3—1.7. Humic kerogen (Type Ill),
which has high initial oxygen contents, gives off
mostly CO2 gas and so its oxygen/carbon ratio
gradually diminishes. This diagenetic alteration
begins at 70-80°C and as water and CH4 are
removed the H/C ratio will fall to about 0.6 and
the O/C ratio will become less than 0.1 at about
150-180-<C.

In the North Sea basin, most of the oil is
generated at temperatures around 130-140-C,
which equates with a depth of about 3.5 km. If
temperatures higher than 170-180°C persist
for a few million vyears, all the longer
hydrocarbon chains will already have been
broken (cracked), leaving us only with gas —
mainly methane (dry gas). The kerogen

B LLenom MOKHO CKa3aTb, UTO HedTb HE MOXKET
reHepupoBaTbCA 863K NMOBEPXHOCTH,
WCK/IIOMEHWE COCTABNIAET JIOKA/IbHble MECTa C
B/IMSHUEM rMapoTepManbHoOM n
MarmaTMyeckon paeatenbHocTU. Hernybokue
3a/1eXMn HedTM U1 rasa, KOTopble Mbl HAXOAUM
cerogHA [AencTBuMTeNlbHO 06pa3oBasncb Ha
60nbLIKMX rNyBbUHaAxX U 1Mo BCKpbITbie NOpoapl
6blLIM yaaneHbl B pesysibtaTte 3po3nun,nnbo
YyrneBoAopoabl  MUIPUPOBASM  BBEPX  Ha
3HauuTeNbHble paccTosHMA. OAHaKo, KaK Mbl
yKe BUAENN, 6osbwoe KOJIMYeCTBO
NPMPOAHOro rasa, rnaBHbiIM 06pasomM MeTaHa
(CH4), MOXKeT obpasoBaTcs B6./1M3K
NMOBEPXHOCTU B pe3syabTate BMOXMMMYECKUX
npoueccoB. TemnepaTypa YyBeAMYMBAETCA C
yBe/ANYEHMEM CKBaXKMHbI, BbI3blBas Yraepos-
YrNepogHble CBA3WM OPraHUYECKMX MONEKY
KeporeHa Koroa peakumm co3peBaHusA
KeporeHa  3aBeplleHbl,  «OpraHUYeckue»
KOMMOHEHTbI, KOTOPble MOTYT 6bITb MO/TYyYEHbI
M3 AUNUO0B, MMUPHbIX KUCAOT U 6enkos
NpeBpaLLatoTCa B Yr/1€BOAOPOAbI.

C nosblleHMem TemnepaTtypbl Bce 6onblie u
60nblUue pa3pbIBAtOTCA CBA3M KAK B KeporeHe,
Tak U B Yyxe 06pa3oBaBLUMXCA MOEKYyNaX
Yr1eBOAOPOAOB. ITOT KKPEKUHI» NPUBOAUT K
obpasoBaHUto Honee Nerkux yrnesoaopoaos
13 O4JIMHHbIX YI1eBOAOPOSHbIX Lenel u n3
KeporeHa. YganeHue rasa, 8 ocHoBHom CH4,
06pa3yeT OCTaTOYHbIN KEPOreH OTHOCUTE/IbHO
oboraleHHbIt  yrnepogom. B HayanbHbIX
KeporeHax (tvn | u Il) umeeT oTHoweHne H/C
1,3-1,7. TymuHOBbIN KeporeH (tun 1),
MMEIOLLMIA BbICOKOE HayaslbHOEe cofeprkaHue
Knucnopoaa, Bblaensaer B OCHOBHOM
rasoobpasHbimn  CO2 w©“  nostomy  ero
KMUC/IOPOAHO-YIIepoaHoe OTHOLLEeHne
nocTeneHHo yMeHbLIaeTcs. 310
AMareHeTU4ecKoe N3MeHeHMe HaYNHAEeTCA Npu
Temnepatype 70-80 °C n no mepe TOro, Kak
Boaa n CH4 yaansetcs, oTHoweHue H/C ynaget
npumepHo go 0,6. n oTHoweHne O/C cTaHeT
meHee 0,1 npumepHo npun 150-180°C.

B bacceiiHe CeBepHoOro mops 60nbluas YacTb
HedpTM obpasyerca Npu TemnepaTypax OKO/O
130-140 - C, uTo cooTBeTCTBYET

rnyéuHe okono 3,5 km. Ecam Temnepatypa
Bblwe yem 170-180 °C coxpaHAeTcA B Te4eHue
HECKO/MIbKMX MW/IJIMOHOB JfieT, Bce bOosnee
OJ/IMHHbIE YrneBoAopoaHble uenu oyayT




composition will gradually be depleted in
hydrogen and move towards pure carbon
(graphite) (H/C->0).

The term “maturity” refers here to the degree
of thermal transformation of kerogen into
hydrocarbons and ultimately into gas and
graphite. The conversion of kerogen into
hydrocarbons is a chemical process which takes
place with activation energies of around 50-60
kcal/mol. This energy is required to break
chemical bonds in the kerogen which consists
of very large molecules (polymers) so that
smaller hydrocarbon molecules can be formed.

It has been assumed that formation of oil is a
first order reaction, the rate of which is an
exponential function of time. Understanding
the factors which influence the rate of this
reaction is of great interest. Four factors are
thought to contribute: 1. Temperature 2.
Pressure 3. Time 4. Minerals or other
substances which increase the rate of reaction
(catalysts) or which inhibit reactions
(inhibitors).

Temperature is clearly the most important
factor, and hydrocarbons can be produced
experimentally from kerogen by heating it
(pyrolysis). This reaction is time-dependent and
in laboratory experiments, where time is more
limited than it is in nature, fairly high
temperatures (350-550°C) have to be used in
pyrolysis. Pressure appears to play a minor role
but increasing pressure should reduce the rate
of the reaction because of the increase in
volume involved in the formation of
hydrocarbons (Le Chatelier’s rule).

CIOMaHbl, OCTaBMB Ham TONbKO ras — B
OCHOBHOM MeTaH (cyxoii ras). CocTas KeporeHa
6yAeT NocTeneHHO UCTOLLATLCA BOAOPOAOM M
ABUraTbCA B CTOPOHY YMCTOrO yrnepoaa

(rpaduT) (H/C>0).
TepMUH «3penocTb» 34eCb OTHOCUTCA K
cTeneHu TepmuyecKkoro npespalleHus

KeporeHa B yrneBoAopoabl U B KOHEYHOM UTOre
B ra3 u rpa¢uT. MNpeobpasoBaHne KeporeHa B
Yrn1eBoAopoabl - 3TO XMMMYECKUIA npouecc ,
KOTOPbIN NPOUCXOAMUT NPU SHEPTUAX aKTUBALLUM
oKosfio 50-60 Kkan/monb. 3ITa  3Heprua
Heobxoanma Ans paspbiBa XMMUYECKUX CBA3EN
B KeporeHe, cOCTOAWEM M3 o4eHb 6onbLumx
Monekyn (noanmepos), Tak uto bonee menkue

yrnesofopoabl MmoryT 06pa30BbIBAThH
MONIEKY /b,

Mpeanonaraetca, 4To obpasoBaHWe HedpTH
ABNAETCA peaKkuMen nepsBoro nopsaka
CKOPOCTb KOTOpOW ABnaeTcA
3KCMOHEHUNaNbHON  QYHKUMEN  BpemeHMu.
MoHUMaHWe $paKTopPOB, BAMAIOLWMX Ha
CKOPOCTb  3TOW  peakuuMum  npeacTasaseT
6onbLuOM NHTepec. OCHOBHblE
cnocobeTeytowme  daKkTopbl  Ha  AaHHbIN
MOMEHT:

1. Temnepatypa

2. laBneHune

3. Bpems

4. MwuHepanbl WAM  gpyrve  BELLECTBa3,
nosblwatowme CKOPOCTb peakuum

(kaTanusatopbl) MAM  KOTOpble YMEHbLUAT
CKOPOCTb peaKkumn (MHrMbuTopsl).

TemnepaTypa, 6e3ycnoBHo, ABnseTca
Hanbonee BaXkHbIM GaKTOPOM, YrneBoaopoapl
MOXHO [06blBaTb 3KCMEPUMEHTasIbHO U3
KeporeHa nyTem ero HarpesaHua (nNMponus).
3Ta peaKuus npoBoauTcA  bBbICTPO B
nabopaTopHbIX ycnosuax, rae spemsa 6onee
OrpaHWYeHo, Yem B NPUPOAE, NPU A0BO/NbHO
BbICOKMX TemnepaTypax (350-550 - ()
HasneHue, no-BnAMMOMY, urpaet
He3HauMTe/IbHYl0 POJib, HO POCT AaBaeHus
OONXKEH CHMXaTb CKOPOCTb PeaKkLmMm, TaK KaK
yBennumBaetrcA o6bem, y4acTBylLWero B
dopmumpoBaHuM yrnesogoponos (npasuno Jfle
LWaTenbe).




There is a relatively small volume increase
when kerogen becomes oil, even though oil is
lighter than kerogen. This is due to the residual
(coke) which remains unaltered.

When kerogen is converted directly into gas, or
from oil which has been formed first, there is a
marked volume increase. This should lead to
slower reaction rates under high pressure in a
closed system and retard generation of gas.
Generation of petroleum, particularly gas, may
contribute to the formation of overpressure
but in a sedimentary basin the pressure will for
the most part be controlled by the flow of
water which is the dominant fluid phase. In the
source rock however overpressure is likely to
develop, causing hydrofracturing which helps
to expel the generated petroleum. The main
cause for overpressuring is, however, not only
the increase in fluid volume but the
transformation of solid into fluids. When solid
kerogen is transformed into fluid oil or gas the
ratio between the solid phase and the fluid
phase is changed, as expressed by the porosity
and the void ratio.

Temperature is however the most important
factor controlling petroleum generation.

It has long been suspected that minerals,
particularly clay minerals, might affect the rate
of hydrocarbon generation. A number of
laboratory experiments have been carried out
in which kerogen is mixed with various minerals
but the results have not been conclusive.

The conversion of organic matter begins at 70—
80°C, given long geological time. Between 60
and 90°C the transformation of kerogen
proceeds very slowly, and it is only in ancient,
organic-rich sediments that significant amounts
are formed. Most of the maturation process
occurs between 100 and 150°C. Here the
degree of kerogen transformation is also a
function of time. This means that rocks which
have been subjected to 100-C for 50 million

OTHOCcUTENbHO  Hebosbloe  yBeNuYeHue
obbema npoucxoauT NpPWU  CTAaHOBJ/IEHWUU
KeporeHa HedTbto, XoTA HeDTb U Nerye
KeporeHa 3TO NPOMUCXOAMT U3-3a OCTAaTOYHOrO
KOKCa, KOTOpPbIA OCTAeTca HenmsmMeHHbIM Mpu
npespaLLeHnn

Koraa KeporeH npespalLaerca
HenocpeacTBEHHO B ras UK B HedTb, KoTopas
obpasoBanacb nepBoW, Habntogaetcs

3aMeTHOe YyBenuyeHue Lyma. ITO A0/KHO
NPUBECTU K 3aMeJIEHUIO CKOPOCTU peaKkuui
noJ, BbICOKMM aBAeHNEM B 3aKPbITOMN cucTeme
W 3aMei/IeHNIo reHepalmm rasa. ObpasosaHue
HedTHN, 0COBEHHO ra3a, MOXKeT crnocobcTBOBaTb
06pa30BaHNIO M3BbLITOYHOrO [aBAEHUA, HO B
ocagoyHom bacceliHe fJaBneHvMe 6yaetr B
6ONbLIMHCTBE  C/lyyaeB  KOHTPOAMpPOBATCA
noTtokom Bogbl. OAHAKO B UCXOAHOW Mopoae
BEPOATHO pa3BUTUE W3ObITOYHOrO AaB/EHMA,
BbI3bIBalOLLLEro rMApPopPa3pbIB NaacTa, KOTOPbIA
rnomoraeT BbITeECHUTb 06pa3oBaBLytOCcA HeDTb.
O4HaKo OCHOBHOM MPUYMHOM U3OLITOYHOrO
0aBNeHUsA fABNAETCA He TONbKO YBeJudyeHue
obbemMa KMAKOCTM, HO W MpeBpalleHue
TBEPAOro B }KMAKOCTb. Koraa TBepaplii KeporeH
npeBpalllaeTcd B KUAKYIO HedpTb UAWU ras
COOTHOLLEHME MeXAyY TBepaoi ¢pa3ol u

bNouaHOM  M3MeHAeTCA, 4YTO BblpayKkaeTca
NOPUCTOCTBIO U KO3IPPULMEHTOM NYCTOTHOCTMU.

Tem He MeHee, TemnepaTypa SABAAETCA
Hanbonee BaXKHbIM daKkTOpOM,
KOHTpOAUpPYOLWMM 06 pa3oBaHme HepTH.

[aBHO npegnonaranocb, YTO  MUHepasbl,
0COBEHHO IMHUCTbIE, MOFYT BAUATbL Ha
CKOpOCTb 06pasoBaHMA YyrAeBoAopoa0B.bbis
npoBeaéH pAg 1abopaTopPHbIX IKCNEPUMEHTOB,
B KOTOPbIX KeporeH CcMeluMBaeTca C
Pas/IMYHbIMM MUHEPAaMUK, HO Pe3y/IbTaTbl He
6blN1M OKOHYATENbHbIMU U YHeanTeNbHbIMU.

KoHBepcua OpraHn4yecKkoro BeLLecTBa
HaumHaetca npu 70— 80°C, y4uTbIBaA
DAnTenbHoe reoniorndeckoe spemsa. Mexay 60
n 90°C npeBpalleHMe KeporeHa mnpoTeKkaeT
O4yeHb MeONeHHO, U TO TOJIbKO B APEBHUX,
b6oraTtbiXx OPraHWMKOM OT/IOXKEHUAX B KOTOPbIX
06pa3ytoTca 3HaUMTeNbHble 3anacbl. bonblias
YacTb MpoLecca co3peBaHMA NPOUCXOANUT NpuU
Temnepatype ot 100 go 150°C. 3gecb




years are more mature than rocks which have
been exposed to this temperature for 10 million
years. As the organic-rich sediment (source
rock) is buried in a sedimentary basin, it will
normally be subjected to increasing
temperature as a function of increasing burial
depth. If we know the stratigraphy of the
overlying sediment sequence and the
geothermal gradient and the subsidence curve,
we can calculate the temperature as a function
of time.

At low degrees of maturity we find more of the
alkenes (olefins) and cykloalkenes (naphtenes),
which have high H/C ratios, while with greater
maturity there is an increase in the proportion
of aromates and polyaromates (low H/C ratio).
Oil thus acquires increasing gas content with
increasing maturity.

During this transformation of organic matter,
water and oxygen-rich compounds are
liberated first, then compounds which are rich
in hydrogen. This conversion results in
enrichment of carbon and the colour of the
residual kerogen changes from light yellow to
orange, brown and finally black. These
gradations can best be registered by measuring
light absorption of fossil pollen and spores
(palynomorphs). It is also possible to analyse
colour changes in other kinds of fossils, for
example conodonts.

For application in exploration a rapid
semiquantitative method has been developed
whereby these colour changes are estimated
from smooth spores examined under
transmitted light and compared with a
standard colour scale. This parameter is called
the “Thermal alteration index” (TAIl) and will
give a rough idea of the thermal maturity of the
sediments and their temperature history.

cTeneHb TpaHChOPMALMM  KeporeHa TaKkKe
3aBMCMT OT BpemMeHW. ITO 03HayaeT, uTo
ropHble  nopoAdbl, HaxoAuBlUMecA  MOoA,
Temnepatypor o 100-C 3a 50 munnmoHoB net
bonee 3pesible, 4YeM TOpHble MOPOAbI,
nogseprasLumecs BO34ENCTBMIIO aTOM
TemnepaTtypbl B TedeHne 10 MUNIMOHOB NeET.
MockonbKy 6oraTbiit  OpraHUKoOM  0OCafoK
(ropHaa nopoga) norpebeH B 0CagoO4HOM
bacceitHe, OH 06bI4YHO noagepraetcs
NoBbILWEHWIO TeEMMepaTypbl B 3aBUCMMOCTM OT
yBennyeHua rnybuHol 3aneraHua. Ecam mbl
3HaeM CTpaTUrpaduio BbillenexkKalleid Tonwm
OT/IOKEHWUA W reoTepMasbHbIi  FPagUeHT U
KPMBYIO OCedaHua, Mbl MOXEM paccyuTaTb
TemnepaTypy Kak GyHKLMIO BpEMEHHU.

MpW HU3KKUX CTEMEHAX 3PENOCTU Mbl HAaXOAUM
60nblue anKeHOB (01€PUHOB) U LLUKNOANKEHOB
(HadTEHOB), KOTOpble UMEKT  BbICOKUE
oTHoweHusa H/C, B To Bpema Kak c 6osbLueit
3pEefioCTbI0  NPOUCXOANUT  YBEAUYEHUE A0/U
apPOMATUYECKUX " NosINAaPOMATHbIX
coegmHeHni (HM3Koe otHoweHne H/C). Takum
obpasom, HedTb NpuobpeTaeT Bce 60/bLIYIO
ra3oHOCHOCTb C YBE/IMYEHNEM 3PENOCTU.

Mpu 3Tom npeobpasoBaHUM OPraHUYECKOro
BEWecTBa BOAA CHayana BbiCBOOOKAAET
coeguHeHus, boraTble KMCI0POAOM, 3 3aTeM
coeguHeHusn, 6oratble BOAOPOAOM. ITO
npeobpasoBaHMe nNpuMBOAMT K oboOraweHuio
YrNeposa v OKpacKe OCTATOYHOrO KeporeHa co
CBET/IO-}KENTOro /10 OPaHXeBOro, KOPUUYHEBOTO
W, HaKoHeL, YepHoro. 3TM rpafaumu ayywe
BCEro PerucTpupoBaTtb, U3mepsas MOr/oWeHne
cBeTa  MCKOMaemol  MbiabUbl W cnop
(nanuHomopdos). Takke MOHO
aHa/NM3MPOBaTb M3MEHEHMA LBeTa B APYrux
BMAAX OKAMEHENOCTeN, Hanpumep KOHOLOHTAX

Ons npumeHeHMa B reosioropasBefke 6bin
pa3spaboTaH 3KCMpecc-meToz,
NoJIyKoNIMYeCcTBEHHOro aHanusa. M3meHeHue
OKPAaCKM OLEHMBAIOT MO FNagKMM cropam w
nuccieayloT B NpoxogdAwem — cBeTe U
CPaBHMBAIOT C CTAaHAAPTHOM LLBETOBOW raMMON.

JtoT  nmapameTp Ha3blBaeTcA «NHpekc
Tepmuyeckoro wusmeHeHus» (TAI) u pgacr
npubaunsnTensHole npeacTaBneHus o

TEPMUYECKON 3PESIOCTU OTNIOKEHUI U UX
NCTopUM TemnepaTypbl.




Another way of assessing palaeotemperatures
at which alteration took place in sedimentary
rocks is to record the degree of carbonisation of
other plant remains which are usually present.
Vitrinite, which originally was fragments of
woody tissue, is a common component of coal
but is also found in smaller amounts in marine
source rocks. This material is analysed by
measuring the amount of light it reflects. It
becomes shinier and reflects light better as the
degree of carbonisation increases. By
measuring the reflectivity of vitrinite particles
under a reflected light microscope an exact
value is obtained for this maturity parameter,
expressed by the reflectivity coefficient RO (%
vitrinite reflectance). If RO is less than 0.5% in a
shale it can not have generated much oil and is
classed as immature. Shales with RO = 0.9-1.0
have been exposed to temperatures
corresponding to maximum oil generation. RO =
1.3 represents the upper Ilimit for oil
generation, above which the shale will only
produce condensate (light oils) or gas.

For certain source rocks the ratio between
extractable alkenes (paraffins) with an even
number of carbon atoms per molecule and
those with an odd number may also be an
expression of maturity. In plant material and in
marine algae, one finds a higher abundance of
alkenes with an odd number of carbon atoms
than in transformed organic matter like waxes
and fatty acids. The decrease in this
predominance of odd over even in source rocks
with increasing maturity is due to the dilution
of the original biologically derived n-alkanet
mixture with a newly generated mixture which
has a regular carbon number distribution. This
odd/even ratio is normally expressed by means
of an index called the Carbon Preference Index
(CPI): CPI = n-alkenes(odd) /n-alkenes(even)

[pyroli cnocob OuEgHKM WM3MEHEHWA, KOTOpble
npousownmn B 0Caf04HbIX nopogaax,
perncTpupytot cTeneHb KapboHu3aLumm
OCTaTKOB  pacTeHM B KOTOPOM  OObIYHO
NPUCYTCTBYET BUTPUHUT, KOTOPbII

nepBOHaYaibHO npeacTasnan

bparmeHTbl APEeBECHOW TKaHW, 0ObIYHO
KOMMOHEHT YrAA, HO TaAKXKe BCTpevyaeTca B

cobon

MEHbLLINX Konn4yecrtBax B MOPCKUX
MATEPUHCKMX  MnopoAax. ITOT  martepuan
QHaNM3MpPYET KONIMYECTBO CBETa, KOTOpPOEe OH
OoTparkaer. Ana 3TOro U3MepAIT
OTparkaTesbHyto cnocobHocTb YacTuupl

BUTPUHUTA NOJL MWMKPOCKOMOM OTPaXKEHHOro
CcBeTa - ANAa 3TOro0 napameTpa 3penoctu
MoJly4eHO TOYHOE 3HAYEHME, OHO BblparkaeTcs
Ko3apodnumeHToM OTpa*KeHus RO (%
OTpaskaTe/IbHON  CMOCOBHOCTU  BUTPUHUTA).
Ecnan RO meHbwe 0,5% B cnaHLe, OH HE MOXeET
AaTb MHOro HedTM U KnaccuduUMpPyoTCa KaK

Hespenblit. CnaHubl ¢ RO = 0,9-1,0
noaBepraanucb BO3AEUCTBUIO  TemnepaTyp,
COOTBETCTBYHOLUMX MaKCUMaNbHOMY

HedTeobpasoBaHuto. RO = 1,3 npeacrasnaer
coboit BepxHU npegen HedpTeobpasoBaHMs,
BbllLle KOTOPOro cnaHey, 6yaer AaBaTb TO/IbKO
KOoHAeHcaT (nerkve HedTeENPOAYKTbI) AN ras.

Ons HeKoTopbiX HedTEMaTEPUHCKUX Mopoa,
COOTHOLLEeHMe Mexay 3KCTparnpyembim
afkeHom (mapaduHOM) YETHbIM  YMCIOM
aTOMOB yrnepoaa Ha MOMEKYY U C HeYETHbIM
YMC/IOM TaKKe MOMET ObiTb BblpayKeHuem
3penocTn. B pactuTenbHom MmaTepuane U
MOPCKUX BOAOPOCNAEN MOMKHO OBHapPYMKUTb
bonee BbICOKOE 0O6UME A/IKEHOB C HEYETHbIM
ynciom  aTOMOB  Yrnepoja, yem B
TpaHCcHOPMUPOBAHHbIX opraHu4YecKux
BELLLEeCTBaX, TAKMX KaK BOCK U }KUPHbIE KUCNOTbI.
CHMKeHMe  Ko/nnyecTBa  HEYEeTHOOro Mo
CPaBHEHMIO C YETHbIM B MaTEPMHCKUX Nopoaax
CBA3aHO c pa3baBneHnem NCXoaHoM
6uonorMyecku  NpPoMsBOAHON  CMEecu  H-
a/lkaHeTa C BHOBb MNO/JYYEHHOW CMECb!o,
KOTOpaa MMeeT perynspHoe pacnpegeneHue
yncna aTomoB yraepoga. 3TO OTHoWeHMe
HeYeTHbIX/YeTHbIX 06bIYHO BbIparkaetca C
NOMOLLbIOMHAEKCA, Ha3blBaemMblii WHAEKCOM
yrnepogHoro npeanoyteHus (CPI):

CPl = H-anKkeHbl (HeuyeTHble) / H-anKeHbI
(yeTHble)







