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RESUMEN

A partirdelosdatosgeológicosdisponibles,se harealizadolamodelización
computerizadade laevolucióntérmicay dela generacióndehidrocarburosde
lasucesiónsedimentariapérmico-terciariaenelNW delaCordilleraIbérica.El
análisisdelasubsidenciaindicaqueexistencuatroestadiosdiferenciadosenla
evoluciónMesozoicadeesteáreaduranteel ciclo desedimentaciónAlpino. Es-
tascuatroetapascorrespondenalPérmicosuperior,Triásico,Jurásicoinferior
y medio,yJurásicosuperior-Cretácicomedio.Lasdiferenciasobservadasenlas
curvasde subsidenciatectónicaobtenidas,permitendiferenciarcuatrodomi-
nios decxtensión/elevaeión.Estosdominiosdeextensión/elevaciónse definen
comobloqueslimitadospor fallasdondese hanregistradosimilaresprocesos
extensionalesy/o deelevaciónenun mismoestadiotectónico.Losdominiosde
extensión/elevaciónmuestranlapropagaciónarealdelosprocesostectónicosa
travésdel tiempo.Durantelostresprimerosestadiosevolutivos,seproduceuna
extensióngradualapartirde un dominio centralhaciaelnorestey posterior-
mentehaciaensuroeste.EnelestadioCretAcicolatendenciadepropagaciónse
invierte. El flujo decalorenlabasedelasucesióny lahistoriatérmicadelárea,
hansido reconstruidosempleandodiferentesmodelosdedistribucióndel flujo
decalor. La maduracióntérmicadela materiaorgánicaha sidoevaluadaten-
tativamente,adoptandodiferentesflujos decalor. Los resultadosobtenidosse
correspondenconlos datoshastaahoraconocidosdel área.

Palabrasclave: CordilleraIbérica, simulaciónnumérica,subsidenciatec-
tónica, flujo de calor, generaciónde hidrocarburos
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ABSTRACT

The burial, thermalandhydrocarbonhistoriesof latePermian-Tertiary
sedimentarysuccessionin theNW of the Iberian Rangeswere investigated
usingasingle-wellmodel.Thereconstructedgeobistoriesindicatefour stages
of evolutionduring earlyAlpine to lateAlpine infill in the studiedarea:late
Permian,Triassic,earlyandmiddleJurassic,andlatestJurassic-middleCre-
taceous.The differencesbetweeninterpretedbasementbehaviourinterpre-
ted from tectonicsubsidencecurvesdifferentiatesfour major «rift-uplift re-
alms». The «riftluplift» realmis definedeitheras an individual fault-boun-
dedstructuraldomain of ifie continentalphaseof the rift systemor as an
uplift that displayssimilar extensional/upliftproeesses.Thcse«riftluplift re-
alms» showapropagationof rifting/uplift stagesthroughtime. The initial
Permian,TriassicandJurassicepisodesshow anorth-eastempropagation
foliowed by a south-westernpropagationfrom the Centralrealm. Eachof
theserealms shows aLo a gradual north-easternprogressof the extension
strain. The Cretaceousrift/uplift stageseemsto behavein the oppositedi-
rection. Presentday bottom heatflow and thermalhistory were modelled,
using both a steadysUite thermal aud a paleothermalheatflow-invariant
model. Thcpresentaveragebottom heatflow oblainedfaills within theran-
ge of valuesreportedin the literature from similar tectoniccontexts.Diffe-
rent hcat flow valuesweretentativelyadoptedto determinematuration.Ml
thequantitativeestimationsof generatedhydrocarbonsindicatethatinsigni-
ficant volumesof hydrocarbonswere generatedby sourcerocksconsidered
in this study.

Key Words:IberianRanges,numericalsimulation,subsidence,riftl uplift
realm,heatflow, hydrocarhongeneration.

INTROI)UCTION

Theocetírrenceof oil andgasin sedimentaíybasinsresultsfrom the com-
plex dynamic interactionof severalprocesscs.During thc lastkw yearsma-
turity modelshavebecomeastandardtool to evaluatetbetiming andamount
of hydrocarbonoccurrencein abasin(Ungereret al., 1990;Waples,Suizu &
Ramata,1992 a & b; Williamsoií, 1992).Thesenumericailsimulationmodels
seekto evaluatebasinsubsidence,thermalevolutionandcoíiversionof these
into organiematurationaudgenerationhistories.Theaccuracyandpredicti-
ve ability of thcsemodelsdependlargcly on the quantityand quality of the
data availableandtbe validity of assumptionsmadeduring the modelcons-
truction (Wapleseta!., 1992b).

Basinmodelliiíg addressesa variety of physicalmd chemicalphenome-
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na: 1) Backstrippingpermits evaluationof the basin structuralorigin th-
roughthe characterisationof subsidencerate.2) Emulatedpresentdayheat
flow andancientgeothermalgradients,from imposedheatflow or geother-
mal gradientat the baseof the sedimentarycolumn,provide abetter un-
derstandingof the structuralmodelsof thebasindevelopment.3> Thetime-
temperaturehistoriesand Arrheniuslaw pernttmodelling the first order
kerogenbreakdownto evaluateorganiematurityandestimatehydrocarbon
generation.

The model describedin tbis paperrequiresffie inputof somegeological
parametersthatareimperfectlyknown.Therearesomelargeuncertaintiesin
the geologicalandgeochemicaldatausedwhen calibrating the model. Un-
certaintiesaffectalsothe paleo-reconstructionof ffie heatflow, the timing of
uplift, andthe an~ountof sedimentremovedby erosion.Specific detailscan
be controversialbut do not obscurethemain purposeof this paper: fo esta-
blish a modelof the processof hydrocarbongeneration.

REGIONAL GEOLOGICAL FRAMEWORK

The model hasbeenappliedto abroadareafrom CentralSpaln(fig. la>
that comprisesseveralstructuralelementsthat togetherreflect a long and
complextectoniehistory.

During thelateVariscan-lateorogenicextensionalstage(middieCarboni-
ferous-earlyPeriman)CentralIberiacollapsedgravitationally.An important
>4W-SEfault systemdevelopedin theinterior of the IberianPlateandasso-
ciated volcanicrocks wereaccumulated.Tectonicactivity decreasedduring
thePerimanwith the depositionof Saxonianfacies.The early Alpine confi-
gurationof theIberianPeninsularesultedinto two contrastedreailms: aWes-
tern Variscanblock, andan EasternAlpine block subjectto post-orogenic
extension (Doblas et al., 1994a). During the early Alpine stage(fig. lb>
(Permianto Triassic>theEasternAlpine realmmight havedevelopedasys-
tem of balf-grabensinvolving listric/]ow angledetacbments(Sancbez-Moya
etal., 1992). Theywerefilled by hundredsof metersof red beds(Sopefiaet
al., 1988>.Duringthe lateVariscanto earlyAlpinestage(fig. ib> theIberian
Peninsulacan be relatedto an intracontinentaldextral transcurrentshear
zone(Arthaud ti Matte, 1977)thatprobablyrepresentsthe initial breakup
of the centralpartof Pangea(Doblaset al., 1994b>.The Iberianmicroplate
lay betweenthe African andAmerican-Europeanplates.With ffie onsetof
the Alpine cycle, the IberianPlateunderwentextensionbecauseof its loca-
tion betweentwo broadrifts and «‘br wrenchareas,flie Tetbysmal theCen-
trál Atlantic-Caribbean(Ziegler, 1990>.During late Triassicand earlyJu-
rassictimes, the subsidencewas locally accompaniedby volcanism(Sopefia
eta!., 1988).
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Figure 1 a.—Simplified structuraimap of Iberia.
Figurala—Mapaesincúnraldela Pei’érxsulaibérica.
Figure lb.—Tentativereconstrudionof continentla Wcsternhemisphereduring Middle Per-
mianto LateCretaceous(afrerZieglcr, 1990).
Figura lb—Reconstrucciónpa]eogeográficadel HemisferioOccidentalduranteel Pérmicome-
dio-Crctácicosuperioo-(Modificadode Ziegler, 1990)

LATE CRETACECUS
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Becauseof its location,the evolutionof the Iberianplate, during lateJu-
rassíe-earlyCretaceous(fig. ib> was affectedby iheorthogonalopeningof the
CentralAtiantieandifie continuousfloor spreadingof theBayof Biscaypara-
lleled by acoinníensuratesinistral transíationbetweenAfrica andEurope.
Tbiswascoupledwith lateJurassicseafloor spreadin theWestTethysbasins.

During theearlyCretaceous,the North Aflantie areawas probablyaffec-
ted by progressivelit.hosphericthinning in responseto its mechanicalstret-
ching andthermalattenuation.The relatedthermaldomingeffect is particu-
larly evidentin CentralIberia. Neocomianto earlyAptian crustalstretching
betweenNewfoundlandand Iberia limited sea-floorspreadingbetweenthe
GrandBanksand Portugalcausingcommensuratesinistertransíationinto
the Bay of Biseay.Contemporaneouswrenehdeformationis evidentin the
IberianRanges.During thelateAptianandAlbian, Iberiabeganto rotatein
a sinistral counter-clockwiseaway from Ihe Armorican Margin (Ziegler,
1990).

During the Alpine cycle, alter ifie extensionalepisode,acompressional
stagedeveloped.LatePaieocenecompressionaldeformationis alsoevidentin
Iberia. Both arethe expressionof the collision of Iberiawith theEuropean
Craton.It is likely thatthe build up of intra-platecompressionalstressreía-
ted to earlyPyreneancoilision resultedin largesealelithosphericdeflection
thatdisruptedthe latestCretaceouscarbonateplatforms thathadoccupied
mostof Iberia.

DextraltransíationbetweenEurasiaandAfrica gainedimportanceduring
lateAlpine orogeniephases.The timespan50 My to 15 My correspondsto
the collisional phaseduringwhich extraIberiaunits collided with thesout-
bern Iberia margin (Betic froní>. During tbe lateEocencandOligocenethe
Valenciarift systemcameinto evidence.During the Miocene,crustalshorte-
ning persistingin theBetie CordilleraandtheMagbrebianfold belt, wasmc-
companiedby ffie accentuationof the Gibraltarorocline.

Theeffects of compressioncanbe obserredin the studyarea.The intra-
platedeformationin Iberiaresultedinto two broadrealms:TheliberianRan-
ge and the 1 lesperieMassif (fig. la). The IberianRangecorrespondsto the
deformationof theaulacogenierealmthat deformedthethinnedcrustalarea
<Alvaro, Capote& Vegas,1979). The morerigid arcasin the interiorof Ibe-
ria weredeformedin greatarches,thatform themajor physiographicfeatu-
res, boundedby reversefaults. Two large intraplatebasins,the Tajo and
DueroBasins,were formedin closeconnectionwith thesesarches,andsub-
sequentlyfilled up by continentalsediments.

Overalí,theNeogeneandQuaternaryevolutionof Iberiacorrespondsto a
Post-Alpineextensionalstage.This appliesto both theWesternMediterra-
neanandthe intramontanebasin.Howeverthe ValenciaTroughandtheAl-
boran Basin aretwo mmm prominenttensionalstructuresthat characterise
the evolutionof ifie EasternandSouthernmarginof Iberia.
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METHODS

A nuinericalsimulationprogram,MATOIL, developedon VAX systemsby
Ihe «InstituteFrancaisdu Petrole»(IFP),andadaptedto Ihe personalcomputer
by BEICIP-FRkNLAB,hasbeenappliedlii tliis studyto abroadareain Central
Iberia (fig. la). Themaladataandassumptionsaresunimarisedin table1.

Súbsidenceanalysis,thermaldata, temperatureparametersand thermal
liistory havebeencarriedout in this study,to evaluatethe maturationof or-
ganiematter.

SLTBSIDENCE ANALYSIS ANT) COMPACTIONIIISTORY

Thelocal isostatiebackstrippingmethod(Steckler£ Watts, 1978> for bu-
rial reconstructionand basin subsidencehasbeenused. The thieknessre-
constructionis doneusingthePerrierandQuiblier (1974)method,which as-
sumesthat the amountof solid matrix remainsconstant.In the approach
usedhere,the tliicknessof a formation is reducedaccordingto its porosity-
depthcurve. Paleowaterdepthsand eustaticsea-levelcorrectionshavenot
beennecessaryas sedimentsweredepositedeither in ashallowmarineor in
acontinentalenvironment.

In the interpretationof súbsidencecurves, Airy isostasywas assumed,
thusignoringthe effectof alithospherelimite strengthon Rsresponseto sedi-
ment loading.

ANALYSIS OF THERIMAL DATA ANT) TEMPERATURE PARtMETERS

The main conceptualassumptionsto modelpastgeothermalregimesand
reconstructionof thermalhistoryarebasedin thefollowing ideas.1) Tempe-
ratureevolutionin sedimentsdependson theinput into thebasin(basalheat
110w), tlie heattransfer,andffie redistributionthroughthe sediments.2> The
temperaturedistribution within a sedimentarybasin is the result of heat
transferfrom the mantietowardstheEarth surface.3) The study assumes
thatthetotal heattransfercanbeexpressedas follows: Total heattransfer
tIeat flow + Heatsourceor storage.Where 1 Ieat flow = GeothermalGra-
dient x Conductivity+ Heatcarriedby moving fluids. 4) Thethermalcon-
ductivities andheatsourceor storage(radiogenieheatproductionandheat
capacity)wereautomaticaiilyassignedby thecomputerprograníto eachrock
unit from its lithology, porosityandtemperature.5) The critical parameter
for temperaturein basinanalysisis the basalheatflow. Basalheat flow has
two components;radiogeniccontributionof the crust and subcrusta]heat
flow that are not differentiatedby the prograin. 6> Paieotemperaturesare
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ObservationalData Source Utility

Age./deptb-biostratigraphy
hthology

(PC, Personal
Communication>

Bottonhole temperatures

vitrine reflectance

Adelí et aL, 198la & b, 1982
Alonso et al., i982
Alonso Gavilánet al., 87
Alonso, 1981
Ancocheaet aL,1994
Arribas, i984
Aureil, i990
Barron&Goy i994
caballeroet aL, 1994
CapoteetaL, 1982
Clemente& Alonso, 1990
Floquet,el aL, 1982
GarcíaQuintana,PC
GómezFernández,J. C., 1992ti PC
GómezFernández,J. .1., PC
Coy ti Márquez-Aliaga,i994
Coy 8, Martínez,1994
Coy ti Yebenes,1977
Guiraudti Seguret,1985
Hernando,1977
Hernandoti Rincón, 1987
Lagó el al., i994
Mas,PC
Muñoz, 1993
Pérez-Mazado,1990
Pocoviel al., i988
Quinteroetal., 198i
Ramos,1979
Ramosel al., 1986
Salvany, i990
Segurati Wiedmann,1982
SopeAn, 1973
SopeAnelal., 1977
várquez,1981
Wilde, 1990

Well History reports
Log Headerinformation
Shell internalreporta

%QoIfl~y of the
sedhnentarycoima
alongbasinhistory

*BurjaJhistory
compactationcorrectoons
*Bnrial history br each

sourcerock

*nensity Matrix
conductivity,Matriz

heatcapacity
*Thermal history

Calibrationagainstpresent
daythermaldata

Usedonlytocompare
lo model predictions

Model Assumptions Resulta

Local isostatiscompensation

}nitZlporos?ues Computeporosityreductionanddecompaction
Decompactionfactora Subsidencecorres

Thermalconductivity Computationof Ihermalhistories
Thennalhistory

—Constantheatflow
—variablebeatftow
—Rifting heatflow
—Ceothermalgradiení

Thermalpropertiesof lithologies

Kinetic model Maturityprofiles (Transformationratio, Hl
viÚhilte reflectance,Tmax,Sí, Prod.índex...>

Amountsof generatedoil aidgas
fromeachsourcerockvs geologictime

TableI.—NW IberianRangesmaturitymodels:datoandassuínptions.
Tabla1.—Síntesisde los datosy parámetrosempleadosenla cuantificaciónnuméricadelage-
neracióndehidrocarburosenel área>1W dela cordilleraIbérica.

29
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controlledby ifie basalheatflow liistory of the basin,which reflectsthe lit-
hospheremechanics,butato by variationsin thermalconductivities,heatca-
pacity, heatgenerationfrom radiometivesourcewithin thesedimentsandre-
gional waterflow throughaquifer.

kNPñÁslsOF í1 LERMAI. 1 IISTORY

In Uds study, the reconstructionof the temperaturehistory of the sedi-
mentshasrequiredtwo steps.

1) Thermalhistoriesof the heatflow haveto define. Valuesof heatflow
dependon the geodynaniicsetting of the basin.They canbe either constant
(whenheatflow hasnot changedthroughtime), variable (when tectonieset-
ting hasvariedthroughtime> or rifting heatflow (whenheatflow is multi-
plied by extensionrate).

2) To fit presentdaythermalstatefrom availabledata.

PwraouwMGENERATION KINETIc MODEL

Conversionof thetimeaudtemperaturehistoriesinto estimatesof organie
maturitywasmadetbroughmultiple parallelreactionsgovernedby thefirst-
order kineticsand the Arrheniuslaw. The mechanicsof this approachare

Z TERTIARY BASINS

MESOZOIO ~AShNS

PALEOZOrC

Figure 2.—Simp~ified geologicál map of the study aiea, showing the Iocations of wells and
dummy wells (field sectons)usedin this study.
Figura 2—Mapa geológicosimplificado del áreaestudiada,mostrandolasituaciónde los son-
deosy columnasdecampoanalizados.

A REFERENCE TOWNS

~ WELLS

o SECTION5
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broad described in Tissot, Pelet & Ungerer, <1987) and Ungereret aL,
(1990). In Uds studyprimarycrackingis consideredwith severalparallel in-
dependentreactions.The rate of petroleumgenerationby eachreactionis
proportionalto aconstantrate which increaseswith temperatureaccording
to the Arrheniuslaw. Every primaryreactionhasits own activationenergy
andpre-exponentialfactor.Thekineticparaimetersusedto modelarederived
from specificpyrolysis experiments<Ungerer& Pelet, 1987; Espitaliéet al.,
1988; Evans& Felbeck, 1983; Castelli etal., 1990) to accountfor themain
organietypesor subtypes.Thesekinetic parametcrscharacterisethemodeof
primarycrackingtogetherwith the iitial potentialof eachreaction.

Tbreefractionsare considered:C6±(oil) unstable;Cl -C5 (gas> stable;
coke(solid carbonresidue>stabie.Thetotalamountof petroleumthatcanbe
generatedin acompleteevolutiondependson ifie iitial amountof kerogen
in the sourcerock, quantifiedby the TOC (Total OrganieCarbon),and the
petroleumpotentialof ffie kerogen.

Finally modelling maturity indicatorsare essentialas they allow some
quantitativecontrolsof the modelresultsby meanof geochemicaldataand
mustbecomparedwith objectivedataavailable.Themodelcomputestheex-
pectedHydrogenIndex (III), the TransformationsRatio (TR), the Vitrinite
Reflectance(Ro> mnd the Temperatureof Peak Petroleum Generation
(Tmaix).

SUBSIDENCEANALYSIS

Fourtcenwells and ten pseudowells constructedfrom outcropsections
wereusedto quantifythe compaction,subsidence,thermalhistory andmatu-
rity computations(fig. 2>. The stratigraphyandageof eachformationaregi-
venin fig. 3. The agesare not tightly constrainedandthe «2 My error»has
beenmssumed.The mostrepresentativewaterbalancedtectonicsubsidence
curvesdeterntnedfrom alí ifie wells andsectionsof the basinwithout seale-
vel andlorpaleobathymetrycorrectionsareshownin fig. 4.

When observingfigure 4, the essentialcharacteristicsof the subsidence
history have beenclearly recordedin alí diagraims.However, not alí the
evcntscan be recognisedtbroughoutthe basin.The differencesbetweenthe
tectonicsubsidencecurvesperformedhaveperinitted separationinto diffe-
rentrealmsbyeachrifting andbr uplift stage.Basedon therift segmentidea
of Nelson,Patton& Morley (1992>, we proposethe term of «riftluplift re-
alm.»This rift/uplift realm is definedas an individual fault-boundedstructu-
ral domainof thecontinentalphaseof therift systemor uplift that displays
similar extensionallupliftprocesses.

A first episodeof rifting/uplift occurredduringPermian(285to 250 My>.
The tectonicsubsidencecurves(figs. 4 a, b, e) determineaCentral Realm
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(C.R. in fig. Sa).Thisrealm is characterisedby asteepiitial downward-tren-
ding segment(285 to 270 My) interpretedlike a crustaltliinning andnormal
faulting. The CentralRealmshowsthe maximumPermianthickness.This
episoderesultedin the formationof a complexsystemof small andisolated
NW-SEtrendinghall grabeusfilled byhundredsof metersof red bedsduring
latePermian.This period of subsidencewas followed lay a period of uplift
anderosionresultingin a disconformitybetweenSaxonianfaciesand late
Permian-ear]yTriassicBuntsandsteinfacies<270 to 250 My).

A secondstageof rifting/uplift tookplaceroughlyduringTriassic(fig. 4).
The baseof late Permianand/or early Tria~sic sedimentarystrata(Bunt-
sandsteinfaciesbase)subsidedatarelativehigh ratethroughthe deposition
of BuntsandsteinandMuschelkalkfacies <= 250to 230 My), followed by
a pseudo-exponentialor linear form of the lateTriassic-earlyJurassicsubsi-
dence(Keuperfaciesandbaseof tite Carniolas de Cortesde Tajuña Forma-
tion, = 230 to 210 My). The rapid initial subsidencephaseis associmtedto
rifting of thecrustandthinningof thesub-crustallithosphere.Thisphaseis fo-
llowed. by a thermalsubsidencephase(pseudo-exponentialshape)associated
to the thermalcoíitractionandcooling of the lithosphere.Tbis rifting period
canberelatedto tite lateVariscanto earlyAlpine stageon the IberianPenin-
sulathatntghtrepresenttheinitial breakup of the centralpart of Pangea.

Figure 3.—Compositelithostratigraphicfrainework of NW Iberian Rangesstudy aren.Loca-
horasgiven in figure 2. Sourcedatasummarisedin table 1. EB: Ermita J3eds.MB: Montesoro
Beds. B: Buntsandsteinfacies. M: Muschelkalk facies. K: Keuperfacies. RG: RenalesGroup
cOrnpl-Isingfrombottoento top; DolomíastableadasdeImón, CarniolasdeCortesdeTajuñaaud
Calizasy dolomíastableadasdeCuevasLabradasformatlons. AG: AblanquejoGroupcompri-
sing from bottomlo top; Margasgrisesdel CerrodelPez,CalizasbioclásticasdeBarahonaand
AlternanciadeMargasy calizasdeTurmiel. CH: CarbonatosdeChelvaand Margasde Sot dc
Cheraformations.HM: 1-luertelesandValdepradoformations.T: AldealpozoandTorrecilla for-
mations.SM: SierraMatuteformation.OC: OncalaGroup, comprisingfrom bottomto top; Sie-
rraMatute,Huertele.sandValdepradoformations.ML: Malacaraformation.A: Abejar forma-
tion. U: «Utrillas» facies. P: St Maríadelas Hoyas,PicofrentesanóMuñecasformations.US:
1-lortezuelas,Hontoriadel Pinar, Burgo deOsma,SantoDomingo de Silos andSantibáñezdel
Val formations.PC: Paleogene.N: Neogene.
Figura3.—EsquemalitoestratigráficodelNW dela CordilleraIbérica. La localizacióny la fuente
delos datosempleadosx-ier¡endadosenla figura 2 y tabla1 respectivamente.EB: Capasdela Er-
mita. MB: CapasdeMontesoro.B: FaciesBuntsandstein.M: FaciesMuschelknlk.K: FaciesKeu-
per. RO: GrupoRenales,comprendedebaseatecholassiguientesformaciones;Dolomíastablea-
dasde imán,Cambiasde CortesdeTajuñay Calizasy dolomíastableadasdeCuevasLabradas.
AG: GrupoAblanquejo, comprendedebaseatecholas siguientesformaciones;Margasgrisesdel
CerrodelPez,CalizasbioclásficasdeBarahonay AlternanciasdeMargasy calizasde Turmiel. CH:
FormacionesCarbonatosdeChelvay MargasdeSotdeChera.11V: FormacionesHuertelesy Val-
deprado.T: FormacionesAldealpozoy Torrecilla. SM: FormaciónSienaMatute. OC: GrupoOn-
ada,comprendedebaseatecho lassiguientesformaciones;SierraMatute,HuertelesandValde-
prado. ML: FormaciónMalacaraA: FormaciónAbejar. U: Facies«Utrillas». 2: FormacionesSt’
María delas Hoyas,Picofrentesy Muñecas.SD: FormacionesHortezuelas,Hontoriadel Pinar,
BurgodeOsma,SantoDomingodeSilosy SantibáñezdelVal. PC:Paleogeno.>1: Neogeno.
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The water-loadedtectonicsubsidencehistory showsasimilar form in alí
diagranís<fig. 4> but timing of rifting displaysa propagationof extension
with time. Consideringthe variationsin age of therifting onset,tbreesucces-
sive «rifting/uplift realms»aredefined(fig. 5b). First of al aCentralRealm
developed(C.R. in fig. 5b). This realmoccupiedan areasimilar to thepre-
viousPermianrift/uplift period.The riftluplift areaenlargedafterwardsto-
wardsthe East-North(NortheasternReaim, NE.R. in fig. 5b>. During thc
tbird stageof evolutionthe rift/uplift coveredthe wholeof the studiedarea
affecting to the south-westernarea(south-westernRealm, S.R. in fig. Sb>.
rf helimit of tbisrealm is locatedatthemarginof thecratoniebasementwhe-
rean unsedimentedareais noted.
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A structuralcross-sectionthroughtheareashowinglaasementreconstruc-
tion andrelationsbipresultingfrom the secondstageof rifting /uplift (Per-
mian andTriassic) is illustratedin Figure 6.

A third stageof rifting/uplift occurredduring the Jurassic(~‘ 205 to
140My) - Two realmsbasedon laackstrippedsulasidencecurvesarenotedfor
thisthird riftluplift period (fig. 7a> andanareaof non-depositionanderosion
hasbeendistinguished.Thetwo realms(CentralC. R andNorth-eastern,NE.
R in fig. 7a> showaprogressiveEmstern-Northernbasindcvelopment.In the
Centralrealm the subsidenceagainincreasedduring theearlyJurassicto Ca-
llovian (= 205to~í60 My) mt relativelow rates(fig. 4a, c) coapledwith fue
dominanceof carbonateover siliciclastiesediments.This sulasidenceepisode
wasfollowed lay a period of uplift anderosionduring lateJurassic,recorded
as trendingupwardsegmentson the tectonicsubsidencecurves (fig. 4b)- In
theNortheasterRealm(NE. R in fig. 7m> tlíe ageof rifting/uplift is younger
(hg. 4e) than in the Centralrealm (fig. 4a, c). Tite sulasidenceepisodeconti-
nueduntil the Kimmeridgian (~ 139My) followed by ashorttreudtowards
uplift duringthelatestJurassic.Thealmostzerosulasidencehistory curvesre-
cordedin restof titearea(fig. 7a) br thisstage(170to 100My> wasprolaably
dueto epirogenicactivity causinga periodof erosionandpossiblynon-depo-
sition. As a resultof this evolution,the lateCretaceoussiliciclastiesediments
in thisrealm restdisconformablyon Middle Palaeozoicrocksor paraconfor-
mablyon lateTriassic.

TheJurassicsulasidencehistory, was probalalyaresultof orthogonalope-
ning of Central AUmntic, fLor spreadingof tite Hay of Biscay, andsinistral
transiationbctwcenMrica andEurope,coupledwith a relativesealevel risc.
The uplift episodewas probably relatedwith the late Kimmerimn orogenic
phase.

A fourthstagcof rifting/uplift couplcdwith largesealevel changestook
place from tite latestJurassicthroughMiddle Cretaceous(~ 140 to = 95
My). Only two realms,North-eastern(NE. R) mnd South-western(C-S. II),
havelacendistinguished(fig. 7b) for tite latestJurassic-MiddleCretaceousrif-
ting/up]itt episode.In the North-easternremlm (NER in fig. Yla) amoderate
initial episodeof subsidenceis recordedasatrendingdownward(fig. 4e) on
tite waterloadedtectoniesubsidencecurvesbetween 140 aud = 1 30 Nly.
This is followed lay uplift during lateBerriasianthroughMiddle Barremimn.
In tite South-westernrealm (C-S. R. in fig. 7la> only thc uplift episodeis re-
cordedon thc curves.Thisepisodewas developeduntil Middlc Aibian (Aus-
trian orogenicphase>.In the North-eastemrea]m (fig. le>, bmckstrippedsula-
sidencecurvesshowa re-establishedsulasidenceregimetowardstite end of
I3arremian(= 114 My>. This regimedid not reachthe South-westernrealm
(fig. la, la, e andd> before Middle-lateAlbian (=100 My).

Fromhere(late Albian> onwmrdsthe laackstrippingcurvesshowamajor
complexityastheyareinflueiícednot only by eustaticchangesbit alsolay the
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Figure ña.—Rift/uplift realmsdeterminedfor thePermianandstretchingestimates([~ inferred
fron subsidenceanalysis.C.R.: central realm.
Figura ña—Dominiosdeextensión/elevaciónparael Pérmicoy valor estimadodel parámetro
deextensión«~> apartir dclas curvasdesubsidenciatectónica. CH.: dominio centro.

main compressionalpitasesof Alpineorogeny.Compressionalintraplatetan-
gentialstresscan causepositive andnegativelithosphericdeflectionswhich
can be recordedin tite curves. Therefore, titis study has not incinded
«riftluplift realms»for titosestages.

The subsidencehistory of the study areashowsa generaldownwards
trendfrom Middle-lateAlbian to the endof Cretaceous.Thisgeneralincrea-
se in thesulasidenceratewasprobablya responseto bothtectonicandan mp-
parentrisc in eustaticsealevel (I-Iaq, Hardenlaol5 Vail, 1987> thatallowed
anincreasein accommodationspace.As aresultof titeseeventsashallowma-
rine carbonateenvironmentwas establishedduring the early Cretaceous.
Tbis sedimentaryregimewas brokenlay siiciclastiedominantlynon-marine
sedimentsduring late Aptian-Albian. The sea level rise during lateCretace-
ous generatedashifting of the sedimentaryenvironmentsenablingaillowing
the developmentof acarbonatemarineenvironinent.

ThePaleoceneandEocenetectonicsubsidencecurvesshowtwo trends.A
tectonicuplift episode(= 65 My to = 35 My>, is recordedin figure 4e. Re-
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Figureflb.—Rift/uplift realmsdeterminedfor the‘friassicand stretchingestimates(~ inferred
from subsidenceanalysis.5W. R: south-westernrealm.C.R.: central realm.NF. R.: north-eas-
tern realm. Dashedlines with vertical strokes;non-triassicsedimentationrecorded.Crossunes
definetheapproxiinatelocationsof st-ucturaltbresbold.Note the sequenceof overail propaga-
fien of activity aud a gradualincreaseof stretchingfactor to the nocth-eastern(big arrows)and
thesouth-westernyoungingpropagation(litile arrows).
Figura 5b.—Dominiosdeextensión

1elevaciónparael Triásico y valor estimadodel parámetro
deextensión(J~ a partir de lascurxasdesubsidenciatectónica.8W. R: dominio sudoeste.Cli.:
dominio centro.NE. R.: dominionoreste.Líneasdiscontinuasconfrazosverticales;áreasin re-
gistro de.sedimentacióntriásica. La líneadecrucesdefinela localizaciónaproximadade los al-
tos estructurales.La propagaciónde la actividadtectónicay el incrementoen el valordel factor
deextensiónestaindicadopor lasflechas.La extensióninicialmentesepropagahaciaeí noreste
(flechasde grantamaño)y posteriormentehaciael sudoeste(flechasdepequeñotamaño).

maiing curvesdisplayfor this time horizontalsegmentsthat representnon-
depositionandlorerosion(fig. 4a, la, c andd). Local anomalouspattern<fig.
4la) characterisedlay a continueddownward-trendingsegmentareduepro-
laablyto sedimentloadingeffects.

Tite tectoniesubsidencehistory showslargelysimilar trendsfor the Oh-
gocene,lautwells Locatedto tite extremeeast,(fig. 4e) andtu> tite South(fig.
4d) displayanomalouspatternscitaracterisedlay amoderatesubsidenceepi-
sode.
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The MioceneandPliocenearedepictedon water-loadedsulasidencecur-
vesin a similarway (fig. ‘1> lautnot oniy tite extremeareasshowcurveswith
downward-trendingsegments.

Tite overalípatternof tectoniesubsidenceobservedduringPaleogeneis
tite resultof Alpine compressionaltectonie,LaranúdeandPyreneanphases,
whereasNeogenetectonicsulasidencepatternis a resultof Post-Alpineex-
tensiona]stage.

Pairtial studiesconceringsubsidenceanalysisin CentralSpainidentified
severalstagesof tectonicsubsidence(Sanchez-Moyaet al., 1992; Salas& Ca-
sas, 1993; Roca,Guimera& Salas,1994) wlilch canbe correlatedwith tliis
study.

MATURITY MODELLING

PossíntrSouacRROCK

An accurateanalysisof tite characteristicsof tite different depositional
units in the studyarea,hasshownthatthreeof themarethemostpropitious
to beconsideredas sourcerocks: Capasde la Ermita Formation(Autunian),
Calizasy dolomíastableadasde CuevasLabradasFormation(Hettangian-Si-
nemurian)andMargas de Sotde CheraFormation (Oxfordian-Kinnerid-
gian) andffieir laterail equivalents(fig. 3).

No informationabouttotalorganiccontent(TOC) is avaiilablefromMar-
gas de Sotde CheraFormation(Gomez& Goy, 1979) andtheCalizasydo-
lomías tableadasde CuevasLabradasFormation(Goy et al., 1976). Margas
deSotdeCheraFormationconsistof grey maríswith occasionallimestonein-
tercalation.Tliicknessrangesbetween80 to 140 m. Calizasy dolomiastable-
adasde CuevasLabradasconsistof 50-150m of shallowmarinelimestones
anddolostones.

Two hypotheseson the total organiccontentwere modelled: ffrstable a
contentof 1% TOC; seconda contentof 0.5 % TOC, prolaablyamorereailis-
tic value. A typeII kerogen<Tissotet al., 1987) andthe 10% by volume of
thctotal formation as effectivethicknesswas usedin laoth cases.The accu-
mulatedthicknessof organic-richsedimentsin theinterval is hereconsidered
as tite effectivethickness.

Early Permianpotentialsourcerockscorrespondto Capasde la Ermita
Formation(Sacher,1966).Their distributionis irregularwith athicknessof
moretitan 300 m. Thisunit consistsof threeintervais(Ramos,1979):volca-
noclasties,lacustrmnedeposits(dark mudstones>and adolomitie interval at
thetop.The effectivetliicknesswasthetotaltbicknessof tite darkmudstones
interval,andatypeIII kerogenwasused.



40 A. Ramos,A. Sopeña, Y Sánchez-Moya,A. Muñoz

Figure 6.—Structuralandstratigraphiccross-sectiontrough the SW to theNE of thestudied
aieafor tbePermianaudTriassicbasedon well data, ficíd scctionsandseismicdata.
Figura6—Secciónestructuraly estratigráficadcl áreaestudiadasegtinunpci-fil SW-NEenbase
a los datosde sondeo,columnasde campoy sísmicadisponible.

Determinationof tite organiemattercontentof Permiandarkmudstones
was evaluatedfrom gamma-raylogs metitod (Schmoker,1981) and forma-
tion-density logs methods lay Schmorker (1979) and Myers & Jenkyns
(1992). The TOC olatainedwas 0.39% usingtite gamma-raymethod and
0. 16% usingtite denstitylog metitod. However, tite accuracyof titese met-
hodsis low dueto tite low quality andquantityof densitylogs in tite studied
area.Tite sameas for Jurassicsourcerocks, andacontentof 0.5% and 1%
TOC was finally modelied.

TEMPERATL.JRERIZGIME ANI) MATURATION

Titedegreeandtiming-of titermal-maturationof tite rocksin tite arcacan
be evaluatedwith asteady-statetitermal model andvitrinite reflectancehis-
tory.

Neititer specificnor generalinformationon tite presentheatflow values
andheatflow distributionin tite studyareaivas availaible.Titereforepresent
daytitermal distrilautionhasbeenmodelledusingcorrectedbore-holetempe-
raturesfrom 14 wells (andformationtemperaturelogswitenavailable)anda
regionalgeotbermalgradientof 3,1’ C/100m. Tite presentdaymeanannual
surfacetemperaturehas lacentokenin accounttoo.

Tite presentheatflow values werecalculatedusingpresentgeotitermal
gradientandrock thermail conductivities.Titermal conductivityvaluesused
in tite modelsvarythroughtime, dependingon temperatureandporosity re-
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Figure 7a—Rift/up[ift realmsdeterminedfor theJurassicandstretchingestimates<~ inferred
from subsidenceanalysis.GR.: central realm.NE. E.: north-easternrealm.Dashedlines with
vertical s-t-okes;non Jurassicsedimentationrecorded.Crosslino define the approxhnateloca-
tionsof structuralthreshold.Diajnondsunedefinealocal high. Note loeoveralípropagationof
activity to Uve Noctls-castera(hig ‘arrows> anda soasadpropagationevent(little arrows)deter-
mine a «subrealm»in loesaznedirection(dashedline).
Figura 7a.—Dominiosde extensión/elevaciónparael Jurásicoy valor estimadodel parámetro
de extension(~ apartir delascurvasdesubsidenciatectónica.CE.: dominio centro.NF. E.: do-
miído noreste.Líneasdiscontinuascontrazosverticales;áreasin registrodesedimentaciónjurá-
sica. La línea dc crucesdefinela localizaciónaproximadadelos altos estructurales.La línea de
rombosdefinela localizaciónde un umbrallocal. La propagacióndela actividadtectónicay el
incrementoencl valor delfactordeextensiónestaindicadopor lasflechas.La extensióninicial-
mentese propagahaciael noreste<flechasde grantamaño)y posteriormentehaciael sudoeste
<flechasdepequeñotamaño)definiendoun subdominiolimitado porunalínea discontinua.

ductioncorrcctions.Giventheuncertaintiessurroundingconductivityandge-
otitermalgradient,tite interpretationof theresultsobtainedhasto betreated
carcfully.

Two differenthypotitesisitave beenmodelledin titis work: 1) aconstant
heatflow regime.2) arifting heatflow regime

In the firstmodel,aconstantheatflow regimeof 40 mW/m2,wlúch18 tite
global averageheat flow value was used. The estimatedpresentheat tlow
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Fgí«reTb.—RifL’iíplift ícalinsdeternúnedfor theLatcstJurassictbo¡íghMiddle Creticcoesand
stretchingestimates<~ inlerredfrom subsidenceanalvsis.CS.lt. soulo-westernrealm.NE. E.:
nor-th-easternrcalin. Note dic sequenceof overall pz-opagationof actixity to loenorth-eastei-n
<big arrows)andthesouth-wcsternyoungingpropagation<little arrows>.
Figura 7b.—Do¡niniosdeextensión/elevaciónparael Jurásicosuperior-Cretecicomedioy valor
estimadodelparámetrode extensión(~ a partir delascurvasde subsideuciatectónica.CS.R.:
dominio sodoeste.NF. ITt: dominio noreste.La extensióninidalmentescpropagahaciael no-
reste<flechasdegrantamaño)y posteriormentehaciael sudoeste(flechasdepequeñotamaño).

yields between34 to 58mW/me whenl)resentdaytitermaldatawereusedtu>
calilaratepresentdaylaottomheatflow. Thisvariability in the estimatedpre-
sentheatflow, mayitas beencausednot oniy lay differcncesin tite typesand
qualitiesof presentdaythermaJdata,but alsoby differencesin tite tectonie
evolution amonglaetweenarcas.An estimationof tbe prcsentaveragebeat
flow of 43 mW/m2,resultedwhencalibrationwasdone. An averageheatflow
of 59.5mW/m2resultedwhenonly titermal history datawereusedtu> Com-
putetite prcsu-ntday laottomheatf]ow. Usinganinvariantpalcotitermalregi-
inc of 55 rnW/m~ acomputepresentaverageiteat flow of 73.5 ínW/rn2were
olatained.Ml valuesareconceivableandfalí within tite rangeolatainedin spe-
cHic iteat flow studiesin similar tectoniecontext (Lewis & Hymdman 1976;
Mckenzieel al., 1985; lsslcr & Beaumont,1986 & 1987; Ritter 1987; Forbes
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et al., 1991). It hastu> be empitasisedthat tite calibrateaverageheatflow of
43 mW/m2, that is tite morerealistievalue, is very closeto presentaverage
heatflow fromeasternCanadapassivemargin (Hamdani& Marescital, 1993)

Titetitermalhistorywassulaseqnentlymodelledfrom subsidencedata (rif-
ting iteatflow history). In aprellininary step,an estimationof crustal exten-
sionfrom a comparisonof backstrippedsubsidencecurvesandtectoniesubsi-
dencepredictedlay stretciting models (Mckenzie, 1978; Royden andKeen,
1980)was olatained.A simpleone-layerstretcliingmodelof Mckenzie(1978)
with instantaneousuniform stretchingpitases,accordingtu> rifting episodesfi-
xedprevious]y,hasbeenusedtu> determine~3(crustailstretchingfactor) values.

Tite crustalstretcitingfactorwasolatainedfrom directcomparisonbetwe-
enbackstrippedsulasideneecunesperformedandMcKenzie (1978)theoreti-
cal tectoniesubsidencecurves.

Titecrustalstretchingfactorsfor everyeachrifting episodeand«riftluplift
realmaaretite numbersshownin figs. 5 and7.

In tite secondmodelledhypothesisa rifting heatflow regimewasused.
TUs paleotitermalreconstructioncomputesalinear increaseof tite heatflow
duringrifting (Mckenzie 1978).It wasassumedthattitepost-riffing heatflow
would decreaseaccordingiytu> the MckenzieThermodynamicModel (Mc-
kenzie, 1978>.

Tite relationshipslaetweentectonicsubsidencerate andheatflow, calcu-
lated for tite mosícharacteristiewells, showfluctuationsanddisagreement
laetweentectonicsubsidencerate andstretchingheat flow. Ibis is probably
causedlay uncertaintiesin backstrippingand/ordeterminationof tite stret-
ching factor. Tite lithosphericstretchingmodeiling using a two-layer stret-
ching model (Royden& Keen, 1980; Hellinger & Sclater, 1983) has tu> be
donetu> aliow a betterunderstandingof tite basin.

Vitriite reflectancevariationstitrough time anddepth were modelled
witit a correlationcurvebetweenreflectanceandtite modelledTransforma-
tion Ratio(TR). It representstite percentageof transformableorganicmatter
convertedinto hydrocarbonsmt a given maturity stage,of tite JFP (Institut
francaisdu Petrole)standardtypeIII kerogen.

Witen rifting heatflow regimewas used,tite vitrinite reflectancevalues
arebelow0.4%R

0for Permianor Jurassicsourcerocks.Valuesof 0.56%1%
mt 2814m from Permiansourcerockin Ayllon, andof 0.5%R0at 1690m in
Castilfriowell, wereexceptionallyolatained.

Tite vitriite reflectancevalues calculatedusing a constantHP = 40
mW/m

2paleotitermaliteat flow andcalibratedwith present-thermaldataare
laelow0.45%R

0for1 Iettangian-Sinemuriansourcerock. PorOxfordian-Kim-
meridgian sourcerocks, vitrinite reflectancereacheda maximumvalue of
0.79% R0at 1690 m ni Castilfrio well. Permianvitrinite reflectancevalues
yield in tite 0.43%-0.56%R0rangereacitedat 1800 and2814 m in botit
Riba1 andAyllon.
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Assmningaconstantpaleo-thermalheatflow (HF= 40 mW/m2andHE—
55 mW/m~, without calibration, tite vitrmnite reflectancevalues obtained
wereslightly largertitan valuescomputedwith tite preeedingterms.Thevi-
trinite reflectancevalues(R), TranstormationRatio (TR), Hydrocarbonín-
dex (HI) andTemperatureof PeaikPetroleumGeneration(Tmax),obtained
using atotal organiecontentof 1% TOC from Juras-sicandPermiansource
rocksas shownin TableU.

HYDHOcARBON CENEHATION HISTORY

As discussedbefore,tú sinnlatetite bistoryof kerogendegradation,hydro-
carbongenerationhistoryandtite typeandamountof itydrocarbonsgenerated,
asetof kineticequations(Tissot& Espitalié,1975;Tissotetal. 1987;Quigley,
MacKenzie& Gray,1987; Espitaliéel al., 1988; Burnitan& Braun, 1990; Un-
gereret al., 1990; Castdlliet al., 1990) andasetof defaultkinetic parameters
(Evans& Felbeck, 1983; Espitaliéetal., 1988; Forbeset al., 1991)wereused.

The classicalvitrinite reflectancethresitold (Tissot & Welte, 1984) was
the defaultusedto definematuritywindows.

Theresultsof calculatingoil and gas generationin tite study area,assu-
ming a paleotitermalconstantregimeHF=40 mW/m2without caiilarationis
shownin Table III.

Tite resultsof modellingRock-Eval indicatethatPeriniansourcerocks
arematurein Ayllon, (topof tite maturezoneat2054m), partiallymaturein
Siglienza,Molina, GormazandAlcozar(seehg. 2 for location>andinnature
in tite restof tite wells. 1-lettangianto Senoniansourcerocks are imimatuire.
Tite lateJurassic(Oxfordian-JCimmeridgian)arematurein Aldehuela(top of
tite maturezoneal 2203 m) andovermaturein Castilfrio (tablesII aríd III>.

A maximumitydrocarbongenerationfrom Permiansourcerocks is re-
cordedat Ayllon witit avalueof 0.55 mgHC/gTOC.A generationcloseto 4
mgHC/gTOCwascomputedin Gormazfrom Hettangian-Sinemuriansource
rock. Only vm-y minor hydroéarbongenerationalaout6.56mgHC/gTOC(ta-
biesII andIII> hasoccurredin Oxfordian-KimmeridgiansourcerocksatCas-
tilfrio well (maximumvalue).

Evaluationof tite studyareais initially unfavouralalebasedon tite discus-
sion aboye.

CONCLUSIONS

A generalpictureof sulasidence,thermailandhydrocarbongenerationhis-
toriesof tite studyareahas lacendevelopedusinga one-dimensionail,single-
well, model. However,backstrippingandmaturationmodellingwereuseful,
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HF = 40mW/sn2 Locat’ons Sourcerock HF =

Kerogentype

%R>, %TR Hl Tmax %R
0 %TR Hl Tmaxmg/g T mg/g ‘C

0.58 0.2 224 442 Alcozar P-TypeIII
225 442 Aldehuela

1.4 652 416 Amedo
9.5 203 444 Ayllon

661 416

Ord/Kirn-Type II
Het’Sin-TypeII
P-TypeIII

0.76 4.3 224 442
1.32

0.55
1.34

Het/Sin-TypeII
225 444 Baldes Het”Sin-TypeII

99 6 550 Castilfrio Oxf/Kim-TypeII
0.4 224 442 Gormaz P-TypeIII

Het/Sin-TypeII
El Gredal P-TypeIII

Het
1Sin-TypeII

Het/Sin-TypeII
Het/Sin-TypeII
P-TypeIII
Het”Sin-TypeII

II

0.6 657 416
0.56 0.3 224 442
0.49 225 548
0.46 1.4 653 416 Honrubia
0.57 4.8 630 417 Magallon

0.59 0.5 224 442 Molina
0.1 661 416
0.4 659 416

0.51 225 442
Moncayo Het/Sin-Type
Pálmaces P-Typehl

0.53 0.1 225 442 Rilaa-l P-TypeIII
661 416 Het/Sin-TypeII
661 416 Rilaa-2 HetISin-TypeII

0.59 0.5 224 442
661 416

0.42 0.8 656 416

Siglienza P-TypeIII
HetlSin-TypeII

Tabuenca HetlSin-’l’ype 11

0.45

225 443
3.5 638 416

62.3 84 467
0.1 661 416

225 467
3.79 100.0 0 585
0.73 3.1 218 443
0.45
0.71
0.60

1.2 654 416
2.7 219 443

225 585
0.54 3.5 638 416
0.73 3.4 436 420
0.75 4.1 215 443

0.5 658 416
0.44 1.0 655 416
0.61 0.7 221 442
0.63 0.9 223 442

661 416
661 416

0.74 3.7 216 443
661 416

0.47 1.6 651 416
661 416 Yelo HctlSin-Typeil 0.1 661 416

Table Il—Vitrinite reflectance<11,), trausformationratios of kerogento petroleum(TR), hy-
drogenindex (1-li), audtemperatureof peakpetroleumgeneration(Tmax.> acLúevedfrom heat
flow modelled (HF = 4OmW/m>andHF= 55mW/m’~andkerogentypefor sourcerockforma-
tions.
Tabla11.—Valoresde [areflectividaddela vitrinita (Ro), tasadetransformacióndel kerogenoa
petróleo<TR), índice dehidrogeno(HI) y temperaturade generacióndelpetróleo<Tmax.) ob-
tenidospormodelizaciónparalasrocasmadreconsideradasy distintosvaloresdel flujo decalor
<uF = 4OmW/m2yHF = SñmW/m2>.

0.83
0.46
0.85

2.36
0.58
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1 IF = 40mW/ru2 Locations Kerogentype HF = 55mW/ru2

CG-¡- Gas Coke GOR C6± Gas Coke GOR
mg 1 IC/g dry roc m3/m3 mgHC/g dry roe

0.19 0.94 Alcozar TypeIII-P 0.26 0.01 36.0
0.44 0.18 Arnedo TypeII-J, 0.56 0.1 18.0

0.35 0.2 82.0 Ayllon TypeIII 1.24 0.2 0.03 190.0
0.35 1.3 l0~ TypeII-J

1 0.36 0.11

3.27 3.29 Castjlfrio T~eIl-J3 3.32 3.29

0.19 0.65 Gormaz Typelll-P 0.24 22.0
3.90 0.32 Type lJ-i~ 4.22 0.96
0.19 0.42 El Gredal TypeII-P 0.23 18.0

Type1l1-J
0.43 1.6 Honrubia Type1I-J1 0.56 0.01 18.0

0.64 0.1 24.0 Magallén Type II-J 241 0.08 37.0

0.19 0.97 Molina TypeIII-P 0.26 0.1 34.0
0.35 0.013 Type fl-J1~ 0.075

0.38 0.059 Moncayo Type l1-J1 0.41 0.48

0.35 1.6 l0~ Twe ll-J3 0.36 0.016

0.18 0.051 Palmaces Type III-P 0.19 16.0
0.18 0.082 Riba-1 Type III-P 0.10 2.5
0.35 7.6 10~ Twe 1l-J1 0.35 2.5 l0~

0.19 0.86 Sigfienza Type IlJ-P 0.25 0.01 28.0
0.35 8.2 10-’ Type Il-J> 0.35 2.7 102

0.40 0.25 Taibuenca Type lI-J1 0.45 25.0
0.35 2.2 l0~ Yelo Typell-J1 0.36 9 10~

TaLle 111.—Totalgeneratedquantity for eachMC fraction <C6±,gasandcoke) andthe total
gas/oil rabo<GOR) achievedfron heatflow modcllcd <HF = 4OmW/m

2andHF= 55mW/m~
andkerogentypefor sourcerockformnations.
Tabla111.—Estimacióndela cantidadtotal dehidrocarburosgenerados<petróleo,gasy carbón)
y ,elacióngas/petróleo(GOR) obtenidospormodelizaciónparalasrocasJna(lreconsideíadasy
distintosvaloresdel flujo decalor (EF= 4OmW/m2yHF = 55mW/m~.
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not only tu> determineand extendmaturationresulis tú sparseinvestigated
and¡orundrilledparts in tite study area,but alsoto reconstructtite tectonie
andtitermal evolutionof tite basin.

Tite tectoniesubsidencerecordfocuseson the structureof the studyarea
andreflectsdifferentialmovementsof separatebasementblocksduringearly
Alpine to lateAlpine tectonieevolution.Tite differenceslaetweeninterpreted
l)asementbehaviourrecordedin tectonicsubsidencecurveslay eachrift/upiift
stagepermittedfour major«riftluplift rcalms>tu> bedistinguished.Tite tecto-
nic subsidencehistory is summarisedin fig. 4.

A flrststageof rift/uplift occurredduring latePermian.Tbisextensional
episoderesultedin tite formationof a complexsystemof smalland isolated
NW-SEtrendinghalf grabensfilled lay itundredsof metersof redbedsduring
latePermian(Sopefiaet al., 1988). Tbis periodof subsidencewas foilowed
lay a period of uplift anderosion.Oniy onerealm(CentralRealm) showsex-
tensionalprocesses(fig. Sa)-

A secondstageof rifting/uplift took placeduringTriassic.A subsidence
peaktook placeduringdepositionof Buntsandsteinfaciesto Muschelkalkfa-
cies, followed lay a pseudo-exponentiaillate Triassicsubsidence.A propaga-
tion of extensionwith time, canbe observedandtliree «realms»are defined
(fig. Sb>; Central,with anearlyrecordof tectoniesubsidenceandNorth-eas-
tern and South-westernthat were affected lay intrapiatedistensiveregime.
Titis rifting periodcanberelatedwitit tite lateVariscantu> carly Alpine stage
on tite IberianPeninsulathatmightrepresenttite initial breakup of thecen-
tral part of Pangea.

A third stageof rifting/uplift occurredin titeJurasic.Tite distinguishedre-
aLmslaasedon backstrippedsubsidencecurvesfor titis rift/uplift period (hg. 7a)
displayaprogressivenorth-easternsouth-westernpropagationni rifting/uplift.
Tite Juras-sicsubsidencelv¡istory, was prolaablya resultof ortitogonal opening
of Central Atlantic, floor spreadingof tite Bay of Biscay,andsinistraltransia-
tion betweenAfrica andEurope,coupledwith a relativesealevel risc.

A fourth Mesozoicstageof rifting/uplift coupledwith largesealeve] chan-
ges took place from tite LatestJurassicthrough Middle Cretaceous.The
Nortit-eastcmrealmwascitaracterisedlay amoderateepisodeof subsidence
(among 140 and 130 My). Tbis episodewas followed lay uplift during late
HerriasianthroughMiddle Barremian.A re-estala]islamentof sulasidenceregi-
me towardstite end of Barremiantook place.Initial Cretaceoussulasidence
wasnot recordedin tite restof tite studyareaandtbe uplift episodespanded
until Middle Albian followed lay a resumptionon tite tectonicsulasidence
from Middle-late Albian (= 100 My). Tite subsidenceitistory of tite study
areashowsageneraldownwardstrendduringMiddle-lateAlbian tu> tite end
of Cretaceous,with minorsubsidencepulses.Titis generalincreasein thesula-
sidenceratewas prolaablya responseof laoth tectonieandan apparentrisein
eustaticsealevel.
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Tite PaleoceneaudLocenetectoniesubsideneecurvesni tite eastarea
showanothertectonieuplift episode.Tite curvesof remainingarcas,display
for titis time horizontalsegmentsthat representnon-depositionandlor ero-
sion, with local anomalouspatternprolaablyduetu> sedimentloading effects.
Tite Oligocenetectoniesubsidencebistoryshowsalargelysimilar trend, cha-
racterisedlay a moderatesulasidenceepisode.Miocene andPliocenearede-
pictedon waterloadedsubsidencecurvesin a similar way. Tite overalí pat-
tem of tectoniesubsidenceobservedduring Paleogenearetite resultof Alpi-
nccompressionaltectonies,whereasNeogenetectonicsubsidencepattemis a
resultof Post-Alpineextensionalstage.

At abroad regionalscale,tite studyareaseemsto havebeendivided into
diverseareasaffectedlay oneor moreintenserifting/uplift phases,thatwere
separatedby laascmentblocks of less-intensedeformation.Titese«rift/uplift
reahns»sitow a propagationof rifting/uplift stagesalong time. Tite titree
prior episodes(Permian,TriassicandJurassic)showan iitial nortit-westem
propagationfollowed lay a south-westernpropagationfrom tite Central re-
alm. Eacit of titeserealmsshowsalsoagradualnorth-westernprogressionof
tite extensionstrain. Tite Cretaceousrift/uplift stagesecmstu> behavein tite
oppositedirection.

Presentday laottomiteat flow andtitermal history were modelled,with
steadystatetiterma]modelandpaleothermalbeatflow invariant.Calibration
from prescntdaytitermal dataandimposedheatflow historywereused.Tite
presentaveragebottoin heatflow olatainedfaliswititin tite rangeof valuesre-
podedin the literatureamongsimilar tcctoniccontexts.Sulasequentlyrifting
heatflow historywasmodelled,pointingoutthatnon-uniformstretcbingmo-
del requirestu> be applied.

Tite predictiveandaccuracyability of tite modelsin hydrocarlaongencra-
tion dependslargclyon tite uncertaintyof hcat llow patterns.Titereforedif-
ferentheatflow valueswerc tentativelyadoptedtu> determinemattíration.Ml
thc quantitativeestimationsof gencratedhydrocarbonsindicatethatinsigul-
ficant volumesof bydrocarbonswcre generatedlay sourcerocksconsideredin
titis study.
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