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ABSTRACT

Thegeochemicalassessmentofpotentialpetroleum sourcerockisverycrucialstepin

petroleum exploration,sinceithelpstodeterminethepotentialpetroleum accumulation

indifferentareas.itfacilitatekeydecisiononwhetherfurtherstagesofexplorationcan

becarriedout.Thispaperhasdescribedtheassessmentofthepotentialpetroleum

accumulationinLivingstonebasininkarongaMalawi.TheLivingstonebasinisalift

basinlocatedinMalawi,Africa.ItispartoftheeastAfricanriftsystem,whichisazone

ofactivetectonicextension.Thebasinisapproximately300km longand100km wide

anditisfilledwithathicksequenceofsedimentaryrocksthatareupto10km thick.

TheLivingstonebasinwasformedduringtheMioceneepoch,approximately10million

years,TheformationofthebasinwasinitiatedbytheriftingoftheAfricancontinent

whichwasbythemovementofNubianplateawayfrom theSomaliplate.

ThestudymethodologyincludesTOCandRockevalPyrosisanalysisanditinvolves

thegeochemicalparameter(TOC,HI,OI,S1,S2etc.)Theseparametershelpedto

classifyorganicmatterrichness,kerogentypeand theirthermalmaturitylevelof

hydrocarbonspresentincollectedsamples.ItwasdiscoveredthattheLivingstone

BasinhasTOCvaluesrangingfrom 2.29to3.80weightpercent,andHIvaluesof120-

270mgHC/gTOC.Theseresultsindicateaverygoodsourcerockpotential,withtypeII

kerogenandearlymaturetomatureorganicmatter.
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1.CHAPTERONE

1.Introduction

Theexplorationandassessmentofpetroleum resourcesareofparamountimportance

forenergysecurityandeconomicdevelopmentinmanyregionsaroundtheworld.This

research projectseeks to investigate the petroleum source rockpotentialin the

LivingstonebasinfoundinNorthenpartoflakeMalawi.Byconductingacomprehensive

analysisofitsthermalmaturity,typeofkerogen,andorganiccontentofsourcerock

1.1 Background

1.1.1Geologyofpetroleum inMalawi

Geologyistheunderlyingcontrolonaccumulationsofoilandgas,itwasestablished

thatpetroleum sedimentaryrockwhichcouldcontainpetroleum accumulationsin

MalawiarepresentinonlytwoareasthelakeMalawiwherelacustrinesedimentsare

presentlybeingdepositedandlowershirevalleyinthesouthernpartofMalawiCrow

(1982).Seismicreflectionsurveyindicatesthatlargestructuralfeaturescapableof

trappingandmigratingpetroleum arepresentbutthereisnoevidencetosuggestthat

petroleum hasbeenthermallygeneratedatdepth.(Mattick,1984)Atthepresenttime,

sedimentswithahighorganiccarboncontentarebeingdepositedinthoseareas

occupiedbydeep-waterlakeswithhighlyanoxicbottom conditionssuchas Lake

MalawiandLakeTanganyika(Madukwe,2014)

In1980,Dumestre(1980)reviewedthepetroleum geologyofMalawiandconcluded

thattheexistenceofpetroleum accumulationsbeneathLakeMalawiandtheLower

ShireValleywoulddependon thepresenceofthermallymaturesourcerock.Malunga

alsostudiedtheoilandgaspotentialinMalawi,Hestudiedthatthepotentialforoiland

gasdiscoveryinMalawiisveryhighespeciallyinBlocks2(Karonga),3(NkhataBay–

NkhotaKota)and(Chikwawa– Nsanje).Blocks1(Chitipa)and5(Phalombe)have

relativelyshallowsediments.(Wyson&Malunga,n.d.).
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1.1.2ThegeologyoftheLivingstonebasin

TheLivingstonebasinisaliftbasinlocatedinMalawi,Africa.Itispartoftheeast

African riftsystem,which is a zone ofactive tectonic extension.The basin

approximately300km longand100km wideanditisfilledwithathicksequenceof

sedimentaryrocksthatareupto10km thick.(Accardoetal.,2018a)TheLivingstone

basin wasformed during the Miocene epoch,approximately10million years,The

formationofthebasinwasinitiatedbytheriftingoftheAfricancontinentwhichwasby

the movementofNubian plate awayfrom the Somaliplate.The lifting process

extensioncausedthecrusttothin,whichledtotheformationofaseriesoffaultswhich

downdroppedtheLivingstonebasin.(Macgregor,2015a)Thebasinisfilledwithathick

sequenceofsedimentaryrockthatweredepositedduringtheriftstageandthepostrift

stage,duringtheliftstage,thebasinwasfilledwithlacustrinesedimentssuchas

shalesandlimestones.Duringthepostthepostriftstage,thebasinwasfilledwith

fluvialandalluvialsedimentssuchassandstoneandconglomerates.(Accardoetal.,

2018a)ThedepositionenvironmentoftheLivingstonebasinvariedovertime,During

theriftstage,thebasinwasalake,thislakewasfedbyriversthatflowedfrom the

surroundinghighlandsandalsogroundwater.Thelacustrinesedimentsthatwere

deposited during thistimearenow thesourcerocksforpetroleum inthebasin.

(Macgregor,2015a)Duringthepost-riftstage,thebasinwasfilledbyriversandstreams,

thefluvialandalluvialsedimentsthatweredepositedduringthistimearenow the

reservoirrocksforpetroleum inthebasin.(Macgregor,2015a)

TheLivingstonebasinhasanumberofcharacteristicsthatmakeitapotentialtarget

forpetroleum exploration.These characteristics includes the source rocks,the

lacustrineshalesandcarbonaceousshalesintheLivingstonebasinarerichinorganic

matter,whichistheprecursortooilandgas.(Scholzetal.,2020a)reservoirrocksis

anothercharacteristic,thesandstonesandlimestonesintheLivingstonebasinare

porousandpermeable,whichmakesthem idealforstoringoilandgas.TheLivingstone

basinalsohasCaprocks,ThemudstonesandshalesintheLivingstonebasinare

impermeabletooilandgas,whichpreventsthem from escapingfrom thereservoir

rocks.(Scholzetal.,2020a)
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1.2 Problem statement

Primaryenergydemandisincreasingrapidly,andisexpectedtogrow by41% from

2012to2035,thisisduetoindustrializationandpopulationgrowth.(BP,2014)The

increaseindemandisdrivingupoilprices,whichisdisadvantageousforimporting

countrieslikeMalawi,asitdestabilizestheireconomyandreducestheireconomic

power.ToboosttheMalawianeconomy,itisimportanttoreduceitsdependenceon

importednaturalresources.Thiscanbedonebyusinglocallyavailableresources,such

ascrudeoil.SearchingforoilreservoirsinMalawiisagoodplacetostart,asthiscould

attractinvestorstoconductseismicsurveysandfacilitateexploration.Thiswouldhelp

tomeetglobaloildemandinthefutureandboosttheMalawianeconomy.

ManyoilexplorationshavebeenconductedinMalawi,includingtheLivingstoneBasin,

whereageophysicalsurveywasconducted.Theresultsofthissurveywereimpressive,

butthereislackofgeochemicalsurveyhasbeenconductedtoidentifyanddeduce

informationonthegeochemicalpropertiesoftherocks,whichcouldprovideinsights

intothestorageandexpulsionoforganicmatterandtheirmaturity.Characterizingthe

rocksedimentsintermsoftheircarboncontent,quantity,quality,andmaturationstage

providesbasicinformationaboutthepetroleum sourcerockpotential.Therefore,this

studywillinvestigatewhethertheLivingstoneBasinhaspotentialsourcerocks,thetype

ofkerogenpresent,andwhetheritisgasoroilprone.

1.3 Significanceofstudy

Theassessmentofpetroleum accumulationinMalawiholdssignificantimportancefor

variousstakeholders,asitaddressescriticalgapsinknowledgeandhasnumerous

potentialimplications.Thestudy'ssignificancecan beoutlined asfollows;firstly,

economicDevelopment,Malawiisacountrywithlimitednaturalresources,andby

conductingthisresearchofassessingthepetroleum accumulation,itcanbeprovided

with valuable insights into the economic viability ofpetroleum exploration and
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exploitation projects.The findings can guide investmentdecisions,promote job

creation,andfostereconomicgrowthinMalawi.

AnothersignificantisenergySecurity,Petroleum isavitalenergyresourceglobally,and

Malawiheavilyreliesonimported fuelsto meetitsenergyneeds.Assessing the

petroleum accumulationwithinthecountrycancontributetoenhancingitsenergy

securitybyreducingdependenceonexternalsources.

ScientificKnowledgeofthisresearchaimstofilltheexistingresearchgapregarding

petroleum accumulationinMalawi.Byconductingdetailedassessmentsandanalyses,

itcangeneratenew scientificknowledgeandinsightsintothegeology,hydrocarbon

potential,anddistributionpatternswithinthecountry.

1.1Mainobjective

ToevaluatethepresenceofsourcerockwithinLivingstonebasin

1.5 Specificobjective

i. TodeterminekerogentypeofeachrocksampleofLivingstonebasin

ii. ToquantifytheorganiccontentinrocksamplesofLivingstonebasin

iii. ToassessthethermalmaturityoforganicmatterofLivingstonebasinusingrock

samples

1.6 Researchquestion

i. Whatisthekerogentypeofeachrocksample

ii. Whatisthequantityoforganiccontentintherocksamples?

iii. Whatisthethermalmaturityleveloftheorganicmatter?
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2 CHAPTER2

2.1 LiteratureReview

The exploration and assessmentofpotentialpetroleum accumulation have been

subjectsofsignificantscientificinquiryduetotheglobalimportanceofhydrocarbon

resources.Thisliteraturereviewaimstoprovideanoverviewofkeyfindingsandtrends

inthefieldofpetroleum accumulationassessment

2.1.1Thesourcerockevaluations

Theterm sourcerockreferstoanorganic-richfine-grainedsedimentaryrockwhichcan

producehydrocarbonsduetothermalmaturation.(Barker,n.d.-a2014)Sourcerockis

oneofthemainelementsofahydrocarbonsystem,Therefore,toidentifyaregionof

hydrocarbon generation,itis necessary to investigate the source rock and its

characteristicsfirst.(AlArouri,1996).Thermalmaturityistheprimaryfactorthat

determineswhetherasourcerockcanproduceoil,gas,orcondensate.Inorderto

evaluatethesourcerocksvariouslaboratorymethodsand/orburialhistoryareused.

Amongthesetechniques,Rock–Evalpyrolysishasbeenwidelyusedintheindustryasa

standardmethodinpetroleum exploration.From laboratorymethods,theRock–Eval

pyrolysismethodhasbeenextensivelyused,worldwide,foroilandgasexplorationin

sedimentarybasins.Thismethodisusedindeterminingthethermalmaturationof

kerogen.In2014,MohamedM.ElNadyandMahmoudM.Hammadconductedastudy

wheretheyassessedtheorganicmaterialforpetroleum potentialintheAbuTarturarea

ofEgyptbyanalyzing14samplesfrom theshalesoftheDakhlaandDuwiformations

usingRock-Evalpyrolysis.Theresultsshowedthattheorganicmatterhasatotal

organiccarboncontentof0.56to1.96wt%andispredominantlycomposedoftypeII

kerogen,whichispronetooilandoil/gasproduction.Thekerogenwasdepositedina

shallowandrestrictedmarineenvironmentunderreducingconditions.Allofthestudied

samplesshowedthatit’sa goodthermalmaturation,indicatingthattheorganic

matterhasreachedafavorablethermalwindowforhydrocarbongeneration.

The thermalmaturation is found using the Tmaxvalue,the Tmaxvalue forthe
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beginningoftheoilwindowisusually445–435 C̊,forthepeakis450–445 C̊,andfor

theendis470–450̊ C.Althoughorganicmatterundergoesmanytypesofevolutionand

thermalmaturation,itisimportantinassessinghydrocarbongeneration.(Madukwe,

2014)Thematurityoforganicmatteris,however,oneofthemostimportantparameters

intheevaluationofoil–gas.(Higley,n.d.)Thepurposeofthisstudyistoestablish

reliable indices foran integrated assessmentoforganic materialforpetroleum

potentialevaluation,inaddition,tocharacterizetherelationshipbetweentheorganic

matter,thermalmaturity,and thetypeofkerogen.Thisisdoneintheshalesof

Livingstone basin using advanced Rock–Evalpyrolysis techniques.Source rock

evaluationthereforeisamultifacetedprocessthatinvolvestheanalysisofsedimentary

rocksfortheirorganiccontent,maturity,hydrocarbongenerationpotential,retention

capacity,andmigrationpathways.(Mahdi& Abu-Ali,2013)Tounderstandtherock

evaluationhydrocarbongenerationpotentialmaybeconsidered.

2.1.2 Hydrocarbongenerationpotential

Petroleum generationisthenaturalprocessbywhichorganicmaterialsburieddeep

withintheEarth'scrustaretransformedintocrudeoilandnaturalgasovermillionsof

years.(Mahdi&Abu-Ali,2013)Basedontheorganiccontentandmaturityanalysis,itis

possibletoestimatethepotentialquantityandtypeofhydrocarbons(oilorgas)that

thesourcerockmighthavegeneratedovergeologicaltimeperiods.(Hakimietal.,2020)

Thisisdoneusing kineticmodelsand mathematicalequationsthatdescribethe

transformationoforganicmatterintohydrocarbonsunderdifferenttemperatureand

pressure conditions.(Hakimietal.,2020)Petroleum generation begins with the

accumulationoforganicmaterials,primarilytheremainsofmarineplanktonandalgae,

in sedimentarybasins.These organic materials are typicallyrich in carbon and

hydrogen,whichareessentialcomponentsofhydrocarbonsfoundinpetroleum.(Hakimi

etal.,2020)Overtime,sedimentslikemud,silt,andsandaccumulateontopofthe

organic-richlayers.Theweightofthesesedimentscompressestheunderlyingorganic

material,increasingpressureandtemperaturewithintheEarth'scrust.(Lawsonetal.,

2018)Thetemperatureintervalwhereoilgenerationisinprogressisreferredtoasthe

‘liquidwindow’or‘oilwindow’,wherethetemperatureextendsovertheintervalofabout
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90-160°C,atthisrangetheorganicmaterialinthesourcerockisheatedtothepoint

whereitstartstoreleasehydrocarbonsinform ofoil,primarilycrudeoil.(Madukwe,

2014)Thetemperaturerequirementforoilwindowdependsontheageoftherock.A

MesozoicrockrequireslesstemperaturethanaCenozoicrock.Asthemostoilsource

rock is formed during the Mesozoic.(Mahdi& Abu-Ali,2013)Again,temperature

requirementforoilandgasgenerationdependsonthetypeofkerogen.TypeIIvariety

ofkerogen,containing Sulphur(i.e.,type IIS)requires lowertemperature range

comparedtotypeIkerogen.Oilgenerationintheappropriatelymaturesourcerock

initiatesatatemperatureofabout60°CforaMesozoicsourcerockandcontinuesuntil

atatemperatureof150°C.Thisrangeoftemperatureiscalledas‘oilwindow’.Inareas

ofhighergeothermalgradient,theoilwindowexistsatashallowerdepthandthedepth

rangeisless.ForaCenozoicsourcerock,theoilwindowtemperatureisslightlyhigher

(90to200°C)thanitsMesozoiccounterpart(Higley,n.d.)

Beyondtheoilwindowliesthegaswindow,thisisthetemperaturerangeatwhichthe

organicmatterhasbeenheatedtothepointwhereitprimarilygeneratesnaturalgas,

whichconsistsmainlyofmethane(CH4)(Barker,n.d.-a).Thegaswindowtemperature

rangeistypicallybetween160°Cand225°C,althoughthesevaluescanvarydepending

onthespecificcompositionoftheorganicmatterandgeologicalconditions.(Barker,

n.d.-a)Inthegaswindow,theorganicmaterialbreaksdownfurther,andthelong-chain

hydrocarbonsfoundinoilarecrackedintoshorter-chainhydrocarbons,withmethane

beingthedominantproduct.(Lawsonetal.,2018)Thenaturalgasgeneratedinthis

window canmigratethroughporousrockformationsandaccumulateinreservoirsif

suitableconditionsexist,formingpotentiallyeconomicallyvaluabledeposits.(Fildaniet

al.,2005).
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FIGURE2OILANDGASWINDOW(MILLAYANTIETAL.,2019)

2.1.3 AssessmentofOrganicContent

Organiccontentreferstothepresenceoforganicmatterwithinsedimentaryrocksthat

has the potentialto generate and store hydrocarbons,such as oiland natural

gas.(Mahdi&Abu-Ali,n.d.-b)Thisorganicmatterisprimarilycomposedoftheremains

ofancientplantsandmicroorganismsthataccumulatedandwereburiedovermillions

ofyears.(Dwivedi,n.d.)Theorganiccontentisacriticalfactorindeterminingwhethera

particularrockformationhasthepotentialtobecomeapetroleum reservoir.Thekey

factorinsourcerockevaluationisdeterminingtheorganiccontentoftheselected

rocks.(Madukwe,2014)Thisisdonebyanalyzingtherocksamplesfortotalorganic

carbon(TOC)content.EvaluationofTOCgivesameasureoftheabundanceoforganic

matteranditisanimportantindicatortoevaluatethehydrocarbongenerationpotential

ofsourcerocks(PetersandCassa,1994).TOC values(wt.%)arecategorizedas

excellent(>4),verygood(2–4),good(1–2),fair(0.5–1)andpoor(<0.5)hydrocarbon

generationcapacity(PetersandCassa,1994).TheTOCthresholdforagoodsource

rockis0.5wt.%forshale,0.3wt.%forcarbonate,and1wt.%forclasticrock(Killops
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and Killops,1993).The higherthe TOC content,the greaterthe potentialfor

hydrocarbongeneration.Rockswithahighorganiccontent,oftenreferredtoas"source

rocks,"aretheprimarycontributorstotheformationofhydrocarbons.(Lietal.,2022)

Theserockstypicallycontainasignific]antamountoforganicmaterialandareburied

deepenoughforheatandpressuretoconvertthekerogenintooilandgas.(Madukwe,

2014)Understandingtheorganiccontentinpetroleum potentialrocksamplesiscrucial

intheexplorationandproductionofhydrocarbons,Ithelpsgeologistsandpetroleum

engineersassesstheviabilityofaparticulargeologicalformationasapotentialsource

ofoilandgasandguidesdecision-makingintheoilandgasindustry.(Zhietal.,2023)

2.1.4MaturationAnalysis

Theorganicmaterialundergoesaprocessofthermalmaturationovergeologicaltime,

whereitisexposedtoincreasingtemperaturesandpressuresasitgetsburieddeeper

intheEarth'scrust.(Kramletal.,2012a)Thisprocesstransformsthesolidorganic

matter(kerogen)intoliquidhydrocarbons(oil)andgaseoushydrocarbons(natural

gas).(ElNady & Hammad,2015a)Thermalmaturity is a key parameterforthe

determinationofpotentiallyimmatureprospectiveshaleoilandgasaccumulationsat

initialstagesofexploration.Based on thermalmaturityvalues,source rocksare

categorized as thermally immature,mature and post-mature rocks in terms of

capabilitytogeneratehydrocarbons.(Hickey,n.d.)

Immaturesourcerocksarethosethatarestillatrelativelysmallatdepths,andmay

generate(biogenic)naturalgaswhichisformedbycertainbacteriaspeciesasaresult

oftheirmetabolicactivity.(Mahdi&Abu-Ali,2013).Normally,theseprocessesoccurat

temperaturesbelow50̊C,andthedegreeoforganicmatteralteration,asexpressedby

reflectanceindex,isnotinexcessof0.5% Ro.(FleurMatateyou,2022)Asthesource

rockisburied,forexampleunderanincreasinglythickeroverburden,theprocessesof

bacterialorganicmatteralterationsubside,whiletemperaturesandpressuresofthe

rockincreaseandgraduallytriggerchemicalchangesthatleadtothegenerationofoil

andsmallerquantitiesofnaturalgas.(Higley,n.d.)Arockwhichhadbeenheatedsoas

togeneratecrudeoiliscalledmaturerockintheoilgenerationphaseorintheso-called
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“oilwindow”,anditsalterationdegree,expressedasvitrinitereflectanceindex,ranges

from 0.5to1.2%Ro.(Barker,n.d.-b)

Ifburied deeper,thesourcerockwillgeneratemostly(thermogenic)naturalgas.

Accordingly,amixofthepreviouslygeneratedoilandofthe“newlygenerated”natural

gas(theso-calledcondensate)isexpectedtooccurintherock.Iftherockmedium is

evendeeperburied,organicmatterwillgenerate(thermogenic)naturalgasonly.(Gilbert

etal.,2021).Moreover,anyoilpreviouslyaccumulatedintherockwillbetransformed

into (thermogenic)naturalgas.Thisdegree ofthermalalteration called the “gas

window”occursattemperaturesintheorderof120– 150̊C andisexpressedby

reflectanceindexvaluesrangingfrom approx.1.2to2.0%Ro.(FleurMatateyou,2022)

Theprocesswillcontinueuntilalterationprocessesreachthedegreeatwhichthe

source rock becomes overmature and its hydrocarbon generative potentialis

exhausted(>3.0%Ro).Thisoccursattemperaturesinexcessof200oC.Thepetroleum

basinsvaryintermsofhydrocarbongenerationconditions.AccordingtoElNady(2015)

each basin hasitsspecificthermodynamicalconditions,differenttypeoforganic

matterdistributedwithintherocks,differentrock-buildingminerals,differentburial

ratesandseveralotherfactors.(ElNady&Hammad,2015a)

2.1.5 KerogenclassificationandMaturation

Maturationisacombinationofcomplexprocessesthroughwhichcomplexbiological

moleculescreatedbylivingorganismsarefirstconvertedintosimplebio-moleculeand

finallycookedtogivepetroleum.(Vandenbroucke,2003a)Intheearlystageofalteration

calleddiagenesisanintermediateform oforganicmattercalledkerogenisformed.

Kerogenisacomplexorganicmacromoleculethatisformedthroughthephysicaland

chemicalchangesthatoccurinsedimentsaftertheyaredeposited.(Barker,n.d.-b)

Diagenesisisdrivenbycompaction,burial,andtemperatureincreases.Assediments

areburied,theyarecompactedbytheweightoftheoverlyingsediments,thisforcesout

waterandotherfluids,andincreasesthetemperatureandpressure.Microorganismsin

thesedimentsbreakdownorganicmatter,includingproteinsandcarbohydrates.This

processreleasesnutrientsthatareusedbyothermicrobes,andproducesgasessuch
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asmethaneandcarbondioxide.(FleurMatateyou,2022)

Chemicalreactionsalsooccurbetweentheorganicmatterandthemineralsinthemud

layer,thesereactionscanproduceneworganiccompounds,includingkerogen.(ElNady

& Hammad,2015b)Overtime,themudlayeristransformedintoashale,andthe

organicmatteristransformedintokerogen.Thekerogenisnow burieddeepinthe

Earth,anditisreadytobetransformedintopetroleum.Thetypeofkerogenthatis

formeddependsonthecompositionoftheoriginalorganicmatterandtheconditions

ofdiagenesis.(ElNady&Hammad,2015a)Thetypeofkerogenthatisformeddepends

onthecompositionoftheoriginalorganicmatterandtheconditionsofdiagenesis.

TherearefourmaintypesofkerogenswhicharetypeIkerogenwhichisFormedfrom

algaeandotherlipid-richorganisms.Itisthemostoil-pronetypeofkerogen,typeII

kerogenwhichisFormedfrom amixtureoflipid-richandprotein-richorganismsandit

ismoderatelyoil-prone.TypeIIIkerogenisthelasttypeFormedfrom terrestrialplants

andotherlignin-richorganisms;itistheleastoil-pronetypeofkerogen.(Barker,n.d.-a).

TypeIVkerogenisformedfrom remnantsofnon-biologicalorganicmattersuchas

resinsandwaxesthathavebeendepositedinaridenvironmentsovermillionsofyears,

unlike othertypes ofkerogens which can generate hydrocarbons undercertain

conditionstypeIV kerogenisconsideredinertandhasnosignificantpotentialto

produceoilandnaturalgas.(Vandenbroucke,2003b)Catagenesisisthesecondstage

ofsedimenttransformation.Itoccursathighertemperaturesand pressuresthan

diagenesistypicallyatdepthsgreaterthan10,000feet.Duringcatagenesis,kerogen

beginstobreakdownintosmallerhydrocarbonmolecules,suchasoilandgas.The

specificchemicalreactionsthatoccurduringcatagenesisarecomplexandnotfully

understood.However,itisknownthatthebreakdownofkerogenisaccompaniedbythe

releaseofwaterandcarbondioxide.(Barker,n.d.-a)Therateofcatagenesisdependson

anumberoffactors,includingthetemperature,pressure,andcompositionofthe

kerogen.Ingeneral,thehigherthetemperatureandpressure,thefastertherateof

catagenesis.(Fildanietal.,2005)Metagenesisisthethirdandfinalstageofsediment

transformation.Itoccursatevenhighertemperaturesandpressuresthancatagenesis

typicallyatdepthsgreaterthan20,000feet.(Kramletal.,2012a)Duringmetagenesis,

kerogeniscompletelybrokendownintohydrocarbons,suchasoilandgas.Theexact

depthatwhichitoccursdependsonthegeothermalgradient,whichistherateatwhich
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temperatureincreaseswithdepth.(Kramletal.,2012a)Thetypeofpetroleum thatis

generateddependsonthetypeofkerogenandtheconditionsofcatagenesisand

metagenesis,forexample,typeIkerogenisthemostoil-pronetypeofkerogen,anditis

likelytogeneratehigh-qualitycrudeoil.TypeIIIkerogenistheleastoil-pronetypeof

kerogen,anditismorelikelytogenerategas.(Lietal.,2022)

TABLE2SUMMARIZESTHETHREESTAGESOFSEDIMENTTRANSFORMATION

STAGE

TEMPERATURE

ANDPRESSURE
PROCESS PRODUCT

Diagenesis

Low temperature

andpressure

Formation of

kerogen
Kerogen

Catagenesis

Moderate

temperature and

pressure

Breakdown of

kerogen into

hydrocarbons
Oilandgas

Metagenesis

High temperature

andpressure

Complete

breakdown of

kerogen into

hydrocarbons

Oilandgas

Itisimportanttonotethatdiagenesis,catagenesis,andmetagenesisarecontinuous

processes.Thereisnosharpboundarybetweenthethreestages.Rather,thestages

aredefinedbythedominantprocessesthatareoccurring.(ElNady&Hammad,2015a)

ThematurationofkerogenandhydrocarbonproductioncanbebeststudiedusingVan-

Krevelendiagram whichisacrossplotbetweenatomicH/CandO/CofkerogenstypesI,

II,IIIandIVcanbedistinguishedintheVan-Krevelenplot
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FIGURE3VAN-KREVELENPLOTSHOWINGTYPESOFKEROGENS(ELNADY&HAMMAD,2015B)

Theidealtemperaturerangeforkerogenmaturationis100-150degreesCelsius,and

mostoftheoilintheNorthSeabasinisgeneratedattemperaturesaround130-140

degreesCelsius.Iftemperatureshigherthan170-180degreesCelsiuspersistforafew

millionyears,onlygaswillbegenerated.(Zhietal.,2023)Thecompositionofkerogen

alsochangesduringmaturation,kerogenwithahighinitialoxygencontentwillgiveoff

mostlycarbondioxidegas,whilekerogenwithahighinitialhydrogencontentwillgive

offmostlymethanegas,asaresult,thehydrogen-to-carbonratioandoxygen-to-carbon

ratioofkerogenbothdecreaseduringmaturation(Scholzetal.,2020b)

3 CHAPTERTHREE

3.1 Methodolody
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3.1.1 Introduction

Thischapterpresentsthemethods,materialsandtechnicalapproachthatwereusedto

attaintheobjectivesofthisstudy.Discussionbelowismoredetaildescriptionsofthe

researchstrategy,researchmethods,datacollection,managementmethodsandthe

typeofdataanalysis.

3.1.2 StudyArea

3.1.2.1 LocationandGeologicalsetting

TheLivingstoneBasinisasedimentarybasinlocatedinthenorthernregionofMalawi,

onthewesternshoresofLakeMalawi.ItisariftbasinthatispartoftheEastAfrican

RiftSystem.Thebasinisabout100kilometerslongand20kilometerswide.(Macgregor,

2015b)TheLivingstoneBasinisborderedbytheLivingstoneFaulttotheeastandthe

KarongaFaulttothewestanditisfilledwithathicksequenceofsedimentaryrocks,

includingsandstones,shales,andlimestones.Theserocksweredepositedinalake

environmentoveraperiodofmillionsofyears.(Accardoetal.,2018b)Thegeological

historyoftheLivingstoneBasiniscomplexandspansmillionsofyears.Thebasin

begantoform duringtheJurassicperiod(201-145millionyearsago),whentheEast

AfricanRiftSystem begantodevelop.Thebasinwasinitiallyfilledwithvolcanicrocks,

butthesewerelatercoveredbyathicksequenceofsedimentaryrocksthatwere

depositedinalakeenvironment.(Scholzetal.,2020b)

LivingstonebasinisconsideredtobethemostpromisingbasininMalawiforpetroleum

explorationsinceit hasanumberofgeologicalfeaturesthatarefavorableforthe

formationandaccumulationofoilandgas,whichincludes:thicksedimentaryrocks

withporositiesandpermeabilitiesthataresuitableforhydrocarbonstorage,Source

rocksthatarecapableofgeneratingoilandgas,Reservoirrocksthatarecapableof

trappingoilandgas,Caprocksthatareimpermeabletooilandgas,preventingthem

from escapingandStructuralfeaturesthatcancreatetrapsforoilandgasjustto

mentionafew.(MineralPotentialofMalawi,n.d.)TheLivingstoneBasinisalsohometoa

numberofhotspringsandgeothermalvents,thesefeaturesindicatethatthebasinhas

ahighgeothermalgradient,whichcanhelptomaturesourcerocksandgenerateoiland
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gas.(Kramletal.,2012b)

Figure 2

FIGURE4MAPOFLIVINGSTONEBASIN

3.1.3 SamplesizeandTechnique

This research involves sampling technique such as random sampling where the

sampleswithinselectedareasaroundLivingstonebasininkarongathatwherehighly

concentratedofcomplexsedimentaryrockswerecollectedtoreflectthetruereflection

ofarea.Intotal,8representativecuttingsampleswerecollectedfrom theexploration

wellatLivingstonebasin,thecuttingsamplesarerepresentedbyshaleandcoal

intervalswithintheMid-LateCretaceous,thisenabledthecomparisonoftheestimated

parameters.

3.1.4 Datacollection

Datausedinthisresearchisgeochemicaldatafrom programmedpyrolysisoftherock
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sampleswhichincludesTOC,S1,S2,S1+S2,HI,OIandTmaxwhichwerecollectedat

MalawigeologicalsurveyinZomba.Thesampleswereanalyzedusinggeochemical

method,includingTOCcontentandRock-Evalpyrolysisanalysis.TheTOCanalysiswas

carriedoutoncrushedsamplesoflessthan200meshsizeandthenwasmeasured

usingaLECOCS-125equipment.ThebulkpyrolysiswasperformedusingaRockEval-II.

Severalparameterssuchasfreehydrocarbon(S1,mg/g),totalhydrocarbonyieldfrom

crackingofkerogen(S2,mg/g),andoventemperatureatmaximum S2generation

(Tmax)weremeasuredduringthepyrolysisprocess.somedataweredeliveredfrom

measuredparametersusingsimplemathematicsformulasasshownintheappendix.

3.1.5MaterialsandMethods

Thisresearchwillusegeochemicalmethodsanddwellmuchinrockevalpyrosisand

willusebothqualitativeandquantitativemethodtoevaluatethepetroleum sourcerock

inthebasin.

3.1.6ResearchDesign

Theresearchusedsecondarygeochemicaldata,includingRock-Evalpyrolysisresults

(TOC,HI,OI,Tmax)from existingstudiesandreports.ThenEnsurethereliabilityand

qualityofthecollecteddatabyverifyingthesourcesandcheckingfordataconsistency.

ThedatawasinterpretedbyscatterplotgraphofS1+S2versusTOCtodeterminethe

organicrichnessofthesourcerocks.Theorganicmattertypes(kerogentypes)based

ontheestablishedclassification(TypeI,II,III,andIV)wereinterpretedusingthevan

krevelenplotgraphofHIagainstOI.Thescatterplotdiagram ofHIversusTmaxwere

usedtoassessthethermalmaturitylevelsofthesourcerocks.Integrationofthese

findingsledtotheidentificationofpotentialsourcerockintervalswithintheLivingstone

Basinandtheevaluationoftheirqualitybasedonorganicrichness,kerogentype,and

thermalmaturity.
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3.1.7 Averagingandreferencesfortheresultevaluation

TABLE3REFERENCEFORTHERMALMATURATION

Thermal

maturationstage
Tmax

© Depth

(KM)

Immature <435 <2

Mature 435-460 2-4

Postmature >460 >4

Theestimationofmaturitylevelisaveryimportantcriteriontopredictthepetroleum

generation from the organic matterin a source rock and furtherhydrocarbon

exploration(TissotandWelte1984;EspitalieandBordenave1993;Hunt1996).Tmaxis

ameasureofthethermalmaturityofasourcerock,anditisdeterminedusingaRock-

Evalpyrolysis instrument.Itis the temperature atwhich the maximum rate of

hydrocarbon generation occurs.Immature source rocks have low Tmax values,

indicatingthattheyhavenotbeenheatedenoughtogeneratesignificanthydrocarbons.

MaturesourcerockshaveTmaxvaluesintherangeof435-460°C,indicatingthatthey

areattheoptimaltemperatureforhydrocarbongeneration.Postmaturesourcerocks

haveTmaxvaluesgreaterthan460°C,indicatingthattheyhavebeenheatedtoomuch

andthatmostofthehydrocarbonshavebeengeneratedandexpelled
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TABLE4REFERENCETYPESOFKEROGENS

ThekerogentypeclassificationbasedonHIandOIisasimpleandwidelyusedmethod

forevaluatingthepetroleum potentialofsourcerocks.KerogentypeIisthemostoil-

pronetypeofkerogen,whilekerogentypeIVisthemostgas-pronetypeofkerogen.

KerogentypesIIandIIIareintermediateintermsoftheiroilandgas-generating

potential.TheHIandOIvaluesofakerogensamplecanbeplottedonavanKrevelen

diagram todeterminethekerogentype.

TABLE5REFERENCEFORORGANICMATTERRICHNESS

Organicmatterrichness

TOC(%)

Sourcerockquality

<o.5 Poor

0.5-1 Fair

1-2 Good

2-4 Verygood

>4 Excellent

ThesevaluesarebasedontheAmericanAssociationofPetroleum Geologists(AAPG)

classificationsystem.SourcerockswithahighTOCcontentaretypicallymorelikelyto



GEOCHEMICALASSESSMENTOFPOTENTIALPETROLEUM ACCUMULATIONINKARONGA

30

generatehydrocarbons.However,evensourcerockswithalow TOCcontentcanbe

productiveiftheycontaintherighttypeoforganicmatterandhavebeenburiedtothe

correctdepthandtemperature.

4 CHAPTERFOUR

4.1 Datainterpretation,Resultsanddiscussions

ThisstudyinvestigatesthehydrocarbonpotentialofsourcerocksintheLivingstone

basininkarongabyusingrockpyrolysis.Rockpyrolysiswasusedtodeterminethetotal

organiccarbon(TOC)content,hydrogenindex(HI),oxygenindex(OI),Tmax,andS1+S2

valuesoftherocksamples.Theresultsofthisstudywillbepresentedinthefollowing

sections.TheresultssectionwillpresenttheTOC,HI,OI,Tmax,andS1+S2valuesfor

eachrocksample.Thediscussionsectionwilldiscusstheimplicationsoftheseresults

forthehydrocarbonpotentialoftheLivingstonebasin.

4.2 Samplesize,resultsandevaluation

EightrocksampleswerecollectedatdifferentdepthsintheLivingstonebasinand

analyzedforTOC,HI,OI,Tmax,andS1+S2usingrockpyrolysis.Thesamplesizeis

consideredtobesmall,buttheresultscanstillbeinformativeandprovidevaluable

insightsintothehydrocarbonpotentialofthesourcerocksinthebasin.Below isthe

datatablethatwasobtainedfrom theresultofrockavalpyrosisofLivingstonebasin.

TABLE6SHOWSTOTALORGANICCARBONANALYSIS,ANDROCK-EVALPYROLYSISDATAFOR

LIVINGSTONEROCKSAMPLESANDITSDEPTH

Sample

name

TOC

(Wt.

%)

S1

MgHC

/g

S2

mgH

C/g

S1+S2

MgHC

/g

HI

mgHCg\

TOC

OI

mgCOg

/TOC

Tma

x

(°C)

Water

depth

(m)
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M01-6GB 2.34 0.48 5.25 5.73 225 97 435 20.23

M01-76GB 3.80 0.44 10.2

3

10.67 269 106 431 16.35

M01-8GB 2.29 0.43 4.85 5.28 212 109 430 12.32

M01-9GB 2.43 0.20 2.90 3.10 120 117 440 8.27

M01-11GB 2.48 0.21 2.93 3.14 118 143 450 9.71

M01-13GB 3.6 0.51 9.91 10.43 278 106 437 5.87

M01-36GB 3.07 0.22 6.89 7.11 224 101 423 0.86

M01-37GB 3.61 0.44 9.74 10.18 270 90 424 7.79

Theserocksedimentswerecollected in Livingstonebasin atthesamearea but

differentdepth.Theabovetableillustratesthevaluesoftotalorganiccarbonand

Rock–EvalpyrolysisfortheshalesoftheLivingstonebasinformations.Theobtained

datashowthatthetotalorganiccarbonvaluesarebetween2.29and3.80wt%withan

averageofabout2.79wt%fortheLivingstoneformation.ThisTOCcontentreferstothe

organicrichnessoftherocksofthisformationisverygood.Theorganicrichnessofthe

shalesoftheLivingstoneismainlyverygood.

4.3 Interpretationoftheresults

4.3.1Kerogentype

BasedonpyrolysisdatakerogenclassificationdiagramswereconstructedusingtheHI

versusOIplot
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FIGURE5SHOWINGAPLOTOFHIAGAINSTOISHOWINGTHETYPEOFKEROGEN

AnexaminationoftheprovidedgraphsrevealsthatallsamplesfallwithintheTypeII

region,indicatingahighhydrogencontentandarelativelylow oxygencontent.This

characteristicmakesTypeIIkerogenaprimesourceofoil.AsevidencedinTable3,

TypeIIkerogenisprevalentinnumerousoil-producingbasinsworldwide.Thevariability

ofkerogentypeisprimarilyinfluencedbythetypesoforganismsthatcontributedtothe

organicmatterandthepreservationconditionsoftheorganicmatteritself.Inthis

instance,theTypeIIkerogensuggeststhattheorganicmatteroriginatedfrom marine

algae,phytoplankton,andzooplanktonandwasdepositedinanoxidizingenvironment

(Peters& Cassa,1994).IfTypeIIkerogenisdiscovered inaformationwiththe

appropriatematurity,temperature,andpressureconditions,andtherearenoother

factorshinderingpetroleum generation,thenthepetroleum potentialofthatformation

isconsideredfavorable.

Therefore,thepresenceofTypeIIkerogeninaformationwiththerightconditions

suggestsahighpotentialforoilgeneration.However,it'simportanttonotethatother

factors,suchasthepresenceofnaturalfracturesandeffectivemigrationpathways,

alsoplayaroleindeterminingtheultimateoilpotentialofaformation.
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4.3.2 Thermalmaturation

Figurebelowshowsthermalmaturationlevelofallsamplesafterplottingscatterplotto

showtherelationshipbetweenhydrogenindex(mgCH/gTOC)andTmax.

FIGURE6SHOWINGRESULTSOFTHERMALMATURITYLEVELOFTHESOURCEROCK

Anexaminationofthebasin'ssamplesrevealsthathalfarematureandtheotherhalf

are immature,with none falling into the post-mature category.This distribution

suggeststhatthebasinisstillintheearlystagesofthermalmaturation,gradually

transitioningtowardsafullymaturestate.Maturesourcerocks,unliketheirimmature

counterparts,possessthecapabilitytogeneratehydrocarbons.Thepresenceofboth

matureandimmaturesampleswithinthebasinindicatesthatthethermalmaturation

process is ongoing,with the basin nearing fullmaturity.This implies thatthe

conversionofkerogentopetroleum hascommencedbuthasnotyetreachedits

maximum potential.Thebasin'srelativelyyoungagecontributestothisobservation,

suggestingthatthesedimentshavenotbeensubjectedtosufficienttimeforcomplete

conversionprocessestooccur.Additionally,theburialrateexperiencedbythebasin
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throughoutitsgeologicalhistoryhasnotbeen substantialenough to elevatethe

temperaturetoalevelthatwouldacceleratetheconversionprocess.

4.3.3 Theorganicrichnessandpetroleum potential

FIGURE7SHOWSORGANICRICHNESSANDPETROLEUM POTENTIAL

Thefindingsdepictedinthediagram revealthatthetotalorganiccarbon(TOC)content

valuesfortheLivingstonebasinsourcerocksrangebetween2.29and3.8weight

percent,indicatingtheirclassificationasverygoodsourcerocks.Thiscategorizationis

basedontheestablishedTOCscale,wherevaluesbetween2and4weightpercent

signifyverygoodsourcerocks.Thisimpliesthattheorganicmatterpresentwithin

theserockspossessessubstantialhydrocarbon-generationpotential.

Furthermore,the relationship between S1+S2 and TOC furthercorroborates the

potentialoftheLivingstonebasinsourcerocksforpetroleum generation.S1represents

thefreehydrocarbonsreleasedduringRock-Evalpyrolysis,whileS2representsthe

hydrocarbonsgeneratedduringthethermalcrackingofkerogen.Thesum ofS1andS2,
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S1+S2,providesanoverallindicationofthehydrocarbon-generatingpotentialofthe

source rock.In this case,the relationship between S1+S2 and TOC indicates a

generationpotentiallevelrangingfrom fairtogood.Thissuggeststhatthesource

rockshavethecapabilitytogeneratesignificantquantitiesofhydrocarbons,particularly

oil.

The combination of these findings strongly supports the conclusion thatthe

Livingstonebasinsourcerockspossesssignificantpotentialforpetroleum generation.

Theirhigh TOC content,coupled with theirfairto good hydrocarbon-generating

potential,makesthem attractivetargetsforoilexplorationanddevelopment.

5 CHAPTERFIVE

5.1 ConclusionsandRecommendations

5.1.1 Conclusions

Acomprehensivegeochemicalanalysiswasconductedtoevaluatethesourcerock

potentialoftheLivingstoneBasin.Totalorganiccarbon(TOC)measurementsrevealed

anabundanceoforganicmatterwithinthebasin'sshales,withTOCvaluesranging

from 2.29to3.80weightpercent,indicatingaverygoodsourcerockpotential.Further

investigation using Rock-Evalpyrolysis,a technique thatsimulates the thermal

breakdownoforganicmatter,providedvaluableinsightsintothetypeofkerogen,

qualityoforganicmatter,andthermalmaturityofthesourcerock.

ThepyrolysisresultsindicatedthattheorganicmatterwithintheLivingstoneBasinis

predominantlycomposedoftypeIIkerogen,derivedfrom marinealgaeandother

aquaticorganisms.Thistypeofkerogenisconsideredhighlyoil-prone,suggestinga

favorablepotentialforoilgeneration.Thehydrogenindex(HI),ameasureoftherelative

abundanceofhydrogenintheorganicmatter,isalsohighwhichfurtherconfirmingthe

oil-pronenatureofthekerogen.

Analysisofthepyrolysisdataalsorevealedavariablematurityleveloftheorganic

matter,rangingfrom theinitialstagetothematurationstageofcatagenesis.This

suggeststhattheorganicmatterhasundergonevaryingdegreesofthermalalteration
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duetoburialdepthandgeothermalgradient.Thepresenceofearlymaturetomature

kerogenindicatesthatthesourcerockhasreachedafavorablethermalwindow for

hydrocarbongeneration.

Inconclusion,thegeochemicalanalysisprovidescompellingtheevidencethatthe

LivingstoneBasinharborsverygoodsourcerockpotential.TheabundanceoftypeII

kerogen,combinedwiththevariablematuritylevels,suggestsasignificantpotentialfor

oilgenerationwithinthebasin'sshales.Furtherexplorationanddevelopmentefforts

arewarrantedtofullyassessthehydrocarbonpotentialofthispromisinggeological

basin.

5.1.2 Recommendations

Furtherstudiesareneededforbetterunderstandingofthehydrocarbonpotentialofthe

studiedsourcerocks.Thesestudiescouldinclude,Vitrinitereflectancemeasurements:

Vitrinite reflectance measurements serve as an independentand complementary

methodforevaluatingthethermalmaturityofsourcerocks.Byanalyzingvitrinite

reflectance values,researchers can corroborate orrefine the thermalmaturity

estimatesobtainedfrom Rock-Evalpyrolysis,enhancingtheoverallassessmentof

hydrocarbonpotential.

Biomarkeranalysisisthesecondrecommendation,Biomarkeranalysisoffersvaluable

insights into the origin ofthe organic matterwithin the source rocks and the

depositionalenvironmentinwhichtheywereformed.Byidentifyingandcharacterizing

specificbiomarkers,researcherscangainabetterunderstandingofthefactorsthat

influencedthehydrocarbonpotentialofthesourcerocks.

Basinmodeling:Basinmodelingutilizesgeological,geophysical,andgeochemicaldata

to simulate the thermalevolution ofa sedimentarybasin overtime.Thisallows

researcherstopredictthetimingandvolumeofhydrocarbongenerationfrom source

rockswithinthebasin,providingamorecomprehensiveassessmentoftheoverall

hydrocarbonpotentialofthearea.
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Byundertakingtheseadditionalstudies,researcherscangainamorecomprehensive

understanding ofthehydrocarbon potentialofthestudied sourcerocks,enabling

informeddecision-makingregardingfurtherexplorationanddevelopmentactivities.

5.1.3 Limitationsofthestudy

Thestudywasbasedonalimitednumberofsamples.Thismeansthattheresultsmay

notberepresentativeoftheentirebasin.Anotherlimitationofthisstudyisthatitdid

notuseanyothergeochemicaltechniquestoconfirm theresultsofRock-Evalpyrolysis,

thiscouldleadtomisinterpretationsofthedata.LastlytheInadequatefundingaswell

astimewerelimited.
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6 APPENDICES
6.1 AppendixA

RockEvalPyrolysis

Rock-Evalpyrolysis is a source-rock assaytechnique thatinvolves heating small

quantities(50-400mgdependingoncarboncontent)ofpulverizedrockandmeasuring

themassofhydrocarbongasesevolvedasafunctionoftemperature.(ElNady&

Hammad,2015b)Thecarbondioxideevolvedduringheatingissavedinatrapduring

heatingandlateranalyzedtoestimatethetotalorganiccarboncontentofthesample.

Duringtheinitialstagesofheating,sorbedorfreehydrocarbonsinthesampleare

drivenoffandarerecordedastheSipeak.Withincreasingtemperature,theorganic

matterinthesamplebreaksdowntohydrocarbonsandCO2.whicharerecordedasthe

S2peakandS3peakrespectively,andothercompoundswhicharenotanalyzed.

SpecificdefinitionsforRock-EvaldatareportsareS1andS2arethefirstandsecond

peaksofhydrocarbon(HC)yieldoccurringduringpyrolysisofthesample.S3isthe

amountofC02generatedduringpyrolysis,TOCistotalorganiccarbon.Tmaxisthe

temperatureatwhichtheS2peakoccursduringpyrolysisofkerogen.(ElNady&

Hammad,2015b)Derivativevaluesfrom thesebasicmeasurementsarethehydrogen

index(HI)=(S/TOC)x100;theoxygenindex(Ol)=(S3/TOC)x100;thegeneticpotential

(S1+S2)andtheTransformationratio=PI=S1/(S1+S2).TOCwhenusedinthese

derivativevaluesisreportedasgramscarbon(gC).(SelwiA,2015)

TheanalyticalresultsofRock-EvalpyrolysisareunreliableiftheTOCcontentofthe

rocksampleislessthan0.5wt-% (Peters,1986;Bordenaveetal.,1993).Rockswith

lessthan0.5wt-%TOCareprobablyincapableofexpellinghydrocarbonsandtherefore

arenotsourcerocks.Sampleswithlessthan0.5weight-%TOCareincludedinthedata

tablesbutarenotincludedintheinterpretativeplots.ItmustbeemphasizedthatRock-

Evalpyrolysisonlygivesasemiquantitativeestimateoforganicmatterproperties

duringrapidheatingtoextremetemperaturesunderdryconditionswhichatbestcan

onlybeconsideredaroughanalogtonaturalconditions.(Barker,n.d.-b)



GEOCHEMICALASSESSMENTOFPOTENTIALPETROLEUM ACCUMULATIONINKARONGA

42

6.2 AppendixB

TableshowingtheTOC contentandrockevalpyrosisdatathatwasusedinthe

research.

Sample
name

TOC

(Wt.
%)

S1

MgHC
/g

S2

mgH
C/g

S1+S2

MgHC
/g

HI

mgHCg\

TOC

OI

mgCOg
/TOC

Tma
x

(°C)

Water
depth
(m)

M01-6GB 2.34 0.48 5.25 5.73 225 97 435 20.23

M01-76GB 3.80 0.44 10.2
3

10.67 269 106 431 16.35

M01-8GB 2.29 0.43 4.85 5.28 212 109 430 12.32

M01-9GB 2.43 0.20 2.90 3.10 120 117 440 8.27

M01-11GB 2.48 0.21 2.93 3.14 118 143 450 9.71

M01-13GB 3.6 0.51 9.91 10.43 278 106 437 5.87

M01-36GB 3.07 0.22 6.89 7.11 224 101 423 0.86

M01-37GB 3.61 0.44 9.74 10.18 270 90 424 7.79


