
九州大学学術情報リポジトリ
Kyushu University Institutional Repository

Estimation of Radioactive Heat Production from
Airborne Spectral Gamma-ray Data of Gebel Duwi
Area, Egypt

Salem, Ahmed
Airborne Geophysics Department, Nuclear Materials Authority of Egypt:Currently Postdoctoral,
Department of Earth Resources Engineering

Elsirafy, Abouelhoda
Airborne Geophysics Department, Nuclear Materials Authority of Egypt:Currently Postdoctoral,
Department of Earth Resources Engineering

Aref, Alaa
Airborne Geophysics Department, Nuclear Materials Authority of Egypt:Currently Postdoctoral,
Department of Earth Resources Engineering

Ismail, Atef
Airborne Geophysics Department, Nuclear Materials Authority of Egypt:Currently Postdoctoral,
Department of Earth Resources Engineering

他

https://hdl.handle.net/2324/3325

出版情報：九州大学工学紀要. 64 (2), pp.135-146, 2004-06. 九州大学大学院工学研究院
バージョン：
権利関係：



MemoirsoftheFacultyofEngineering，KyushuUniversity，Vol．64，No．2，June2004  

Estimation of Radioactive Heat Production from Airborne   

SpectralGammaqrayDataofGebelDuwiArea，Egypt  

by   

AhmedSALEMl＊，AbouelhodaELSIRAFYl，AlaaAREFl，AtefIsMAILl，SachioEHARA2  

andKeisuke UsHIJIMA2  

（ReceivedMarch22，2004）  

Abstract  

Amapofradioactiveheatproductionwasconstructedfromairborne  

SPeCtralgamma－ray data of GebelDuwiarea，Egypt．The study area  

possesses a range of radioactive heat production varylng from O．21p  

Wm‾3to3．09iJWmp3．SedimentaryrocksintheGebelDuwiareahave  

higher heat production values（0．25pWm¶3to3．09〃Wm－3）than the  

CruStalaverageforsedimentaryrocks．Theaverageheatproductionof  

graniticrocksisbelowthecrustalaveragevalue（1．48FIWm．3）forthe  

granites．Thehighvaluesofheatproductioninthesedimentaryrocksare  

mainly related to the relativeincrease of uranium contentin the Duwi  

phosphateformation．Thereducedheatproductionofthegraniticrocks  

indicates that additional mantle components combine with the crustal 

radioactiveheatproductiontotheheatsourcesintheGebelDuwiarea．   

Keywords：Airborne，Radioactiveheat production，GebelDuwi，Egypt，  

RedSea，Gamma－raySpeCtrOmetry  

1．Introduction  

TheRedSeaisclearlyaregionofhighheatflow．Morethan90percentoftheheatflow  

measurementsexceedtheworldmeanandhighvaluesextendtothecoastswheretheyare  

nearlytwicetheworldmean12）．Accordingly，thecountriesborderingtheRedSeahavegood  

prospectsfortheutilizationofgeothermalresourcesontheirRedSeamargins16）．  

TheGebelDuwiarealiesonthewesternsideoftheRedSeamargininEgypt（Fig．1）．  

IntheGebelDuwiarea，geOthermalgradientsweremeasuredatonly3shallowboreholesites．  

ThegradientsweremeasuredatDuwiandAbuShegala（120C／kmand500C／km，reSpeCtive－  

1y）in sedimentary rocks and at Hamrawein（29 0C／km）in Precambrian basement  
OutCrOpS16）．CharacterizationofthegeothermalsettingoftheGebelDuwiareabasedononly  

1AirborneGeophysicsDepartment，NuclearMaterialsAuthorityofEgypt  

＊CurrentlyPostdoctoral，DepartmentofEarthResourcesEngineering  

2Professor，DepartmentofEarthResourcesEngineerlng   
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Fig．1ThelocationoftheGebelDuwiareaandlayoutoftheairbornesurvey（dashedbox）．Values  

beside circlesindicate the measured geothermalgradients（OC／km）in shallow bore hole  
sites16）．   

three，VeryShallow（＜300m）geothermalgradient observationsis unacceptable．A more  

COmprehensivestudyisrequiredtocharacterizethegeothermalsettingandidentifypossible  

prospectsforfurthergeothermalexploration．  

Althoughdirectmeasurementsofthermalgradientsindeepboreholesprovideaccurate  

data，itrequiresexpensivedrilling．Geophysicalsurveysprovidearelativelyinexpensivebut  

lessaccuratedata．TheGebelDuwiarea（Fig．1），aSapartOftheEgyptianEasternDesert，  

WaSSurVeyedduringasystematicaerialgamma－rayandmagneticsurveyconductedbyAero  

Service Division，Western GeophysicalCompany of Americain1983．The survey was  

designed to provide data，Which would be of assistanceinidentifying and assessing the  

mineral，petrOleumandgroundwaterresourcesoftheregion3）．  

Themainpurposeofthispaperistoprovidenewinsightsonthegeothermalsettingof  

theGebelDuwiareabasedontheexistingairbornespectralgamma－raydata．Weattempt  

tomapsurfaceradioactiveheatproductionfromtheairbornegamma－raydata．Radioactive  

heat production can be used for severalpurposes5）．It can be used for explanation of  

temperaturevariationswithdepthandinterpretationofexistingheatflowvariations．AIso  

itcanbeusedinselectingsuitablenewsitsfor makingheatflow and／orheatproduction  

measurements．  

2．GeologicalsettingoftheGebelDuwiarea  

TheGebelDuwiarea（Fig．2）canbe dividedinto two parts；theDuwirange and the  

COaStalplain．TheDuwirange consists of alongsharp ridge，elongatedinthe northwest  

directionthatdropsprecipitouslytothesouthwestandslopesgentlytothenortheast．The  

elevationofthisridgerangesbetween450and545maboveseelevel（ASL）．Thecoastal  

plainisgenerallysmoothinoutline，Withnosharpbendsorbays．Itslopesgentlyseaward．  

Thereliefofthecoastalplainisgenerallylowandvariesfrom6to30mASL．   
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Fig・．2 GeologicalmapoftheGebelDuwiarea7）．  

Geologically，theGebelDuwiareaisapart ofthe CentralEasternDesert ofEgypt．  

DivisionoftheEasternDesertofEgyptintonorthern，Centralandsouthernsectionsisbased  

Onbasementtype26）・TheCentralEasternDesertwasformedbycollapseofasmallocean  
basinorbackarcbasin22）・SeveralauthorshaveinvestigatedthestratigraphyoftheCentral  
EasternDesertofEgypt4），2）・Ingeneral，thesedimentaryrocksoftheGebelDuwiareaare  

Separableinto two great divisions‥the pre－riftingCretaceous－Eocenegroup andthe post－  
rifting Oligocene andlater sediments group・Thelatter division exhibits a continuous  
SuCCeSSionfrommiddleMioceneonward・TheCretaceousandEocenedepositsoccupythe  
troughsofsynformal－1ikefoldswithinthecrystallinehillranges．Thebestexampleofthe  

Pre－riftseriesoutcropsintheGebelDuwibasin，Wheremorethan1500mofCretaceousand  

Eocenestratigraphyisexposedfromthebottomtothetop・ThemarineupperEoceneand   
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01igocene deposits are absent，indicating that the regionmust have undergone elevation  
changesduringthesetwoepochs20）．  

SeveralauthorshavediscussedthebasementstratigraphyoftheCentralEasternDesert  
ofEgypt8）・Ingeneral，theCentralEasternDesertisdominatedbyrocksofoceanicaffinity  
suchasmaficmetavoIcanic，gabbros，ultramaficandassociatedmetasedimentaryrocks6）・  
Theoldestrockunitscompriseamafic－ultramaficsequencehavingophiolitecharacteristics・  
Inthisregion，themetavoIcanicrocksrepresentpillowtholeiitebasalts，Whichdevelopedon  
gabbroicandultramaficsubstrataofthisoceanicsequence25）・Conformablyoverlyingthese  
oceanicsubstrataarethicksequencesofsubductionrelatedimmaturevoIcanogenicmetasedi－  
ments，Which are conformably overlainby，andinterfinger with，island arc type of calc－  
alkalinevoIcanicrocks．AmajorreglOnalunconformityseparatestheophilotic，metaSedi－  
ments，metaVOIcanic，granitic and Dokhan voIcanic rocks from a generally unmetamor－  

phosed，dominantlyterrigenoussequenceofmolassetypesedimentsknownasHammamat  

group9）．These Hammamat sediments were depositedinintracratonic basins and were  

preservedindown－faultedblocks，Orintopographiclows・  

3．Airbornespectralgamma－raydata  

Theairbornespectralgamma－raySurVeyWaSCOnductedalongasetofparallelflight  
lines orientedin a northeast－SOuthwest direction，perpendicular to the prevailing geologlC  

strike，atOnekmspacing3）．Spectralradiometricmeasurementswererecordedwith93m  
（300feet）samplingintervalatanominalsensoraltitudeof120m（terrainclearance）・The  
surveywasconductedusingtwin－engineCessna－404Titanaircraft・Thistypeofairplanecan  
be operated within a speed range between222km／h to315km／h・A highsensitivity  
256－Channelairborne gamma－ray SpeCtrOmeter With a prlmary50・31iters sodiumiodide，  

tha11iumactivateddetectorwasused．Formoredetailsonthesurveyequipmentused and  
flightoperations，thereaderisreferredtothefinaloperationreport3）■Discussionofairborne  
radiometric surveying techniques，includinginstrumentation，repOrting methods，SyStem  

calibration，andgamma－rayenergyWindows，isglVenbytheInternationalAtomicEnergy  

Agency13）．   

Figures3to5showcolormapsoftheapparentsurfaceconcentrationsofradioelements  
［potassium（K）in％，equivalenturanium（eU）andthorium（eTh）inppm，reSPeCtively］3）・  
Figure6displaysaternaryimagecombiningthethreeradio－elements・Generally，ternary  

plotsoftheradio－elementsusuallygiveasuperiorimageofthegeology・Thiscanbeseen  
inthewellcorrelationbetweentheternaryimage（Fig．6）andthemappedgeology（Fig．2）．  
Separateradio－elementmapsarealsousefultoidentifycertainrocktypes・Forexample，the  

boundariesoftheDuwisedimentarybasincanbedelineatedfromtheUmap（Fig．4）．The  

KandThmaps（Figs．3and5），Ontheotherhand，illustratetheboundariesofigneousand  
metamorphicrocks．IntheGebelDuwiarea，higheruraniumvaluesextendtomorethan12  
ppm and are observed over Duwiformation・This unitis composed of about98m of  
phosphaticlimestoneofSantoniantoCampainanage2）・MansourandFarouk15）pointedout  
thattheuraniumcontentincreaseswithincreasingphosphateintheDuwiformation．Other  

significantradioactiveanomaliesarenotobserved・   
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Fig．3 PotassiumcolormapoftheGebelDuwiarea3）．   
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Fig．4 EquivalenturaniumcolormapoftheGebelDuwiarea3）．  

4．Mapplngradioactiveheatproduction  

Rybach19）publishedanempiricalequationtocalculatetheradioactiveheatproductionof  

aglVenrOCksampleuslngthisexpression   
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』（〆徽炉3）＝β（0．0952Cぴ＋0．0256Cr力十0．0348C∬），  （1）  

Wherepisthedensityofrock（g／cm3）andCu，CThandCKaretheconcentrationsofUand  

ThinppmandKin％，reSpeCtively．InRybach’sformula，itisfirstnecessarytoknowthe  

densityandtheconcentrationofradio－elementsU，ThandKintherock．Radioactiveheat  

production has been calculated from concentrations of radio－elements measuredin the  

laboratorylO）anddirectIyfromgamma－raylogs5）．AIsoradioactiveheatproductionhasbeen  

estimatedfromairbornegamma－raydata18），27）  

Tocalculateradioactiveheatproductionfromairbornegamma－raydata，boththetype  

Ofrocksandtheirboundariesmustbewellidentifiedbeforehand．AIsotheaveragedensity  

foreachrockunitshouldbeknownorcanbeassumed．TheGebelDuwiareaconsistsoflarge  

SeParableunits ofigneousandmetamorphicrocksaswellas ranges ofsedimentaryrocks  

preservedwithinthecrystallinehills．Figure2showsthatmostsedimentaryformationshave  

narrowoutcropselongatedinthenorthwest－SOutheastdirection．Althoughtheflightlinesare  

perpendicular to the outcrop of the sedimentary formations，Calculation of reliable radio－  

activeheatproductionforeachofthedifferentsedimentaryrocksisdifficultduetotheir  

narrowexposure．Foranairbornesurveyataheightof120m，Speedsof200km／hto300km／  

handdataaccumulationatonesamplepersecond，fewgamma－raySarereCOrdedfromeach  

formation．Furthermore，thespectralgamma－raySreCOrdedoveracertainformationinclude  

theradiationeffectsofneighboringformations．Forthesakeofsimplicity，thesedimentary  

rocksin the study area were grouped as representing one rock unit．Consequently，the  

followingsix rock units：Sedimentary，metaVOIcanic，metaSediments，granitic，Hammamat  

SedimentsandDokhanvoIcanicrockswereassignedforfurthercalculationoftheradioactive  

heatproductionbasedontheconcentrationsofpotassium，uraniumandthoriumwithineach  

rockunit．Inthiswork，WeCalculatedtheaveragedensityforeachrockunit（Tablel）from  

thedensitiespublishedbyShabban21）．Generally，thedensityvalues obtainedforbasement  

Samples ranged from2．59g／cm3for granites，tO2．92g／cm3for more basic diorites and  

gabbros．Densities ofsedimentaryrocksranged  

from2・00g／cm3forsandstoneto2・62g／cm3for TablelAveragedensityforeachrockunit21），  
Silicifiedlimestone．The boundaries of the six  

rockunitswere outlined（Fig・．7）andtheradio－  

element concentrations（K（％），eU and eTh）  

Within eachrock unit wereisolated．Radioactive  

heat production values for each rock unit were  

CalculatedbasedonEq．（1）．Thentheresultsare  

SummarizedinTable2andillustratedasamapof  

theradioactiveheatproductioninFig．8．  

Rock  Densit  

Sedimentary  2．41  

Metasediments  2．62  

MetavoIcanic  2．64  

Hammamat  2．61  

DokhanvoIcanic  2．60  

Granite  2．59  

5．Discussiom  

Theestimatedradioactiveheatproductionvalues（Fig．8）aregovernedbytheamount  

Ofuranium，thorium，andpotassiummeasuredfromairbornesurveyand，therefore，theyare  

Surfaceorapparentvalues．Ingeneral，theradioactiveheatproductionvariesgreatlywith  

rock type．This can be explained by the good correlation between the radioactive heat  

productionmap（Fig．8）andthemappedgeology（Fig．2）．Theareapossessesarangeof  

radioactiveheatproductionvarylngfromO．21pWm‾3to3．09pWm3．Thehigher average  

Values（Table2）areobtainedforDokhanvoIcanicandgraniticrocks（1．42pWm▼3andlA8  

PWm‾3，reSpeCtively），Whereas thelowest average valueis obtainedfor metasedimentary   
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rocks（OA3jlWm‾3）．Aclearsimi1aritybetweenthestatisticalcharacteristicsofradioactive  

heat production（mean and standard deviation）corresponding to Dokhan voIcanic and  
granitic rocksis seen（Table2）andindicates a definitive similarityin the petrophysical  

PrOperties．The radioactive heat production distribution for metasediments and metavoト  

Canicis completely different．This maybe attributed to the differencein the degree of  

metamorphismanddeformationbetweenmetavoIcanicandmetasediments．However，radio－  

active heat production may exhibit someirregularity due to the dissimilarityin the geo－  

ChemicalbehaviorofU，Th，andKduringthemetamorphismprocess，Whichdeterminesthe  

distribution of the naturalradioqelements．  

Table2 Radioactiveheatproductioncorrespondingtoeachrockunit（inFLWm▼3）．  

Mean  Std，Dev  Rock unit N＊  Range  

Min Max  

Sedimentary  

Metasediments  

MetavoIcanic  

Hammamat  

DokhaIlVOIcanic  

Granite  
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＊NisnumberofdatapolntSWithineachrockunit  

Comparative inspection of the computed averages of the apparent heat production 

estimated by this study（Table2）and that for the crustalrocks published by Rybach19）  
PrOducedthefollowingtwoimportantobservationsregardingtheheatgenerationofrocksin  

thestudyarea．Firstly，thesedimentaryrocksincludingHammamatsedimentsshowvalues  

（0．25pWm3to3．09pWm3）higherthanthosegivenforthecrustalsedimentaryrocks（0．33  

PWm3tol．8pWmu3）．Secondly，thegraniticrocksintheGebelDuwiareashowanaverage  

Value（1．48pWm‾3）belowtheaverageforthecrustalgranites（2．4pWm、3）．Thehighvalues  

Ofheatproductioninthesedimentaryrocks aremainlyrelatedtotherelativeincrease of  

uraniumcontentinDuwiphosphateformation．TheelevatedaveragevalueofHammamat  

Sedimentsismainlyattributedtotheintrusionofthesuccessivepulsesoftheyoungerigneous  

bodies．Thisissupportedbyfieldobservations，Whichindicatedthatthetopmosthorizonof  

thesesedimentscontainssubangulartosubroundedpebbles，aSWellassomegraniticcobbles  

derivedfromolderbasementunitsl）．Theelevatedheatproductionvaluesofthesedimentary  

rocksmaysignifyshallowheatflowresources．Thereducedheatproductionforthegranitic  

rocks appearstoberelatedto arelativedecreaseinuraniumcontent．  

Althoughtheestimatedradioactiveheat productionvalues arerealistic andlieinthe  

rangegivenforthecrustalrock，1aboratoryorgroundmeasurementsarerequiredtocheck  

thevalidityoftheestimatedheatproductionfromairbornedata．Wehavecarriedoutsome  

randomgroundspectralgamma－raymeaSurementSOVerthegraniteoftheHamarawinsite・  
Aportablemultichannelgamma－raySpeCtrOmetermOdelGS－256wasused．Thisinstrument  

includesadetectorassemblyofO．341itersofcrystal（21cubicinches）．Thespectrometerwas  

CalibratedusingtheconcretecalibrationpadsoftheNuclearMaterialsAuthorityofEgypt・  
Themeasuredwindowcountrateshavebeensubjectedtobackgroundandstrippingcorrec－  

tion．Thesereducedcountrateswereconvertedintoconcentrationunitsrecommendedbythe  

InternationalAtomicEnergyAgency13）．Thesensitivityfactorswere3．02counts・S1・ （％  

K）Tl，0．29counts・S‾1・（ppm eU）Tl，andO．06counts・SJl・（ppm eThト1．Thein－Situ  

measurements of K，eU，and eTh were used with the average density of the granite of  

Hamarawin site to calculate the radioactive heat production（Table3）．The average   
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radioactive heat production calculated from ground gamma－ray meaSurementSisl．62fL  

Wm▼3．The differencebetween this value and that estimated from airborne data（1．48fL  

Wm山3）isrelativelysmall．However，determinationofrepresentativeheatproductionvalues  

fromairbornedatapresentsaproblem．Radio－elementscontentcanvarygreatlywithinany  

intrusiondependingonavarietyoffactorssuchasmultiplephases，ZOnationandcrystalliza－  

tion．  

Table3 Groundspectralgamma－raydatameasuredintheGraniteofHamrawiensite．  

K  eU eTh  Heat production 

（％）（ppm）（ppm）（pWm－3）  
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3401．337′ 26013．832′  

3401．336′ 26013．840′  

3401．591′ 26013．627′  

3401．627′ 26013．646′  

3401．582′ 26013．577′  

3401．637′ 26013．649′  

3402．098′ 26013．554′  

3402．361′ 26013．323′  

3402．640′ 26013．089′  

3402．792′ 26013．985′  

3402．811′ 26013．001′  

3402．889′ 26012．979′  

To assistinunderstandingthe origin oftheheat sourcesinthe GebelDuwiarea，We  

Calculatedthereducedheatflow（ql）atthegraniteofHamraweinsite（Asimilaranalysis  
WaS nOt pOSSible at the other two sites because the thermalmeasurements were madein  

Sedimentary rocks）．We assumed that the radio－elements content within the granite of  

Hamraweinsiteisnormallydistributedandnolateralcontributionfromtheheatproduction  

Oftheotherrockunits．Thereducedheatflowdensityqlisgivenby  

射＝如一皿4∂，  （2）   

Where qois the heat flow density at Hamrawein site（72．5mW／m2）using the observed  

thermalgradient（290C／km）16）and assuming athermalconductivity Kof2．5WmLloC▼1  

givenbyStacey23）astheaverageforigneousrocks，A。isthesurfaceheatproductionbased  

On the airborne spectralgamma－ray data（1．48pWm3）and D characterizes the heat  

distributionintheuppercrust（assumedtobe14kmthickbasedonthepublishedexpanding  

Spreadprofilesll），24））．Thereducedheatflowdensityisrelativelyhigh（51．3mW／m2）and  

indicatesthathighmantleheatflowcombinewiththeradioactiveheatproductionfromthe  

CruStalheat sourcesintheGebelDuwiarea．Althoughradioactive decaylS PrObably the  

greatestoverallsourceofheatintheEarth’scrustbyasubstantialfactor，there areother  

SOurCeSthatmaybeimportantinspecificplaces14）．Therefore，WemaySuggeStthatthemost  

PrObablesourceoftheheatflowintheGebelDuwiareaseemstobehighheatflowfromthe  

mantle，aSSOCiatedwiththeextensionoftheRedSea．Thisassumptioncorrelateswellwith  

thefindingofMorganetal．17）  

6．Conclusions  

Inthisstudy，We attemPtedto providenewinsights onthegeothermalsettingofthe  

GebelDuwiareabasedontheexistingairbornespectralgamma－raydata．Wemappedthe  

radioactiveheatproductionfromtheairbornegamma－raydata．Thesurveyedareapossesses   
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a range of radioactive heat production varying from O．21FLWm‾3to3．09pWm．3．The  

averageheatproductionofgraniticrocksissignificantlylowandindicatesthatadditional  

mantle components combine with the radioactive heat production from the crustal heat 

SOurCeSintheGebelDuwiarea．Higher－reSOlutionairbornesurveydata arehigh1yrecom－  

mendedtoassistinunderstandingthespatialdistributionofK，U，andThwithineachrock  

unit．  
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