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ABSTRACT To date,petrologicstudyof theMWX coreshas
been concentratedon the shorelineblanketsande(the

The PetrologyLaboratoryof BendixField Cozzetteand CorcoranIntervals)and on the tranei-
EngineeringCorporation(BFEC)at GrandJunction, tionalzone (theCoastaland PaludalIntervals)that
Cclorado,is performingmineralogicand petrologic occursbetweentheblanketeandsand the fluvlal
analyeeson core samplesfromtheMulti-WellExperi- sands. Althoughthe fluvlalsandshave thusfar been
ment (MWX)projectfor SandiaNationalLaboratories.
The samplesstudiedto date includesome fluvial

studiedonlywithina highlyfracturedsectionof
core,the petrologicstudywill eventuallyincludeall

sands~transitionalsands,and shorelineblanket the fluvialsandatoneintervalsof theMeaaverde
sanda. The sandsare generallyfine-grainedfeldspar-Group. ‘l%ispaperis a generalsummaryof the study
and lithic-richquartzsandstones,with minimal resultsobtainedto date.
texturalandmineralogicvariat%on.Porosityis
predominantlymicroporosityiftclayswhich fill ~ROCEDURES
secondarypore space. The primaryfactorlimitingthe
permeabilityof thesesandsappearsto be the clogging Samplesprovidedformineralogicand petrologic
of the porespaceby clayminerals. analysesconaietedprimarilyof end-chipsfromcore

plugs. Analysesperformedfor thisstudyinclude
INTRODUCTION thinsectionexamination,X-raydiffraction(clay

mineraland wholerock),and scanningelectron
SandiaNationalLaboratoriesia conductingand microscopy(SEM).

directingtheMulti-WellExperiment(MWX)core
analysieprogramas partof theWesternGas Sands A thinsectionwaa made fromeacheample, Prior
Projectfor the Departmentof Energy’sUnconventional
Gas S.andeProgram. The PetrologyLaboratoryof

to thinsectioning,the sampleswere impregnatedwtth
blue epoxyin accordwith the proceduresuggestedby

BendixFieldEngineeringCorporationat Grand Gardnerl. Half of each thinaecttonwas stainedfor
Junction,Colorado,has been contractedby Sandiato calcite,and the oppositehalfwas stainedfor
providemineralogicand petrologicanalysesand
interpretationson coresamples(MWX-1,MWX-2)from

potassiumfeldsparusingthemethodsdescrtbedby
Carver*and others.

theRulisfinField in thePiceanceBasin,Garfield
County,Colorado, Sempleasuppliedby Sandiafor The thinsectionswere used to characterize
thisstudywere end-chipsof coreplugs. The mineralogicand texturalfeatures.Modalanalysis
remainderof each coreplugwas used for routinecore was doneby pointcounting. Graineizeswere
analysis. determinedusingan ocularreticule. Othertextural

featureswere characterizedusingmethodadescribed
The resultsof theseanalysesare p??eliminary by Folk’and others. Pore spacecharacteristicswere

andwill be used primarilyfor delineatingvariations determinedby examfningareasof the thinsectionthat
inmineralogtcand texturai:rends(horizontalas were impregnatedwith theblue epoxy. Scanning
wellas vertical)in specifiedsandstoneintervalsof electronmicroscopywas alaoused for examintngpore
theMesaverdeGroupat theMulti-Wellsite. When spacetextures.
coupledwith data compiledfromstandardcore
analyses,log interpretation,and fieldsurveys, Clay size (<2pm) fractionsanalyzedby X-ray
thessdatawill help providethemaximumpossible diffractionwere separatedusingsedimentation
informationfor reservoircharacterization.The data techniques.X-raydiffractionanalyeisof bulk rock
will alsoaid in the determinationof factorslimiting
thepermeabilityof thesetightgas sandsand in the

sampleswas used to verifysignificantvariationsin

devdop_mentof_stimulation_and recoverytechnology.
mineralogyand to determinethemajormineralog%c
compositionsof sampleatoo fine-gratnedfor thin

Referencesand illuetrationaat end of paper. section-anarysisg-–” ‘ ---- ~ ‘-
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RESULTS

Variationin
of the sandstones

Mineralogy

the overallmineralogiccomposition
is minimalthroughoutall the

samplesexaminedto date. The detritalframework
consistsprimarilyof quartz,plagioclasefeldspar,
lithics,and chert. Detritalquartzconstitutes
between60 and 80 percentof the framework,plagio-
clasebetween4 and 20 percent,and lithica,
includingchert,between10 and 30 percent. Minor
detritalmineralsincludepotassiumfeldspar,rnusco-
vite,biotite,detritalopaques,chalcedony,zircon,
tourmaline,epidote,and hornblende.Authigenic
mineralsincludecarbonates,clays,secondaryquartz
overgrowths,and pyrite.

Quartzis predominantlymonocrystallineand
clear,but a few polycrystallinegrainswere observec
in all the sandstones.Somemetamorphicandlorcata-
clasticquartzis also present. Althoughmoat of thf
quartzis clear,inclusionsof rutileand apatitear(
not uncommon. Secondaryquartzovergrowthsare com-
mon on detritalquartzthroughoutthe core.

The principalfeldsparmineralis plagioclase,
whichrangesfromnearlyfreshto totallyaltered.
Alterationis predominantlyto clayand sericite,
althougha few grainsare alteredto saussurite.

Only traceamounts(<2%)of potassiumfeldspar
are presentin thesesamples. Microcltneis the
dominantpotassiumfeldspar,but perthiteis no?
uncommonand orthoclaseis rare. Potassiumfeldspar
is generallyfresh,with slightalterationto clay.

Lithicfragmentsare commonin all the samples.
Thesefragmentsincludeshales,carbonates,and silt.
stones,as well as plutonic,volcanic,and metamor-
phic fragments.The sedimentaryvarietiesare the
most comnwn. Relativelylargemudstoneclastsare
also commonin all the intervalastudied.

Calcite,dolomite,siderite,and possibly
ankeriteare the carbonatemineralspresentin the
MWX cores. Calcitecementis presentin nearlyall
the samples,occurringas poikilotopicand patchy
sparite. The calcitecementoftenreplacesdetrital
grains,includingquartz. Dolomitizationof the
calcitecementrangesfromslightto totalreplace-
ment. Dolomiteis also themost coumrondetrital
carbonate.Yellowishrimson someof the dolomlte
may be ankerite. Sideriteis presentonly in the
transitionalzone,and is especiallycommonin the
PaludalInterval. It occursas mtcrlticpatches
severaltimeslargerthanthe detritalgrains. This
micriticsideriteoftenpenetratesbetweenthe
detritalgrainsand partiallyreplacesthem.

Fracturesare most commonlyfilledwith calcite
Bariteand claymineralsalsopartiallyfillsome
fractures.The bariteand clayftllingswere
usuallyfollowedby the calcitefillingandwere
partiallyreplacedby it.

Fragmentsof carbonaceousmaterialand an oily
organic-lookingmaterialare presentin many samples
The carbonaceousmaterial,whichoccursas fragments
a_ndas thinstringerssquashed.alongbaddingplanes,
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is commonthroughouttheMWX cores. The oily organic
materialclogsintergranularpore apaceand is also
injectedalongfractures.C. W. Sp?ncerof the USGS
(1982,pers.comm.) hss suggestedthatthisoily
organicmaterialmay be cooked-outoil; it is most
commonat the top of the blanketsands. Authigenic
pyriteis sometimesfoundassociatedwith .nese
carbonaceousand oilymaterials.

Claymineralsidentifiedby X-raydiffraction
includeillite,illite/montmorillon.ttemixed-layer
clay,kaolinite,chlorite,and montmorillonite.
Illiteand illite/montmorillonite,the predominant
clay types,occurthroughouttheMWX cores;since
theyalwaysoccurtogetherin thesecorestheywill
be referredto as illitein thispaper. Kaolinite
is commonin the fluvialand blanketsandsand ts
foundas isolatedoccurrencesin the Coastal‘Interval
of the transitionalzone. Chloriteoccursin trace
amountsthroughoutthe cores. The only occurrenceof
montmorilloniteis in thebottomsampleof the
CoastalInterval.

POROSITY

The distributionof the claymineralsis signifi
cant for understandingthe porosityof the sands
studied. Althougha smallamountof the kaolinite
was formedas a directprecipitatefromporewaters,
most of the claymineralshavebeen formedby chemica
weatheringof detritalfeldsparsand rock fragments.
Much of the porespaceis secondaryintragranular
moldicporosity,formedby the dissolutionof altered
detritalfeldspars.Someporespaceis formedby the
dissolutionof carbonatecements. Claymineralsfill
nearlyall of the availablepore spacein theMWX
cores,such thatopenpore spaceis rare. As a
consequence,porosityin theMWX coresis predomi-
nantlyrnicroporositybetweenclaymLneralplates.
When oc.urringas parallelorientedplatesor as
bridgingclaysin pore throatstheseclayseffective
limitboth porosityand permeability(Figs.1 and 2)4

TEXTURE

Texturalvariationsareminimalthroughoutthe
core. The sandstonesare of very fine (62 to 125Mm)
to medium(250to 500 pm) sandsizeand are generall>
well sorted. Detritalgrainsare angularto sur-
rounded,and graincontactsare concavo-convexand
sutured. The sandstonesare well lithified,wtth
carbonate,quartzovergrowths,and pressuresolution
as cementingagents. Largeareasin most of the
samplesare thoroughlyfusedwith secondaryquartz
and somesandstonesare extensivelycementedwith
calciteand dolomite. However,for themost part thf
frameworkis fairlyopen,with clayfillingthe open
porespace. This apparentopennessof the framework
is causedby thepravalentdissolutionof detrttal
grainsand possiblyby the dtssolut.ionof an early
carbonatecement.

MINERALOGICAND TEXTURALTRENDS

Althoughmineralogicand texturalvariationsart
minimalthroughoutthe core,someminorvariations
are evidentwhen.thezonesare coapared. These
minorvariationsara discussedin the sectionthat
follows,beginningwith the upholezonasand prcv,
gresstng.downhole. : : ._ _.._.-_____
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FLUVIALSANDS BLANXETSANDS

The only fluvialsandsexaminedto datehave The shorelineblanketsands (atapproximately
occurredin a highlyfracturedzoneextendingfrom 2387to 2478m) includetheCozzette(atapproxt-
hole depthsof approximately1739 to 1790m. The mately2387to 2426m) and the Corcoran(atapproxi-
fluvialsandsdisplaymorevariationin texturethan mately2470to 2478m) Intervals.Texturallythese
do the otherzones;themost notablevariationis the sandstonesare themost uniformin theMWX cores.
frequentchangein grainsize. Thesesedimentsare The t.ransttionalsandsare of very finesandsize
characterizedby sandstonelensesseparatedby silt- and borderon siltsize ( 2 to 62 ~m) in the Cozzette
stonesand mudetonea. The sandstonesare generally Interval.
coarsergrainedin the fluvialsandsthan thosethat
occtirin the transitionaland blanketsands. In In all the sandstonescontainingcarbonate
general,the upperand lowerlensesof the zoneare cement,the calciteis totallydolomitizedexceptfor
of mediumto fine (125to 250 Bm) sandsize,and the a calcareouslensnear the topof the Cozzette(at
lensesin themiddleof the zoneare of fineto very 2395to 2397m). The sandsat the bottomof the
fine sand size. Cozzette(at2423to 2426m) are devoidof carbonate

cement,as are themudstonesat the bottomof the
Calciteis the predominantcarbonatecementin Corcoran(at2475to 2478m).

thesandstones,and dolomiteis the predominant
carbonatein the siltstonesand mudstones. DO;LOTiIiti- Illiteand kaoliniteare themoat commonclay
zationof calciteis minor in the sandstone near the mineralsin the blanketsands. Illiteis the domi-
top of the zoneand increasesslightlytowardthe nantclaymineralthroughout.Kaoliniteis more
centerand bottomof the zone. The centralportion abundantin the Cozzettethanin the Corcoranand
of a sandstonelensnear the top of the zone (at decreasessignificantlyin occurrenceat the bottom
1743 to 1745m) fs relativelycarbonate-free. of &he Corcoran.

Illiteand kaoliniteare the predominantclays DIAGENESIS
Ln the fluvialsands. Illiteis thedominantclay
near the top of the zone (at 1739to 1747m), and The diageneticsequencesdeterminedfor each
kaoliniteis generallythe dominantclayin the sandstoneintervalare fairlysfmilarthroughoutthe
remainderof the zone (at1748to 1789m). Chlorite MWX cores,althoughslightvariationsare evident
is presentthroughoutthe zonein minoramountsand for eachinterval. The followingts the general
is more abundantin the fluvialsandsthanin any of diageneticsequent%for all the sandstonesexamined
the othersandsstudiedto date. to date (earlyto late):

TRANSITIONALZONE ‘ ● EarlyCalciteCement(?)
● FeldsparAlteration

The transitionalzoneis a fairlybroadzone “ Formationof Chlorite
(atapproximately1934to 2231m), which formsa ● QuartzOvergrowths
transitionbetweenthe fluvialand shorelineblanket ● CalciteCement
sands. The zoneis dividedinto two intervals,the * SecondaryPorosity
CoaatalInterval(at 1934to 2006m) and the Paludal ● AuthigenicClay
Interval(at2160to 2231m). No coresampleswere ● Dolomitizatfonof Calcite
availablefromdepthsof 2007to 2160m. The sand-
stonesin the transitionalzoneare generallyof CONCLUSIONS
very finesand size,with a few interbeddedmudstones
and siltstones.Somesandstonelensesin the Coastal The sandsin theMesaverdeGroupare generally
Intervalare of fine sandsize,but theseslightly fine-gratnedfeldspar-and lithic-richquartzsand-
coarsersandsare rare in thePaludalInterval. stoneswith littlevariationin detritalmineralogy.

The sandstonesare well compactedand cementedby
Calciteand dolomiteare the principalcementing carbonateminerals,pressuresolution,and quartz

carbonatemineralsin thiszone. The calcitehas overgrowths.Althoughfrequentminormineralogicand
been extensivelydolomitizedthroughoutthe zone. texturalvariationscan be expectedin the other
Calcite-to-dolomiteratiosin theCoastalInterval fluvialsands,thereis no reasonto suspectthatany
approach1:1. Dolomitizationin thePaludalInterval majorvariationsin mineralogywill be observedin
is more extensive,and the calcitein someof the sandstonesfurtheruphole,sinceHansleyand Johnsonh
finergrainedsandstonesis nearlytotally dolomi- havedescribedvery similarsandsnear the top of the
tized. MesaverdeGroup.

Exceptat the verybottomof the Coastal Porosityappearsto be limitedto microporoaity
T.iitei-<al~.?.lliteis the only claymineralin the in claymineralswhichhave fillednearlyall the
transitionalzonewhich is abundantenoughfor availablepore space, Much of the pore spaceis
detectionby X-raydiffractionanalysis. Minor secondaryand is formedby the dissolutionof feld-
amountsof kaoliniteand montmorilloniteare present sparsand rock fragments.Most of the clay filling
at the bottomof the CoastalInterval. Auihigenic the poresie randomlyoriented,increasingthemicro-
chloriteand kaolinitewere observedduringthin porositybetweenthe clayplates;someof the clay
sectionanalysisin many of the samples,but these occursin stackedplates,greatlyreducingthemicro-
claysoccuronly in traceamounts. porosity(Figure1). Pore throatsare commonly

.—

..-
447



MINEIU4LOGICAND PETROLOGICOVERVIEWOF CORESAMPLESFROMTHE DEPARTMENT ..-,-.’
GAS ~

filledwith bridgingclay (Figure2), effectively
reducingthe permeabilityof thesesandstones.
Althoughsomeof the intergranularpore spacehas been
reducedby compaction,quartzovergrowths,and car-
bonatecement,the primarycontrollingfactorthat
reducesthe permeabilityis the cloggingeffectof the
clay in the porethroats.
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Fig. l-Paeudohexagonal plates of kaolinite filling a pore. Some of the
plates are randomly oriented whereas others occur as stacked
booke, reducing the microporosity. Field width 80 pm.

Fig. 2-Scanning electron crograph of a pore throat filled with
bridging illite. Fiald ,.tdth 8 pm. (Photo courtesy of USGS),
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