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ABSTRACT

Faciescontinuumandfacies profilesfrom outcropsauddrilí coresin die
Tertiar>’ Medicine Lodge bedswere analyzedin the Medicine Lodge and
HorsePrairie basinsin SouthwestMontana,U.S.A. ThesebetAs consistof
interbeddedconglomerates.sandstones,siltstones,mudstones,limestones,
carbonaceoussitales,antA coalsthatmalceup coarsening-andfining-upward
megasequences.

Tite study indicates titat die Medicine Lodge beds were depositedin
freshwaterlakealluvial-fandeltaantA sitort-headedstreamdeltaenvironments.
The lake, whicit probabí>’ occurredin an asymmetricalprotobasinformed
duringLaramidedeformationandancestralto titeMedicineantA HorsePrairie
basins,wasinitialí>’ infilled by coal-forming,short-headedstreamdeltasantA
littoral lacustrinecarbonateplatfonnsalqng its steeplydipping margin.

Ihis early stageof infilling was characterizedby rapidbasinsubsidence,
witich was accompanied by lake expansion,antA by subduedprovenance
tectonismdevelopedwest-soudiwestof tite protobasin.Ibe latestageof lake
infilhing continuedalong tite steeplydipping marginof theprotobasinwhere
east-northeastflowing alluvial-fan delta complex formed an aggrading,
subaerialalluvial fanantA aprograding,subaqueousdeltafront. Tite alluvial-
fan deltacomplexwas boundedtú tite southby a lacustrinecoastalplain that
was drainedby coal-forming, short-headedstreamsdeltasantA tú theimmediate
nortit by lacustrinelittoral carbonateplatformsthat supportedstromatolite
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bioitenns.Titis stageof lake-basininfilling wasmarkedby intenseprovenance
uplifts and was accompaniedby moderatebasin subsidenceantA local lake
expansionwith markedlake-levelfluctuations.Climatedid notsignificantly
influencefluctuationsof thelakelevel sincetitelakeremainedfresitwaterand
open throughoutinfilling. However,microclimate(e.g.,ram sitadows)may
havecontrolled coal distribution in the Medicine Lodge basin part of tite
protobasin.Humid-temperateclimate is indicatedby common presenceof
debrisflows on the alluvial fan, which were triggered it>’ intenserainfalí.

Titus, tite lakeprotobasinis amicrocosmof clastic, carbonateandorganic
environments, itydrodynamics, provenancetectonism, climate, and basin
subsidencetitat greatí>’ influenced faciesvariations.

Key words: Rudite alluvial-fan delta, lacustrine alluvial-fan delta,
Oligocene-Miocenerudites, rudites, coal-bearing alluvial-fan delta, short-
headed fluvial-deltaic systems, lacustrine, stromatolites, microclimate,
provenancetectonism, basin subsidence,debrisfiows, faciescontinuum.

RESUMEN

Se analizan los perfiles y los paneles continuos de facies obtenidos a partir
de afloramientos y testigos de sondeos de las capas Terciarias de Medicine
Lodge en las cuencas de Medicine Lodge y Horse Prairie del suroeste de
Montana (USA). Estas capas consisten en alternancias de conglomerados,
areniscas,limolitas, lutitas, arcillas carbonosasy carbones,dispuestasen
megasecuenciasgranocrecientesy granodecrecientes.

El estudio indica que las capasde Medicine Lodge se depositaronen
ambientesdelagosdeaguadulce,deltade abanicoaluvial y deltasde ríosde
cabeceracorta. El lago, que probablementese situabaen una protocuenca
asimétricageneradadurante la deformación Larámide y ancestralde las
cuencasde Medicine Lodge y HorsePraiie, se rellené por deltasde ríos de
cabeceracorta donde se formaba carbón y en plataformas carbonatadas
Lacustreslitorales en las márgenesempinadasdel lago.

Esteestadiotempranoderellenosecaracterizabaporunarápidasubsidencia
delacuenca,acompañadadeexpansióndel lagoy detectónicareducidadelas
áreasfuenteal oeste-suroestedelacuenca.El rellenocontinué,enun estadio
posterior,enlos márgenesabruptosdelaprotocuenca,dondeun complejode
fan delta aluvial que fluía itacia el este-noresteformé un abanico aluvial
subaéreoagradacional y un frente deltaico subacuático progradante.El
complejo de fan delta aluvial estabalimitado al surpor unallanura costera
lacustredrenadapor deltasderíos decabeceracortae, inmediatamenteitacia
el norte, por plataformascarbonatadaslitorales lacustrescon biohermos
estromatolíticos. Este estadio del rellenolacustreestuvomarcadoporintensos
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levantamientosdel áreafuenteacompañadosdeunasubsidesiciamoderadade
la cuencay deexpansiónlocal del lago,conmarcadasfluctuacionesdel nivel
del agua.El clima no influenciéapreciablementelas fluctuacionesdel nivel,
puestoqueel lagopermauecióconaguadulcey abiertodurantetodoel relleno.
Sin embargo,los microclimas (por ejemplo,sombrasde lluvia> pudieron
controlarladistribucióndecarbónenlapartedelaprotocuencacorrespondiente
a la cuencade MedicineLodge.El clima era templado-hémedopuesen los
abanicosaluvialesseencuentran,conciertafrecuencia,debrisflowsdisparados
por las intensaslluvias.

Así pues, la protocuencalacustre es un microcosmosde ambientes
clásticos, carbonatadosy orgánicos,hidrodinámica, tectónicaen el área
fuente,clima y subsidenciade la cuencaque influyeron mucho sobrelas
variacionesde facies.

Palabras clave: Fan delta aluvial de ruditas, fan delta aluvial lacustre,
ruditas Oligoceno-Mioceno,ruditas,fan deltaaluvial con carbón,sistemas
deltaicosdecabeceracorta,lacustre,estromatolitos,microclima,tectónicaen
el áreafuente,subsidenciade la cuenca,debrisflow, panelesdefacies.

INTRODUCTION

Siliciclastic sedimentsdepositedat lake antA seamarginsare transported
by rivers eitherasbedload,suspendedloadorcombinationof both. Bedload-
proneriversof alluvial fans(stream-anddebris-flowtypes)thatprogradeinto
alake orsealevel,form alluvial-fandeltasdominatedby ruditeand/orarenite
lithofacies(Nemec& Steel,1988).Rudite-dominatedalluvial-fandeltasthat
formed in marginalmarineenvironmentsof compressionaltectonic basins
havebeendescribedby Killick (1988)and Marzo & Anadón (1988). The
subaerialpart of thesealluvial-fan deltas consistsmainly of framework-
supportedconglomeratesantA subordinatematrix-supportedconglomerates
depositedby stream-anddebris-flows,respectivel>’.Tite subaqueouspanof
diese alluvial-fan deltas comprisesinainly sandstonesdepositedby delta-
front distributarychannelsandmouthbars,antA beach-sitorefaces.

Despitehighsedimentdiscitargeon alluvial-fandeltas,it is notunusualto
fintA carbonatelithofaciesassociatedwidi coarseclasticlititofacies.Dabrio&
Polo(1988)reportedlidiofaciesassociationsof alluvial-fandeltasiliciclastics
with shallow marinepatch-antA fringing-reefcarbonates.Where alluvial-fan
deltas progradedinto offshore marine environments,rudite and arenite
lithofacies intertonguedwith and were overlain by lagoonalasid shallow-
marine shelf micritie antA bioclastic limestones(Plint & Tumer, 1988;
Wescott, 1988). Ibe carbonatelititofacies either resulted from chemical
precipitationduringwidespreadmarinetransgressionoveralluvial-fandelta
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deposits or developed on flanks of alluvial-fan deltas on tite side updrift from
longshorecurrents antA point sources(i.e., Yallahs fan delta; Wescott&
Etitridge, 1980).

Lakesare also settingsin whicit siliciclastic lithofacies of alluvial- fan
deltas are associatedwitit carbonatelithofacies. However, carbonate
precipitationtAevelopsin lakesonly witeresedimentationis notoverwhelmed
by detrital influx. Titus, carbonatebuildupoccursin lakesitoreline,mudflat.
nearshore,littoral, and offsitoreenvironmentsremovedfrom detrital point
sources,sucit as from alluvial-fan deltas(Surdam& Wolfbauer, 1975;Link
& Osborne,1978).

Titis study investigatesadifferent facetof carbonatebuildup juxtaposed
to a rudite-dominatedalluvial-fandelta in a Tertiary freshwaterlake in the
Medicine Lodge and HorsePrairie basins,southwestMontana(Fig. 1). In
addition, peatstitat were to becomecoals are juxtaposedto depositsof tite
alluvial-fandelta,wherepeataccumulation,like carbonate,wasalsocontrolled
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by detrital-freeconditions.Tite studydescribestite faciesrelationsitipsand
depositional processesof tite coarse siliciclastic, carbonate,antA organic
deposits,whosemodesof origin are in contrastto eachotiter. The effectsof
provenancetectonism,basinsubsidence,antAlate fluctuationsantAexpansions
in relationto alluvial-fandeltasedimentationarealso examined.

Methods of study included generalizedlititofacies descriptionsfrom
measuredsectionstitat wereusedfor astratigraphic-frameworkcrosssection.
In addition,detailedlititofaciestAescriptionsfrom measuredsectionsanddrilí
coreswereusedto depict faciescontinuum(lateral faciesassociations)and
facies profiles (vertical facies associations).Petrographyof die limestones
was analyzedfor Éheirmineralcompositionanddiagenesis.5’3C isotopewas
analyzedtodeterminetheorigin (freshwatervs.salmewater)ofdie limestones.

GEOLOGIC ANO TECTONIC SErFINOS

Tite basement,volcanic,andsedimentar>’rocksas well as tite structural
geology of the Medicine Lodge andHorsePrairie basinsand surrounding
uplifts havebeenmappedanddescribedby M’Gonigle (1965,in press)(Fig.
2). Tite basementrocksconsistof Archeangranite gneiss asid Proterozoic
sandstones.Titesebasementrocksareoverlainby Paleozoic(Ordovicianto
Permian)antA Mesozoic(TriassicasidCretaceous)sedimentar>’rocksmainí>’
deposited in marine environments. Titese pre-Cenozoic rocks are
unconformabí>’overlainby Eocenevolcanicrocks(tuffs, tuffaceousbreccias,
rityolites, andesites,antA basalts)thatweredepositedon anerosionalsurface
cut acrossa terranepreviously deformedby SevierandLaramideuplifts antA
thrustfaults (Fig. 2). During tite late Laramide,which wascharacterizedby
compressiona]tectonism,tite volcanic rockswere also locally tzplifted asid
eroded.Probabí>’ at the sametime, an asymmetricalprotobasinwascreated
ancestralto the Medicine Lodge antA HorsePrairie structuralbasins.The
asymmetry of the protobasin, steeply dipping along die west-southwest
margin antA gentí>’ dipping along the east-nortiteastmargin,ma>’ havebeen
causedit>’ basementuplifts, witich in turn, controlledfaciesdistribution.

Theprotobasinservedas adepocenterfor siliciclastic (asmuch as 720 to
900 m thick) and/orcarbonate(as much as 610 m titick) facies during die
Eoceneto Oligocene.Titesesedimentar>’faciesareoverlainby Oligoceneto
Miocenefine-grainedsiliciclastic facies(asthick as2,300m) comprisingfish
scale-antA vertebrae-bearingtuffaceousmudstones,limestones,mudstones,
andsiltstonesinterbeddedwithruditeandarenitesiliciclastic rocksantAcoals.
Tite rudites are asmucit as 840 m thick antA areaccumulatedon the steeply
dippingmarginof theasymmetricalprotobasin(seeHg. 2).The finer-grained
siliciclastics andcarbonatesweredepositedtowardthe moregentí>’ dipping
marginof tite protobasin.Tite coaísaresubbituminousA to high-volatiíeB
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bituminous, asmuch as 3 m thick, andgeneralí>’have itigh ash (>15%) antA
high sulfur (>3%) contents (Dyni & Schell, 1982). Tite coal-bearing rocks,
which are mainí>’ in the Medicine Lodge basin, occur in tite informally named
Medicine Lodge betAs (Scholten, Keonmon & Kupsch, 1955; M’Gonigle,
Kirschbaum & Weaver, 1986).

Tite tectonicitistor>’ of die MedicineLodgeandHorsePrairiebasinsantA
adjacentuplifts includestwo episodesof deformation(Hait & M’Gonigle,
1988;M’Gonigle, Hait & Perry, 1990).Thefirst episodeof deformationwas
acompressionaltectonismcomprisingeastward-directed,basement-involved
titrust sheetsof pre-Cenozoicrocks tAuring the Sevier antA early Laramide
orogenies.Tite secondepisodeof defonnationincludedwidespreadlateEarly
Miocene post-Laramideuplift antA erosion that affected tite pre-Eocene
terraneantA culminatedtite Tertiar>’ depositionalprotobasin.The Tertiar>’
sedimentaryandvolcanicrocksweretiltedeastwardantA apparentlytransíated
several kilometers westward togetiter witb silces of tite underlying pre-
Cenozoicbasementandsedimentar>’rocks(seeFig. 2). The MedicineLodge
and Horse Prairie structural basins were largel>’ differentiatedfrom the
protobasinat this time. Subsequentitigh-angle normal «block» faulting,
whichcontinuesin tite regionto tite present,hascoinpletedtite creationof tite
modemtopographicbasinsandrangesin tite area.

STRATIGRAPHICSETTING

Tite stratigraphicframeworkof tite Eoceneto MioceneMedicineLodge
betAs at tite westem margin of tite Medicine Lodge basin is shown in Figure
3. Tite stratigraphicstudy intervalma>’ be arbitraril>’ divided into loweraud
upperintervalsbasedondominantlidiologies.Ibeseintervalsarecharacterized
by coarsening-upwardmegasequences(CUMS) and fining-upward
megasequences(FUMS). CUMS are ver>’ thick (100-900 m) intervals
consisting of fine-grainedsedimentsin tite lower part aud coarse-grained
sedimentsin tite upperpart. FUMS are ver>’ titick (100-150m) intervals
consisting of coarse- grained sediments in tite lower pan aud fine-grained
sediments in tite upper part.

Lower Interval

Tite lower interval (110 to 900 m thick) is dominatedb>’ fine-grained
silieiclastics consisting of mudstones, siltstones, antA silty sandstones. Titese
siliciclasticrocksareinterbeddedwith subordinateostracode—andgastropod-
bearing limestones, fisit scale— antA fish vertebrae-bearingtuffaceous
mudstones. sandstones, carbonaceous sitales, aud coals.

Verticalvariationswithin tite lower intervalma>’ becharacterizedby three
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coarsening-upwardmegasequences(CUMS1, CUMS2,CUMS3; seeFig. 3).
At tite soutbempart of tl-¡e crosssection,tite 900-m-thick CUMSI contains
carbonates,tuffaceousmudstones,siltstones,and silty sandstonesin tite
lower part antA sandstones,siltstones,mudstones,carbonaceousshales,antA
coals in tite upper part. Sevenkilometers to the north, tite l0O-m-thick
CUMS2 consistsof mudstones,siltstones,silty sandstonesin the Iower part
andsandstones,siltstones,mudstones,carbonaceoussitales,andcoalsin tite
upperpart.Atthenorthernpartof thecrosssection,the 150-m-thickCUMS3
includestuffaceousmudstones,mudstones,siltstones,antA silty sandstonesin
the lower part antA sandstones,siltstones,mudstones,carbonaceoussitales,
antA coalsin tite upperpart.

Lateral variationswithin die lower interval show that tite carbonatesand
fine-grainedsiliciclastiesbelowthe fish scale-bearingtuffaceousmudstones
rn die lower part of CUMS1 interfinger with tite coal-bcaringCUMS2 7 km
to the north. Ibis coal-bearingmegasequenceis overlainby the fisit scale-
bearing tuffaceousmudstones,which occur discontinuouslyat tite same
stratigrapitic¡evelbartiternorth(Fig. 3).Here,thefisit scale-bearingtuffaceous
mudstonesare overlain by a coal-bearingmegasequence(CUMS3). Titis
megasequence,in tutu, isoverlainby fish scale-bearingtuffaceousmudstones
that areat tite samestratigrapiticlevel as tite coal-bearingunit of CUMS1.

Upper Interval

Tite Iowa 500m of tite upperinterval is thefocusof titis study.Titis part
of theupperintervalis dominatedby ruditesantAcoarse-grainedsiliciclastics.
TheruditesantAsiliciclasticsareinterbeddedwithsubordinatealgal-,gastropod-
antA ostracode-bearinglimestones,fisit scale-’oearingtuffaceousmudstones,
mudstones,siltstones,silty sandstones,citerts, carbonaceousshales,and
coals.

Vertical variationsof tite upper interval may be characterizedit>’ titree
coarsening-upwardmegasequences(CUMS4, CUMS5,CUMS6; seeFig. 3)
andfourfining-upwardmegasequences(FUMS1, FUMS2,FUMS3,FUMS4;
seeFig. 3). At tite soutiternpanof tite crosssection(Fig. 3), a320-mtitick
CUMS4 comprises fisit scale-bearingtuffaceous mudstones,mudstones,
siltstones,silty sandstonesin tite lower panandconglomerates,sandstones,
siltstones, mudstones,carbonaceoussitales, and coals in the upper part.
Twelve kilometers to the north, FUMS1 FUMS2, FUMS3, antA FUMS4,
averaging125-mthick, consistof conglomeratesantA sandstonesin tite lower
part and silty sandstones,siltstones,mudstones,carbonaceoussitales,antA
coalsin theupperpart.Tite northempanof tite crosssection(Fig. 3)contains
CUMSS antA CUMS6, 200 m and 150 m thick, respectivel>’. CUMS5
comprisesalgal-, ostracode-,andgastropod-bearinglimestones,cherts,mud-
stones,siltstones,antA silty sandstonesin tite lower panand conglomeratic
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sandstones, sandstones, antA siltstonesin the upperpart. CUMS6consistsof
mudstones,siltstones,andsilty sandstonesin thelowerpartandconglomerates,
sandstones,siltstones, mudstones,carbonaceoussitales, antA coals in the
upperpart.

Lateralvariationsof tite upper interval show that the fish scale-bearing
tuffaceousmudstonesin tite lower panof CUMS4interfingers to the north
with FUMS3. The coal-bearingpart of CUMS4 passeslateralí>’ northward
into the FUMS4. Tite CIJMS4 is overlain by fish scale-bearingtuffaceous
mudstones,witicit in turn, are underlain by coal-bearingunits (tite>’ are
vertical continuum of CUMS1), whicit grade laterally to the nortit into tite
FUMS 1 antA FUMS2. At the northernpart of tite crosssection(Fig. 3), tite
limestonesandchertsof CUMS5 interfinger soutitwardinto tite FUMS 1 antA
FUMS2.OverlyingCUMS5is CUMS6,from which coal-antAconglomerate-
bearingunits mergesouthwardwith theFUMS4.

lnterpretation

Basedon the dominantlititologies of tite lower andupperintervais and
associatedCUMS andFUMS,two majorsuccessionsof protobasininfillings
developed. The lower interval, dominatedby fine-grained siliciclastics,
fresitwater ostracode-and gastropod-bearinglimestones,and fish scale-
bearing tuffaceousmudstones,makesup the initial protobasinlake infilí.
lnfilling is citaracterizedby quiet-.waterprecipitationof chemicalsediments
andjiÉlá~kÁéttling of fine-grainedsiliciclastics. Quiet-waterinfilling was
accompaniedby minorprogradingsystemsasevidencedby depositionof the
coal-bearingCUMS deposits.Tite titick basinfilí (CUMS1) in the soutitem
part of tite basin ma>’ indicate relativel>’ rapid subsidence in contrastto other
parts of the basinmargin.

Tite secondsuccessionof protobasinlake infill was an upward-sitoaling
eventmarkedby FIlMS depositsof tite upperinterval. Accumulationof tite
FUMS depositsindicatesa localized aggradingsystem.That tite rudites of
titis systemgradedistalí>’ into finer-grained,coarsening-upwardsiliciclastics
suggestsunconfinedprogradationoftite aggradingsystem.Nonprogradational
or abandonmentareas served as platforms for fresitwater carbonate
precipitation(algal-, ostracode-,antA gastropod-bearinglimestones).

Fluctuationof baseor lakelevel,which wasprobabí>’in responseto basin
subsidence,is indicatedby episodic occurrenceof tite fisit scale-bearing
tuffaceousmudstones.Widespreadprecipitationof freshwaterlimestonesin
both lower and upper intervals sugge~~that .clirnate probabí>’ was not a
significantfactorinlakefluctuationssincefresitwaterconditionwasmaintained
throughouttite lakeitistor>’ antA ma>’ itave beenanopenbod>’ of water.These
conclusionsare supportedby commonoccurrenceof fresitwatergastropods
and ostracodesin tite limestones. In addition, 8 >3C values POB of the
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limestones(14 samplesfromtite lowerandupperintervals),whichrangefrom
-4.783 to 0.404, averaged-2.703 that falís within the averagefreshwater
limestones observed by Hudson (1977) antA Anderson & Arthur (1983). Basin
subsidencema>’ have favored repeatedretrogradation.Stackedrudite-
dominatedaggradationalsequenceswere probabí>’ controlled by episodic
tectonicuplifts of tite sourceterrane.Provenanceuplifts ma>’ haveinfluenced
microclimates(e.g., ram shadows)favoringcoal accumulationin wet,humitA
areaslocalizedin the MedicineLodgebasinpart of tite protobasin.

SEDIMENTOLOGIC FACIES ASSOCIATIONS

In order to determinetite styles of sedimentationantA ultimately the
depositionalprocesses,faciesassociationsof variouscoarsening-upwardantA
fining-upwardmegasequencesoftite lowerandupperintervalswere examined.
In addition, carbonatefacies associationsof the upper interval was also
analyzed.Thefaciesassociationsaredepictedin adetailedfacies continuum
(two-dimensionalframework)asidfaciesprofiles(unidimensionalframework).

Lower Interval FaciesAssociation

Faciescontinuumofdie lowerintervalcoarsening-upwardmegasequences
is shownin Figures4 antA 5 (the coal-bearingunits of CUMS1 audCUMS2,
respectivel>’).Comparisonof tite facies continuum indicatesdifferencesin
the thickness,continuity, antA arrangementof coal betAs; thickness,lateral
extent,natureof erosionalcontact,antA geometryof sandstonebodies;antA
occurrenceof carbonatesantA fisit scale-bearingtuffaceousmudstones.

The coal betAs of CUMS1 (Fig. 4) areas thick as 4.5 m (with numerous
carbonaceousshalepartings),as much as 0.55 km in lateralextent,antA are
arrangedat randomwith betAsjuxtaposedto tite sandstonebodies.The coal
bedsof CUMS2areastitick as 1.5 masmuchas0.25kmin lateralextent,and
arearrangedin zonesseparatedby sandstonebodies.Thesandstonebodiesof
CUMS 1 are as thick as 10 m, asmuchas0.45km in lateralextent,havedeep
erosionalbases,antA are lenticular. Ihe sandstonebodiesof CUMS2 areas
thick as 3 m, as mucit as 0.15 km in lateral extent,haveshallow erosional
bases,antA are elongate. Ibe coal-bearingunits of tite CUMS1 contain
ostracode-bearingbioclasticantA micritic limestones.Tite coal-bearingunits
of CUMS2 interfingerwith andareoverlainby fish scale-bearingtuffaceous
mudstones.

Faciesprofilesthat showdetailedsedimentologicfaciessequencesin tite
coarsening-upwardmegasequencesof tite lower intervalareshownin Figures
6A, ÓB, antA 6(2.Figures6A antA 6B displa>’faciesprofilesof thecoal-bearing
unitsof CUMS 1. Thefaciesprofilesshowinterbeddedsandstones,siltstones,
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Fig. 4.—Faciescontinuumconstructedfrom measuredsectionsin the uppermostpartof dic
coal-bearingunitsof CUMS1 (seeFig. 3). 55 = sandstone,SLTST= siltstone,SH= shale,and
CARB carbonaceous.

Ng. 4.—Panelcontinuodefaciesconstruidoapartirdeseccionesmedidasenlapartemasalta
delasunidadescon carbóndela megasecuenciagranocreciente1 (CUMS 1, ver figura 3). 55:
arenisca;SLTST: limolitas; Sil: arcillas; CARB: carbonoso.

mudstones,tuffaceous mudstones,limestones,carbonaceoussitales, antA
coals. Tite facies profiles var>’ in the nature of the sandstoneantA coal
lititotypes, antA in sedimentar>’structuresof the sandstonetype.

Thefaciesprofiles(Figs. 6A andÓB) in thelower panof thecoal-bearing
units of CUMS1 are sandstonedominated. One type of sandstoneis
characterizedmainí>’ by bodies witit deeperosionalbasesantA somewith
multierosionalbases,fining-upwardgrain size, and trough-crossbeddedto
convolutedlower antA rippled upperparts (Fig. 7). Grain size rangesfrom
mediumto fine with somelag tAepositsof chert, shale,mudstone,andcoal
fragments.Anotiter sandstonetype (Fig. 8) Ls fine grained, itas a sitarp to
gradationalbaseantA is cappedby a unit witit a sitallow erosionalbase,and
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Fig. 5.—Panelcontinuodefaciesconstruidoapartir deseccionesmedidasenla partemasalta
delas unidadesconcarbóndela megasecuenciagranocreciente2 (CUMS 2, ver figura 3). 55:
arenisca;SLTST: limolitas; Sil: arcillas;CARB: carbonoso.

coarsensupward. The vertical sequenceof sedimentar>’structuresof titis
sandstonetype vanesfrom dominantí>’rippledbodiesorbodieswith a rippled
toburrowedlowerpartantAwith a trough-crossbeddedandrootedupperpart;
the crossbeddedunit obtenis underlainby anerosionalsurface.Tite coalsin
the Iower pan of the coal-bearingunits of CUMS 1 consistof dominantí>’
woody (blocky, abundantwoody structuredfragmentsor morebright titan
dulí bands)antA subordinatefine laminated (more dulí titan brigitt bands)
lithotypes. Hioclastic (ostra-code-bearing)antA micritic limestones are
commonlyinterbeddedwitit tite coal beds.

Tite faciesprofile (Fig. 6C) in tite upperpartof die coal-bearingunits of
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Fig. 6—Perfilesde faciesde lasunidadesconcarbóndelas megasecuenciasgranocrecientes
CUMS 1 (A y B) y CUMS 2(C).El perfil muestradepósitosfluvialesy los perfilesB y (2 ilustran
los depósitosdeltaicosy lacustres.

CUMS 1 consist of mainí>’ acoarsening-upwardsandstonetype.Ibis sandstone
is fine to ver>’ fine grained,hasa sitarpto gradationalbaseantA is sometimes
cappedby aunit witit anerosional-base.Tite verticalsequenceof sedimentar>’
structures consists of dominantí>’ ripple laminations antA burrows, antA includes
a subordinateripple-laminatedantA burrowed lower pan antA a trough-
crossbeddedupperpart. The coals in tite upperpart of CUMS1 commonly
contain a finel>’ laminatedlithotype interbeddedwith carbonaceousshale.
The upper coal-bearingunit is overlain it>’ fisit scale-bearingtuffaceous
mudstone(Fig 9).

Faciesprofilesof thecoal-bearingunitsof CUMS 1 areincontrastto those
of the coal-bearingunits of CUMS2. The CIJMS2 coal-bearingunits are
characterizedit>’ abundantfine-to medium-grained,fining-upwardsandstones
with sitallowerosionalbases.Tite verticalsequenceof sedimentar>’structures
consistsof atroughcrossbeddedlowerpartantA aripple-laminatedupperpart.
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flg. 7.—Multistacked,multierosional-based(dashedline), fining-upwardsandstones(Sí and
S2).Sanéstonesaretroughcrossbedded(T) in the lowerpartasidrippled (R) in the upperpan.
Hammerfor scaleis 0.3 m long.
Fig. 7.—Apilamientovertical de areniscasgranodecrecientes(SI y S2) con baseserosívas
(líneasdiscontinuas).Las areniscasmuestranestratificacióncruzadaen surco(T) en la parte
inferior y laminacióncruzada(R) en la superior.El martillo de escalamide 30 cm.

This sandstonetype is commonly underlainby a fine-grained,coarsening-
upward, ripple-laminatedto trough-crossbeddedsandstone.Ibe coals are
commonlycomposedof awoodylititotype with carbonaceoussitalepartings.
Thecoal-bearingunitsof CUMS2areoverlainby antAinterfingerwith diefisit
scale-bearingtuffaceousmudstones.

Interpretation

Tite facies continuum and profiles of tite coarsening-upward
megasequencesof the lower interval indicateprogradingsystemsthat were
aggradedby fluvial antA distributary channels(Elliott, 1986). Fluvial channel
tAeposits are deep erosional-based, multierosional, lenticular, trough
crossbedded to convoluted-rippled, fine to medium-grained, fining-upward
sandstones with lag deposits. The distributar>’ channel deposits are shallow
erosional-based,elongate,troughcrossbeddedto rippled,fine-grained,fining-
upward sandstones. Coarsening-upward, rippled to trough crossbedded

2
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Fi~Y8i~Séciieiié0agYáiié~iecíeiiteearcihu1iiiiblitá3Yiitéhi§ca7jS1) ~éiiiiifhível dearenisca
(52) de baseerosiva(líneadiscontinua)a techoy carbón((2) a muro. SI presentalaminación
cruzaday S2.estratificacióncruzadaensurco.

sandstones underlying tite distributar>’ channel sandstones represent
distributar>’ mouth bar deposits. Tite titin packageof distributar>’ moutit bar
antA channel sandstones, antA tite channeldeptit/widthratio of 1:4-5 suggest
drainagesof small delta complexesprobabí>’ fed by short-iteadedstreams.
The differencein relief of tite erosionalbasesof tite fluvial anddistributary
channelsma>’ be in responseto their proximity to baselevel (lake level).

Tite common occurrenceof thick woody coals in associationwith tite
fluvial citannelsandstonessuggeststitat miresin tite fluvial settingweremore
favourablefor organicaccumulationfrom treevegetationtitanweremires in
tite deltaicsystem.In addition,proximity ofthedeltaicmiresto lakeleveldiat
repeatedí>’ fluctuated may have contributed to muddy citaracteristics
(carbonaceousshalepartings)of tite deltaiccoals.Tite randomoccurrenceof
coalsjuxtaposedto fluvial channelsandstonessuggestscoevalexistenceof
mtresantAsediment-ladenrivers. Titis isin contrastto thedeltaicsettingwitere
coals occur as zonesseparatedby distributar>’ channel tAepositsindicating
developmentof mires on abandoneddeltaic complexes.Tite interfingering

é.
-V - -~

Fig. 8.—Coarsening-upwardsequenceof mudstone,siltstone,anésandstoae(SI) cappedby a
erosional-based(dasbedline)sandstone(52)andunderlainby acoal((2). 51 is ripple laminated
and S2 is troughcrossbedded.



Oligocene-Miocenelacustrine rudite-dominated... 257

Fig. 9.—Lutita tobácealaminadacon escamasy vértebrasde peces.Localmente, la lutita
contienelaminaciónlenticular(R) de limolitas. El cubreobjetivosmide 5.6 cmde diámetro.

with andcappingby coal-formingtAeltaic complexessuggestwidespreadlake
expansionantA associatedfluctuationsof lake levels.

UpperInterval FaciesAssoc¡ations

Coal-BearingFaciesAssociation

FaciescontinuumantAprofiles of thecoal-bearingunitsof CUMS4in the
upperinterval areshown in Figures 10 and 11. Figure 10, witich showsthe
faciescontinuumofCUMS4,hascharacteristicssimilartothoseof thelower-
intervalCUMS coal-bearingunits.Ihe coalsareastitick as3.5m, areasmucit
as 1.7 km in lateral extent, and are arrangedin zonesseparatedby titin
sandstonebodies(asthick as 3.5 m andasmuch as0.22km in lateralextent)
that have sitallow erosionalbasesand that are lens shaped. However,
sandstonebodies immediately aboyethe uppercoal zone(seeFig. 10) antA
belowthelowercoalzoneexhibitelongateshapes(asthick as6 mandasmuch
as 0.8 km in lateral extent). In addition, the coal-bearingunits of CUMS4
interfingerwith antAareoverlainby fish scale-bearingtuffaceousmudstones.

Fig. 9.—Laminatedtuffaceousmudstonecontahuingfish scalesandfosb vertebrae.Mudstone
locally containslensesof rippled (R) siltstone.Lens capfor scaleis 5.6 cm in diameter.
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Fig. 10.—Faciescontinuumconstructedfrommeasuredsectionsanddrilí holes3 and4 (seeFig.
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sbale,andCARB = carbonaceous.

Hg. 10.—Panelcontinuode facies construidoa partir de levantamientosde seriesy delos
sondeos3 y 4 (véasesu situaciónenlafigura 2)enlasunidadesconcarbóndelamegasecuencia
granocrecienteCUMS 4 (ver figura 3). SS: arenisca;SLTST: limolitas; SH: arcillas; CARB:
carbonoso.

Ibe facies profiles associatedwitit die coal-bearingunits of die CUMS4,
describedfrom drilí cores,are sitown in Figures líA and lIB. Figure líA
exhibitsdetailedfaciessequencesthatincludetite upper coal zone. Tite coal zone
is overlainby coarsening-upward,fme- to coarse-grainedsandstonesthat are
ripple to subparallellaminated,with a burrowedlower panasid a massiveto
trougit crossbeddedupperpan.Titesesandstonesare underlainby interbedded
burrowedantA ripple-laminatedsandstonesasidsiltstones,witich in mm, overlie
burrowedmudstones.Tite lowerpanof thefaciesprofile (Fig. 1 lA) consistsof
fming-upward,fine-to coarse-grained,erosional-basedsandstonebodies.Ibese
stackedsandstonebodiesareunderlainbyinterbeddedsilty sandstones,siltstones,
antA mudstonesthat are burrowedasid rippledto subparallellaminated.

Figure liB displaysa facies sequencethat includesboth the lower antA
uppercoal zonesof CUMS4.Tite uppercoal zone,in contrastto die previous
facies profile (seeFig. 1 lA), is directA>’ overlainby heavil>’ bioturbatedsilty
sandstones,which in turn, passupward into a stack of titin to titick, fining
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upward,fine- to coarse-grained,erosional-basedsandstonebodiesseparated
by burrowedantA rippled mutAd>’ siltstones.Ibe lower sandstonebodiesare
composedof two titin, coarse-grained,rippledunitsinterbeddedwitit rippled
andburrowedsilty sandstones.The uppersandstonebody is coarsegrained
witit granuleandcoalsparlensesantAis massivetosparselytrougitcrossbedded.
This sandstonebod>’gradesupward into rippled antAburrowed,fine-grained
sandstones,which in turn, areoverlainby interbeddedrippled antA burrowed
silty sandstones,andfish scale-bearingtuffaceousmudstones.
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Interpretation

Tite facies continuumantA profiles of tite coal-bearingunits of CUMS4
reflect characteristicsof a deltaic complex similar to titose in die lower
interval (Elliott, 1986).Tite faciescontinuumindicatesaggradationprimaril>’
by distributar>’citannelsasevidencedbydie fining-upward,shallowerosional-
based,antA lens-elongateshapedsandstones.Most of titese distributar>’
channel deposits are single cut-and-fiil events of waning flows (trough
crossbeddedtoripple laminated).However,someof thesechannelsandstones
as shownin tite faciesprofile (Fig. liB) showmulti-eventcuts andfilís. Tite
faciessequenceimmediatelyaboyedieuppercoalzoneindicatesasuccession
of stacked,fining upward,erosional-basedsandstones.Tite lowersuccession
of titis sequenceexitibits alternationof smallchannelstitat ma>’ be attributed
to amalgamationof crevasse-splaycitannel filis. Tite upper succession
probabí>’ representsreoccupationof the crevassesystemby a distributar>’
channel.

The faciesprofile aboyetite uppercoal zonein a nearbycoreitole(Fig.
1 lA) showsacoarsening-upwardsequenceof burrowedmudstonesandsilty
sandstonesin tite lowerpanantA subparalleltotrougit crossbeddedupperpart,
whicit representcrevasse-splaydeposits.Someof tite crevasse-splaydeposits
take tite form of coarsening-upwardtAelta-front depositsas depictedin tite
lower pan of the profile. Tite delta-front deposits,consistingof burrowed,
rippledsilty sandstonesantAgranulelensesin dielowerpan,reflectsubaqueous
infilling b>’ tractioncurrents,whicit occasionalí>’wereinterruptedby density
currents.Tite upperpan of tite delta-front tAeposits comprisemultistore>’
distributar>’ channelsandstones.Iberapid textural(fine to granulesizes)and
sedimentar>’structure(trougit-planarcrossbeddedto rippled) variationsof
thesecitannelsandstonesma>’beexplainedb>’ tite alternationof itigh antAlow
discharges(Smitit, 1974).

Tite facies associationof the coals and tAeltaic depositssuggeststheir
accumulationin interdistributar>’settings.This is indicatedby die vertical
juxtaposition of crevasse-splayantA channel facies with tite coals. Tite
interdistributarymireswereprobabí>’10w lying tohavepermittedovertopping
by crevasse-splaysediments.However, prior to drowning by crevasse
sediments,tite peats,witicit occurinzonesseparatedby citannel-interchannel
tAeposits, may itave been accumulatedin mires formed in detrital-free
environments,peritapson abandonedtAeltaic complexes.

RuditeandAreniteFaciesAssociations

Tite facies continuumof FIlMS 1-4 in tite upper interval is shown in
Figure 3. Detailed analysis of tite facies continuumof FUMS3 sitow deep
erosional-based,fining upward,pebbleto boulderconglomeratesantA coarse-
grainedsandstones(Fig. 12). Althougit conglomeratebodiesrangefrom 1 to
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10 m titick, a rudite zonema>’ consistof multierosionalconglomeratebodies
as thick as 30 m. Tite multierosionalconglomeratebodieshavelenticular(as
thick as10 m antA asmucit as 20 m in lateralextent)antA elongate(asthick as
5 m antA asmuchas 50 m in lateralextent)sitapesthatarerandomí>’arranged.
However, it is notuncommonto find lenticularbodiesin tite lower pafl antA
concentratedelongatebodies in die upperpart of a rudite zone.The rudite
zones are dominated by framework-clast-supported, tightly packed
conglomerates(Fig. 13).Iberuditezonescommonlycontainmatrix-supported
conglomerates,which mainí>’ occur in tite lower panof the FUMS antA are
juxtaposedto framework-supportedconglomeratesand conglomeratic
sandstones(seeFig. 3). Figure 14 showstite disorganizedsubroundedclasts
in a mutAd>’ santAmatrix titat lacksinternalstra-tificationfoundin die matrix-
supported conglomerates.Tite conglomeratic sandstones,which contain
basal lag tAeposits, consistof fining-upward, coarse-to medium-grained,
trougit-crossbeddedto ripple-laminatedunits. Some of tite-se sandstones
show multierosionalbases,range from 1 to 4 m titick, antA exhibit mainly a
lenticularsitape(asthick as 3 m antA as muchas 30 m in lateral extent).

Tite facies continuum of lateralí>’ juxtaposedconglomeratesantA
conglomeraticsandstonesis shownin Figure 12. Ibe lenticularto elongate-
sitapedconglomeratesendosea zone of conglomeraticsandstones.Ibe
sandstones,whicit interfinger widi framework-supportedconglomerates,
displa>’ a lenticularsitapeconsistingof titree smalleren echelonbodiesthat
arecompartmentalizedby sharp,inclinedsurfacesmarkedby silty sandstones
generalí>’ extendingfrom tite upper to tite lower parts of eachbod>’. Eacit
sandstonecompartment,in tum, is fining upward, is trough crossbeddedto
ripple laminated,antAcontainslag tAeposits.Ibesecompartmentalizedsandstone
bodies aremultilateral anddo not occur as commonlyas sandstonebodies
with multierosionalbases.

Thefaciesprofile of theFUMS istypified inFigure 15.Theconglomerates
consisíof asinglebod>’(asthick as 1 m)ormultistore>’bodies(asthick as4.5
m) that fine upward,haveshallowto deeperosionalbases,antAareframework
clastsupported.Tite clastsarecomposedmainí>’of Eocenevolcanic(rityolite,
tuff, andesite,and basalt)antA Proterozoicsandstonefragmentswitit rare
Paleozoiclimestone,chert,dolomite, antA sandstonefragmentsantA Tertiary
siltstone antA sitale fragments. Tite clasts are imbricated (strongly west-
southwestdip), crudel>’ normalí>’ graded(rarel>’ reversegraded),audfaintí>’
crossbedded.Individual conglomeratebetAs show a bimodal to polymodal
texturewitit a generalí>’well-sortedframeworkof bouldersandcobbles,and
amatrix of pebbles.Someconglomeratebodies,itowever,show anunsorted
frameworkof bouldersantA small pebblesantA a sandymatrix. Clastsitapein
tite conglomeratebetAs vanesgreatí>’with commonsphericalto rod-sitaped
clasts antA raretAisc-shapedclasts.

In addition,tite faciesprofile(Fig. 1 SA) showsthatthesingleto multistore>’
conglomeratebodies are interbeddedwith sandstones,silístones, and
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Hg. 13.—Framework clast-supported conglomerate showing crude imbrication (arrows sbow
orientation)audanormallygradedbed. Hammerfor scaleis 0.3 m long.

Hg. 13 —Conglomerado clasto-soportado con imbricación grosera(las flechas indican la

orientación) y un estrato con granoclasificación normal. El martillode escalamide 30 cm.

mudstones. Medium-grained, rippled sandstonescommonly drape tite
conglomerates.Coarse-to medium-grained,fining-upward,erosional-based,
trough-crossbeddedtorippledsandstonesoccurasasinglebod>’ scouredinto
rippled sandstonesand mudstones.The mudstones,whicit are minor in
amount,aresilty antA arecappedeither by conglomeratesor sandstones.

Lateral facies equivalentsof tite FUMS are typified by a coarsening-
upward faciesprofile sitownin Figure 15B. Ibis faciesprofile consistsof
graded, coarse-grained,trough-crossbeddedand rippled sandstones
interbeddedwitit rippledsiltstonesantA burrowedmudstonesin titelowerpan.
Tite upperpanof tite faciesprofile includesdisorganizedconglomerates,antA
both fining- and coarsening-upwardsandstonesinterbeddedwith silty
sandstonesantA carbonaceoussitales.Ihe disorganizedconglomeratesare
poorly sortedantA consistof subroundedboulders to pebblesfloating in a
mutAd>’ santA matrix that exitibits some convolutions but generalí>’ lacks
intemal structures.Tite coarsening-upwardsandstoneis coarseto medium
grained,antA is subparallel,tabularcrossbeddedin tite lowerpafl antA trougit
crossbeddedto rippled in tite upper part. Ibe fining-upward sandstoneis
coarseto mediumgrainedantA generail>’ is trougit crossbeddedin tite lower
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Fig. 14.—Matrix-supportedconglomerateshowingoutsizeboulders«floating»is~sandymudstone.
Hammerfor scaleis 0.3 m long.

Hg. 14.—Conglomeradosoportadoporla matrizconclastosdetamañoexcesivamentegrandes
«flotando»en la lutita arenosa.El martillo de escalamide 30 cm.

partantA rippled to rootedin tite upperpart, antA is overlainby carbonaceous
sitale.

lnterpretation

Tite rudite-arenitefacies associationsreflect a tAicitotomy of aggrading
andprogradingsystems.Tite rudite-dominatedfacies,consistingmainí>’ of
stacked,fining-upwardconglomerates,representsalluvial-fan (subaerialpart
of tite alluvial-fan delta) deposits.Tite successionof rudite-dominated
megasequences(FUMS)suggestsverticalaccretioninaconfinedalluvial-fan
system.Titat titese rudite-dominatedfacies were depositedin streamantA
debrisflows are indicatedby tite rock fabric. Conglomeratesdepositedit>’ a
stream flow are citaracterizedby framework-supportedclasts witereas
conglomeratesdepositedb>’ a debris flow are citaracterizedby matrix-
supportedclasts.

IbeclastimbricationantAgradingsuggesttractionalcurrentsinachannelized
flow as evidencedby tite erosionalbasesof tite conglomerates.The west-
soutitwesttAipping clastsof tite imbricatestructureindicatetransportto tite
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Fig. 15.—Perfilesdefaciesdelasmegasecuenciasgranodecrecientesproxirnales(A) y distales
(B) que reflejan (respectivamente)depósitosde complejos de corrientes trenzadas agradantes
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eastandnortheast.Tite flash>’. higití>’ variablediscitargeof die citannelsis
reflectedby titerippledsandstonecapsof tite conglomeratesandtite extreme]>’
low discitargeorpondingin thecitannelsis representedby tite mudstonecaps.
Tite fining-upward characteristicof tite conglomeratesma>’ reflect gradual
infilling of active channelsby migrating gravel bars during fioods. Tite
multistore>’ conglomeratesrepresentdepositsof lateralí>’ shifting, diverging,
antA convergingchannelssucit as in a broad-beltbraidedstream.

Tite matrix-supportetAconglomeratesare debiásor massflow deposits
(Bulí, 1977;I-Ieward,1978).Titeir generalhtckofintemal structuressuggests
deposition by cohesionless,viscousmassmovement.Tite fluidized matrix
antA dispersive pressure from tite interaction of tite clasts are important
meclianisms in debris flows (Pierson, 1981; Lowe, 1982). Debris flows
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probabí>’ originated from deceleration of iteavy sediment-laden stream floods
as tite>’ spreadon tite alluvial fan surface from proximal feeder channels or
canyons(Lawson, 1982; Nemec & Steel, 1984). Tite presenceof outsize
bouldersin tite matrix- supportedconglomeratesma>’ indicatesitortdistance
of transportfrom proximal fanareasor canyons.That is, subroundednature
of titesebouldersprobabí>’reflectsexcavationandincorporationofpreviously
depositedstreamgravelsin tite loadof tite debrisflows. Commonoccurrence
of debrisflows in tite lower partof tite FIlMS ma>’ suggestdevelopmentof
tite alluvial fanin a itumid-temperateclimatein witicit tite>’ weretriggeredby
intenserainfalí (Pierson,1980;Kocitel & Johnson,1984).Titis climatic factor
may itave beenenitancedby episodictectonicuplifts as indicatedby tite two
debris-flow deposits.

Titesandstonesinterbeddedwith titeconglomeratesoftherudite-dominated
facies occur as either a single body or as compound bodies.Tite single
sandstonebody witit anerosionalbase,trough crossbeds,ripple laminations,
and witich fines upward, is attributed to stream-bedaccretionaboyeor
marginalto gravelbarstAuring waningflow stages.Tite compoundsandstone
bodies,witicit containcompartmentalizedunitsseparatedby inclinedsurfaces,
may be explainedby lateralsitifting of sandybraidedchanneisduring low-
fiow stages.Titus, titesebraidedchannels suggestdevelopmentin a broad,
low-sinuosity citannel complex witit migrating sand bars.

The mdite facies association is particularí>’ indicative of provenance
uplifts probably found west antA southwest of tite protobasin. Tite rudites
containclastsof Proterozoicsandstonestbatarepresentto tite southantAwest
of the Maiden PeakSpur, but generalí>’ lack clastsof tite Arcitean gneiss
common to the spur and the Tendo>’ Mountains (seeFig. 2). Additional
evidenceis providedb>’ imbricatestructureswitit westto southwest-dipping
claststitat indicatepointsourcesfrom titesedirectionsantAtransporttodieeast
antA nortiteasttAirections.

Tite rudite-dominatedfacies lose titeir «monofacies»citaracteristics,
lateralí>’passingintomixedconglomerates,sandstones,siltstones,mudstones,
antA carbonaceoussitalesassitown in Figure 15B. Titesecoarsening-upward
downfandeposits,whicit displa>’ a lowerpart of interbeddedgranuleto fine
grained,rippled,andgradedsandstones,siltstones,antA burrowedmudstones
indicate subaqueousdeposition in a prodelta of tite alluvial-fan delta.
Intercalationof granule,graded,andrippled sandstonesin tite lower pan of
titese depositssuggeststransportationb>’ density currents altematingwitit
bottomtractioncurrents.Theburrowedmudstonesindicatepelagicsettlingof
fine sediments that were reworked by bottom-dwelling organisms.Tite
matrix- supported conglomeratesimmediately aboye tite fine-grained
sedimentsreflect a subaqueoustAebris-flow deposit (turbidite) similar to
submarinefans(Normark, 1978; Stow, 1981).Titesecitaotic turbiditeswere
dispersedby turbidity currents on tite tAelta-front slope. Tite succeeding
tAepositsoverlying the turbidite are coarsening-upwardasid fining-upward
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sandstonescappedby a carbonaceoussitale.Tite coarsening-upward,sitarp-
based,ripple-laminatedto trough-crossbeddedsandstonerepresentsa delta-
frontfaciesofthesubaqueousalluvial-fandelta.Thefining-upward,erosional-
based,trougit-crossbeddedto ripple-laminatedsandstoneis a distributar>’-
citannelfacies of tite subaqueousalluvial-fandelta.Upward shoalingof tite
alluvial-fandeltais indicatedb>’ tite coarsening-upwardsequencecappedby
carbonaceoussitale.

Carbonate-ChertFaciesAssociation

Tite facies continuum antA profile of tite carbonate-chertfacies asid
associateddetrital faciesaresitowninFigures16 and17. Tite faciescontinuum
(Fig. 16) consistsof interbeddedlimestones,citerts, mudstones,siltstones,
andsandstones.Ibelimestones,witicit arecommonlymicritic (microcrystalline
calcite)andbiomicritic (containinggreatertitan 10% bioclastsof fresitwater
gastropodsandostracodes;Figs. 1 SA antA 1 8B), are titin to titick betAded(a
few cm to 0.3 m). Subordinateamountsof tite limestonesarepelmicrite antA
oomicritewidi oncoids(Figs. 18C, 19,antA20).Tite limestonesalsoareeither
partly or wholly replacedby chertandcitalcedon>’asshownin thin sections
(Figs. 18A to lSD). Tite beddedlimestonescontaincitert antA citalcedon>’
nodulesantA lentils parallel to bedding.Ibe citertified, beddedlimestones
interfingerwitit partí>’ or wholly citertified limestonestitat aremoundsitaped
(asthickas 17 mandasmuchas175 m inlateralextent;Fig.21).Tite mound-
sitaped,citertified limestonescontainundulatingalgallaminae(stromatolites;
Figs. lSD and 22) antA oncoids, antA are arrangedas en ecitelon bodies
occurring at titree tiers.Tite lower tier of mound-shapedbodiesinterfingers
witit erosional-based,trougit-crossbeddedsandstonesand are underlainby
interbeddedburrowedsiltstonesantA mudstones.Tite middle tier of mound-
sitapedbodiesisenclosedantA interfingeredwitit beddedmicrite andbiomicrite
limestones,antA burrowedto rippled siltstonesandmudstones.Titesebodies
are underlain by erosional-based,trougit-crossbeddedsandstones,and
burrowedto rippled siltstonesand mudstones.Tite upper tier of mound-
sitapedbodies is mainí>’ enclosedby and interfingered witit micrite and
biomicrite limestones. Ibis complex of mound- sitaped limestone-chert
bodies, micrite antA biomicrite limestones, mudstones, siltstones,antA
sandstonesmergessoutitward into tite FUMSl antA FUMS2 (see Fig. 3).
Similar mound-shaped,partí>’ citertified limestonebodies are observedto
interfingerwitit rudite-dominatedfaciesalongtheeasternmarginof tite Horse
Prairie basin.Tite>’ also occur as an isolated 3-km-long complex along tite
westemmarginof tite HorsePrairiebasin(seeFig. 2).

Tite facies profile of tite mound-sitapedcitertified limestones,micrite
audbiomicrite limestones,antA assoeiatedterrigeneoussedimentsis shownin
Figure 17. Tite lower part of tite facies profile is a terrigeneous-dominated
facies consistingmainí>’ of interbeddedburrowedmudstonesantA rippled to
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Fig. 16.—Faciescontinuumconstructedfrom measuredsectionsin thelower pail of CUMSS
(seeHg. 3). It consistsof limestone,chert, mudstone,siltstoae,andsandstone,asidshowstbe
offset arrangementof the chertified stromatolitebioherms.
Fig. 16.—Panel continuodefaciesconstruidoapartirdeseccionesmedidasenlaparteinferior
de la megasecuencia granocreciente CUMS 5 (ver figura 3). Se compone decaliza,sílex (cbert),
arcilla, limolita y areniscay muestrala disposiciónenoffsetdelos biohermosestromatolíticos
silicificados.

burrowed siltstones, and coarsening-upwardmudstones,siltstones,
andtrough-crossbeddedtorippled sandstones. Tite coarsening-upward deposits
are cidier overlain by basally-erosional, trougit-crossbeddedto rippled,
medium- to coarse-grained sandstones or sitarped-based, rippled, fine- to
medium-grained sandstones. Tite lowermost coarsening-upward tAeposits of
tite facies profile are overlain by titin mound-sitaped,citertified limestone
bodies.Tite lowerpanof theterrigeneous-dominatedfaciescontainstitin- to
titick-beddedcitertifiedmicrite antA biomicrite limestones.Tite upperpartof
tite facies profile is a carbonate-dominatedfacies, witicit consistsof titick,
mound-shapedcitertifiedlimestonebodiesenclosedbymicritic andbiomicritic
limestones.Tite micritic antA biomicritic limestonescontain citert and
citalcedon>’ nodules.

Jnterpretation

Tite faciesassociationof tite carbonate-citertfaciesantA associatedsubor-
dinateterrigeneousfaciesrepresentsprecipitationof chemicalsedimentson
a fresitwaterlate margin. Carbonatebuildup, whicit was initialí>’ in a littoral
environmen, was intermittently encroacitedby a delta front-distributary
citannelcomplexasindicatedby titin packagesofcoarsening-upwarddeposits
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Fig. 18.—Pbotomicrograpbsshowinggastropods(A), ostracodes(B), pelletoids((2), asidalgal
laminae(D) in the chertylimestonesandstromatolitebioherms.CY is chalcedonyandCT is
cbert.

Fig. 18.—Microfotografíasdegasterópodos(A), ostrácodos(B), peletoides(C)y laminaciones
algales(D) enlascalizassilíceasy enlos biohermosestromatoliticos.CY escalcedoniay CT
eschert
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overlainbyerosional-based, trougit-crossbedded torippledsandstones.Titese
coarsening-upwarddepositsservedas abandonedplatformsfor buildupsof
mound-sitaped,stromatolitebioitermsantAmicritic antAbiomicritic limestones
in a littoral setting. Titat tite littoral environmentwas subjectedto sorne
wmnnowing is indicatedby tite pelmicrite antA oolitic-oncolitic limestones.
StromatoliticlimestonesantAbioitermsitavebeendescribedfromlakemargins
by SurdamantA Wolfbauer(1975)antA Riding (1979).Tite upwardbuildupof
carbonatesantA reciprocalepisodictAevelopment(diree tiers) of stromatolite
bioitermsindicatelocallake transgressionsor expansionsandfluctuationsof
lake levels.Expansionof tite lake ma>’ berelatedto combinedabandonment
and local subsidence(due to sedimentautocompaction)of tite subaqueous
alluvial-fan delta sedimentsoutwardof FUMS1 antA FUMS2 alluvial-fan
complex. Titis local late expansionwas sitort term since tite carbonate
buíldupwasterminatedby sedimentsof tite succeedingsubaqueousalluvial-
fan delta (FUMS3 and FUMS4).

Pervasivechertificationoftite stromatolitebiobermsi~ ciiie tn renlacement
diagenesisof tite carbonatesduringand/orafterdeposition.Originalporosity
musthavebeengood in tite bioitermstromatolitesandprobabí>’developed
during deca>’ of tite algaeleavingspongy,porousstructures.Ibe abundance
of volcanic rocks in tite sourceterranesuggeststitat tite primar>’ sourceof
autitigenic silica wasfrom rityolites, andesites,basalts,volcanicglass,antA
tuffs. Silica dissolvedfrom tite volcanicrockswasprobabí>’ transportedby
rivers antA lakecurrentsinto littoral carbonateplatforms.

SUMMARY OF DEPOSITIONAL SETTING

TiteMedicineLodgebetAsin tite MedicineLodgeandHorsePrairiebasins
displa>’ faciesattributesdiat exemplify a freshwaterlake. Tite lake, probabí>’
forinedin anas>’mmetricalprotobasin,wasinfilled by sedimentsin two stages
(Fig. 23): a)early-stageinfilling by fine-graineddeltasandassociatedsitort-
IICdUCU, ~UIi~Ct{UC1IL atIeaht’.s, mit’ u> Iate-stdgc iiiiiiiutg uy cualse-grained

alluvial-fan deltasandfine-grainedsitort-iteadedstreamdeltas.
Tite early stage of infilling representedby the lower interval of tite

MedicineLodge betAs included depositionby east-nortiteastflowing short-
headed,bedloadantAsuspended-loadfluvial-deltaic systemsalongtite steeply
tAippingmarginoftheprotobasin.BetAloadsedimentscomprisetiteframework
fluvial antA distributar>’ citannel sands.Suspended-loadsedimentsmakeup
intraframework overbank-floodplainasid interdistributar>’ muds and silts.
Coalsformedin eutropiticlake-marginmires(interdistributar>’antA abandoned
deltaic lobes)andlacustrinecoastal-plainmires (intercitannelandabandoned
channelridges)of tite fluvial system.Tite lakebasinwasinfilled b>’ nearsitore,
littoral, andoffshoreterrigcncousscdimcntsantAlacustrmnecarbonatestoward
tite gentí>’dippingmarginof tite protobasin.Tite terrigeneoussedimentswere
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river borneantA suspended-loadsedimentstitat bypassedbedloadsediments
of tite fluvial-deltaic citannels. Lake nearsitoreand littoral sandsprobabí>’
werereworkedfrom tAeltaic sediments,witich accompaniedlake expansion
antA fluctuation of lake level. Tite occurrenceof titick carbonatesand
discontinuous,fish scale-bearingsedimentsatteststo titerepeatedwidespread
lake-level fluctuationsantA expansionsas affectedby basinsubsidence.Tite
freshwaterorigin of tite lake, asevidencedby tite presenceof gastropodsand
ostracodesantA 6>3C valuesof die limestonestitrougitout tite stratigrapitic
interval, indicatesinsignificantrole of climate to lakefluctuations.Offsitore
lake sedimentationwasmainí>’ from pelagicfallout antA subordinatel>’from
turbidity or massflows. Ibe dominanceof fine-grainedsedimentsduring the
early stage of infilling perhaps indicates low-lying, tectonical]>’ passive
sourceterranefound west antA soutitwestof tite protobasin.

Tite latestageof infilling representedby tite upperintervalof tite Medicine
Lodge beds is marked by east-nortiteastflowing alluvial-fandeltas antA sitort-
iteaded fluvial-deltaic systems along tite steeply dipping margin of tite
protobasinantA offsitore lake depositiontoward tite gentí>’ tAipping margin.
Tite alluvial-fandeltais divided into subaerial(alluvial-fan)antA subaqueous
(tAelta-front)settings.Ibe subaerialalluvial faniscitaracterizedby aggrading
gravelí>’ antA santA>’ braided streams.Titese east-northeastflowing braided
streams exitibit flasity, higit to low discitarges. Occasional sediment-laden,
debris flows interrupted normal braided-stream deposition in tite proximal
part of tite alluvial fan. Titese mass movements ma>’ itave originated from
nearby tributar>’ streamsor feedercanyonsand triggeredby intense rainfalí
typified in itumid-temperateareas.Depositionon tite subaqueousdeltafront,
witicit is comprised of distributar>’ citannels antA moutit bars, antA prodeltas,
episodicalí>’ was interrupted b>’ turbidity currents antA mass flows. Tite source
of tite alluvial-fan delta system was probably a tectonical]>’ active terrane
citaracterizedby uplifts westandsouthwestof tite protobasin.Along tite same
lacustrine coastal plain,sitort-iteadedfluvial antAdeltaicsystemsdrainedinto
tite lake. Coal-forming deltaic systems along tite lacustrinecoastalplain
developed soutit of die alluvial-fan delta system. Ibe source of titese fluvio-
deltaic systems was presumably a moderatel>’ tectonicalí>’ active terrane. Tite
tectonically uplifted provenance that was tite source fin tite sediments of tite
alluvial-fan delta antA short-iteaded, fluvio-deltaic systems ma>’ itave promoted
microclimatic ram sitadows titat enitanced coal development in tite Medicine
Lodge basin in a generally temperate-humidclimatecondition.

At tite nortitern flank of tite alluvial-fan delta, local buildup of carbonates
marked by development of sfromatolite bioiterms formed in abandoned delta-
front deposits of tite alluvial-fan delta. Carbonate buildup in diese littora¡ and
lake-margin environments was enitanced it>’ lake expansion (local
transgression) antA fluctuating lake levels. Water-borne, volcanic-tAerived
silica partí>’ or witolly replaced porous stromatolite bioiterms probabí>’
penecontemporaneous and/or after deposition.
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Fig. 23.—Diagramsofmodelsshowingshort-headedstreamsandassociateddeltasmid alluvial
fmi-delta system,wbich infilled te protobasinlake during Eocene(7) to Miocene time.
Carbonatesweremainlyprecipitatedindetrital-freelacustrinelittoral andbiohennenvironments.
Depositionduringthelower intervalof theMedicineLodgebedsis representedby modelA and
during te upperintervalby modelB. PCGis Archeangneiss,PC is Proterozoicrocks,andTV
is Tertiary volcmiic rocks.
Fig.23.—Diagramasdemodelosquemuestranlos sistemasdeñosdecabeceracortay los deltas
asociadosy de fmi delta aluvial que rellenaronel lago protocuencaentreeí Eoceno(7) y el
Mioceno. Los carbonatosprecipitaronsobretodo enambienteslacustreslitoralessin detríticos
y enbioherrno.s.El modeloA representael depósitoduranteel intervaloinferior delascapasde
MedicineLodgey eí modelo B duranteel intervalosuperior.PCG: gnesisprecámbricos;PC:
rocasProterozoicas;TV: rocasvolcánicasTerciarias.

In summary, the protobasinof tite Medicine Lodge antA HorsePrairie
basins is a microcosm of terrigeneous, carbonate, and organic depositional
en-vironments, hydrodynamics, source-area tectonism, climate, antA basin
subsidence. Interdependence of titese factors greatly influenced tite lateral
antA vertical variationsof tite sedimentaryfacies. Por diis reason,detailed
study of facies associations (facies continuum antA profiles) is necessary to

~—- 2 -~--

tAocumentthe ful] rangeof sedimentar>’antA tectoniesettings.
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