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ABSTRACT

Geologicalrecordsof marine Gilbert-type deltas, if poorly preserved,
permit multiple reconstructions of the paleogeography.Erosional
unconformitiesat thesetbases,relatedtolateralconfinementof thedeltas,are
oneof the keys to the problem.The numericalmodel dealingwith constant
conditionsindicatesthat(1) ancientlateralconfinementcannotbereconstructed
only from dxc pattern/shapeof the delta-front curves, unlessotherbasinal
conditionshavebeenestimated;(2)thedeltafront turnslandwardsat theearly
stageof theevolutionevenif anyexternalfactorwouldnotchange;(3) steady
risesof relative sea-levelunfavourvertical stackingof multiple setsof the
deltas;and(4) thebasalunconformitiesresultfrom quick falisof relativesea-
level, or from negative,high-gradientseawarddelta-frontvectors.Multiply-
stackedOilbert-typesystemsassociatedwith theunconformitiesandalluvial-
fan depositscan be interpretedto have progradedwithin fan-dissecting
valleys which elongatedalong the maximum-slopedirection of the basin-
margrnarea.
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RESUMEN

Cuandolos registrosgeológicosde deltasmarinosde tipo Gilbert están
mal conservados,permiten múltiples reconstruccionespaleogeográficas.
Unade las clavesdel problemasonlas superficieserosivasenla basedelos
sets, relacionadascon el confinamiento lateral de los deltas. El modelo
numérico que trata condicionesconstantesindica que: (1) el antiguo
confinamientolateral no puedereconstruirsesólo a partir de las curvas de
repartición/morfología,a menosquesehayanestimadootrascondicionesde
lacuenca;(2) el frentedeltaicosevuelvehaciatierraenunafasetempranade
la evolución, incluso si no cambianlos factoresexternos; (3) las subidas
continuadasdel nivel relativo delmarno favorecenel apilamientoverticalde
multiples setsdeltaicos;y (4) lasdiscordanciasbasalessedebenadescensos
rápidosdelnivel relativodelmaro avectoresnegativosdealtogradientehacia
el mardel frentedeltaico.Los sistemasdeapilamientosmúltiplesdesistemas
de tipo Gilbert asociadosa las discordanciasy a los depósitosde abanico
aluvial sepuedeninterpretarcomo el resultadodeprogradacionesdentrode
valles encajadosen el abanico,alargadossegún la dirección de máxima
pendientedel margende cuenca.

Palabrasclave: Modelo numérico, delta tipo Gilbert, confinamiento
lateral, discordanciaerosiva,valle disectorde abanico.

INTRODUCTION

PoorLy-preserved geological records make possible multiple
reconstructionsof paleogeographyandmakeit difficult to choosethe most
reasonableone.The presenípaperoffers acommenton this problemfor the
caseof marineGilbert-typesystems.

The Gilbert-type delta ideally shows a distinct tripartite organization
consistingof topset,foresetandbottomsetanddevelopswherethe sediment
supply has beensufficient to constructthe compositedepositionalprism.
Gilbert-typedeltaswereformerly assumedto developuniquelyin lacustrine
basins,as supportedby the theory of homopycnalflow (Bates, 1953). The
occurrencein marineenvironmentshas,however,beenrecentlydocumented
by many authors(e.g.,Prior, Wiseman& Bryant, 1981; Prior a aL, 1982;
Postma& Roep,1985; Postma,1984;Postma& Cruickshank,1988;Ori &
Roveri, 1987; Colella,De Roer& Nio, 1987; Muto & Blum, 1989; García-
Mondéjar, 1990;Gawthorpe& Colella, 1990).MarineGilbert-type systems
tendto occuras«Gilbert-typefandeltas»(Ethridge& Wescott,1984;Massari
& Colella, 1988) andthus to be very coarse-grained.The densitycontrast
betweentheseawaterandthe inflowing river watercausesthe separationof
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the muddy fraction from the coarse-grainedsedimentsand permits the
developmentof steepmud-poorcoarse-grainedforesets(Colellaa al., 1987).

Undoubtedly,laterally confinedor protectedlow-energysettingsfavour
regularprogradationof theGilbert-typesystemsbecauseof minimalsediment
dispersalby basin processes(Colella a al., 1987; Muto & Rlum, 1989).
Reconstructionof ancientconfinementfrom the poorly-preservedrecordsis
a hard work, however, becausethe confinementcan operate in various
degreesand on different scales.One of the basic questionsis whether the
progradationtook place in openor laterally confinedsituations;anotheris
what was responsiblefor the confinement.

We propose sorne principles of paleogeographicreconstructionsfor
ancientmarineGilbert-typedeltas.Someof the deltasshowclearerosional
unconformitiesattheirbases(Kondo, 1985;Yano, 1986;Colellaeta!.,1987;
Colella, 1988 a; Muto & Blum, 1989;García-Mondéjar.1990;Gawthorpe&
ColeIla, 1990; seealso Ori & Roveri, 1987). In our opinion the erosional
unconformityis relatedtothelateralconfinementandmustbeoneof thekeys
to the paleogeography.

MULTIPLE POSSIBILITIES

For a clearer understandingof the problem, a couple of excellent,
publishedexamplesofancientmarineGilbert-typedeltasareintroducedfrom
the upperPleistocenestrataexposedon te Pacific coastof central Japan
(Figs. 1, 2). Oneis ftom the KunosanFormationin te Udo Hilís (Tsuchi,
1960; Sugiyamaa al., 1982; Kondo, 1985); the other from te Kouzu and
overlyingFudonsanConglomeratesin theOisoHilís (Yano, 1986).The ages
of te were estimatedto be 0.5-0.1 Myr BP for the Negoya Formation
underlying the Kunosan Formation, 0.5-0.3 Myr BP for the Kouzu
Conglomerateaud0.3-0.1Myr BP for theFudousanConglomerate(Okada,
1989).Ibesebilis arelocatedcloseto theconvergentboundarybetweenthe
PhilippinesSeaandEurasianplates.Active neotectonicsrelatedto theplate
movementsare implied from landward dipping of te Pleistocenebeds
(northwestwardsin theUdo Hilís, northwardsin theQisoHuís) (e.g. Tsuchi,
1984). However, paleomagneticevidenceindicatestat the Udo and Oiso
areashavenot undergonesignificant horizontal rotation since 0.6 Myr BP
(Kitazatoa al., 1981; Koyama& Kitazato, 1989).

TheKunosanFormationas well as te NegoyaFonnationandthe Kouzu
andFudousanConglomeratesconsistof (i) asingleormultiple setsof steeply
inclined(over200)pebbleto boulderbedswith averycoarsesandymatrix and
subhorizontalbeds(or erosionalsurfaces;seebelow) at the topand/orbase,
and(ji) gently inclinedrnudstoneor alternatingbedsof gravelandsilt, which
yield molluscs and benthic foraminifers indicative of shallow marine
environmentsand contain slump deposits. Ihe maximum thickness of
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E Gmlbert type delta (upper Pleistocene)
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F: Fudausan Conglomerate
Kz: Kouzu Conglomerate

Fig 1 .—Two examplesof marine Gilbert-type systemsof upperPleistoceneage.A. TheUdo
Huís andthe RecentAbegawatan-delta (simplified from Kondo, 1985). B. TheOiso Huísand
the RecentSakawagawatan-delta(adaptedfrom Yano, 1986).Note that the ajeasuredforeset-
orientationssignifieantly differ from thegeneraltrendsof the Recentfan deltas.
Fig. 1.—Dosejemplosdesistemasmarinosde tipoGilbert deedadPleistocenoSuperior.A. Las
Udo Huísy el fandeltarecientedeAbegawa(simplificadodeKondo, 1985). B. El OjeoHilis
y el tandeltarecientedeSakawagawa(adaptadodeYano, 1986).Obsérvesequelas medidasde
orientacionesdeforescídifieren considerablementedelas tendenciasgeneralesdelosfandeltas
recientes.

individual setsis 100 m for the KunosanFormation,35-65m for IheNegoya
Formation,350m for the Kouzu Conglomerate,and260m br theFudousan
Conglomerate.Ihe dimensions,geometryand facies strongly suggesta
marineGilbert-typesystemandassociatedprodelta(seeKondo,1985;Yano,
1986 for detaileddescriptionsandinterpretations).Thosedeltas,exceptthe
Negoya system, differ sharply from «classical»Gilbert-type deltas first
describedby Gilbert (1885),asto thecharacterof thesetbases(Fig. 2).Tsuchi
(1960)audKondo (1985)notedíhat theboundarybetweenthe Kunosanand
NegoyaFormationsis an erosionalunconformity descendingeastwardsor
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Fig. 2.—Schematiccolumnar sectionsof ffie Udo Hilís (simplified from Kondo, 1985) and be
Oiso Hilis (simplified from Yano, 1986). Ages afterOkada(1989).
Fig. 2.—Colurnnasesquemáticasdelas UdoHuís (simplificadodeKondo,1985) y de las Oiso
Hilís (simplificadode Yano, 1986). Edades segúnOkada(1989).

northeastwards.Yano (1986) empbasizedthe presenceof erosional
unconformitiesbetweentheFudousanandKouzuConglomeratesandbetween
the Kouzu Conglomnerateand the underlying rocks including Miocene
tuffaceousdeposits.1-Iowever,tboseauthorsgayeno explanationtotheorigin
of the unconformitiesandtheir paleogeographicsignificances.

The ancestralAbegawaRiver wasresponsibleto the constructionof the
KunosanGilbert-typesystem,assupportedby petrographicevidence(Tsuchi,
1960; Sugiyamaet al.,1982).The measuredorientationsof the foresetsare
uniquely the northeastward(Fig. 1 A). Tsuchi (1960) aud Kondo (1985)
interpretedthat the ancientsystemhadan opengeometrywhich expanded
southeasterlyastbe RecentAbegawafan-deltadid, andthatonly asmallpafl
in tbe easthas beenpreserved.

A similar reconstructionwas adopted for the Kouzu and Fudousan
Gilbert-type systems(Yano, 1986). The observedforesetsdip eastwards
(Fudousan)audgenerallynortheastwards(Kouzu), whereasthe Recentfan-
deltamainly fedby theSakawagawaRiver elongatessoutheastwards(Fig. 1
B). Yano (1986) interpreted that the geologicalrecords representeastem
small partsof the openfan-deltasspreadingsoutherly.

The aboyereconstructionslook certainly possible.However, Ihe poor
preservationdoesnot exclude alternativepaleogeography,and thereis no
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logicalnecessityof adoptingtheexistinginterpretation.Thepresenceof basal
erosionalunconformities implies that the Gilbert-type systemsprograded
along a morpbologicdepressioncausedby valley entrenchment,1. e. under
somelateral confinement.Actually, Muto & Blum (1989) reponedthose
occurring within dissecting-valleysof coastalfaus (sensuMuto, 1989; cf.
Nemec & Steel, 1988). ColelIa et al., (1987)also recognizedan erosional
unconformity betweentwo superimposedGilbert-type systems,although it
can hardly be imagined from Colella’s (1988 b) drawing for the inferred
depositionalsetting(seeherFig. 14).

Consequently,multiple reconstructionsarepossiblefor the aboyecases.
At least threepossibilitiescanbe imagined (Fig. 3). One possibility is of
«openfan-deltas»,where no or insignificant lateralconfinementoperates
upon the deltaic sedimentationandthe deltagrowsquasi-isotropically.The
river streamsemergingfrom the feeder-canyonmouthcanhavearadiation
angleof 1800.Thepreservedforesetsdo notrepresentthegeneraltrendof te
progradation.Thepaleogeographyproposedby Tsuchi(1960),Kondo(1985)
andYano (1986) falís underthis caíegory.

A secondpossibilityis of «basin-confiningdeltas(or fan-deltaslfr,wbere
the basin configurationstrongly restricts the lateralor radial expansionof
Gilbert-type systems.The foreset orientations indicate the trends of the
elongatebasins.This possibility is bestillustrated by fjord deltas(e.g.Prior
& Bomhold,1988).However.small deltasoccurringin relativelywide fjords
maybelaterally unconfined(e.g.Postma& Cruickshank,1988); suchdeltas
will ratherillustratethefirst possibility.Thereexistsaspectrumof numerous
intermediatesbetweenthe first andsecondpossibilities.

A third possibilityis of «channel-confiningdeltas(or fan-deltas)»,where
the deltas are confinedto channeisentrenchedinto the coastal-fanand/or
relateddeposits.Ib thesystemoccursin fan-deltasettings,thechannelismost
likely tobethe «fan valley» ob Muto (1987), a fan-dissectingchannelbeing
connectedwith the feeder canyon ob the coastal-fansystem. The early
PleistoceneOgasayamaFormationin centralJapanillustratesthis possibility
(Muto & Blum, 1989). Measuredorientationsof the boresetsrepresentte
trendof the channel.Becausethe dissectionof te fan takesplace by the
feeding river with relative sea-leve]]owering, the fan valley trends in te
maximum-slopedirection of the coastalregion (Muto, 1989).

Ihe geologicalrecordspreservedin te Udo andOisoHilís do notdenythe
secondandthird possibilities,which ratherare convenientfor interpretingthe
erosionalunconformities.Wewould statethat the ancientsystemscompletely
differ from theRecentonesin termsob te topographicconditions.Theancient
channelsor basementwalls must have trendednortheastwards(Kunosan,
Kouzu) or eastwards(Fudousan),suggestingthat te two coastalregionswere
affectedby westward-tilting events after te deposition(cf Muto, 1989).
Stackeddeltasin te Negoyasystemmayunfavourthethird possibilitybecause
no erosionalunconformityhasbeenrecognizedat te setbases(Hg. 2).
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Fig. 3.—Threepossibilitiesof reconstrucmionsofmarine(iilbert-typesystemsfrom thepoorly-
preservedgeologicalrecords.

Fig. 3—Tresposibilidadesdereconstruccióndesistemasmarinosdetipo Oilbert apartir de
registrosgeológicosmal conservados.

NUMERICAL MODEL

Oneof the reasonswhy the multiple reconstructionsareallowed is that
therehas beenno establishedframeworkfor te paleogeography.Here we
proposea numericalmodelof marineGilbert-typesystemsand,basedon it,
discusspreferablereconstructionslater.

The Gilbert-typedeltahas a clearslope-breakat the «deltafront». This
term usually designateste zane which includes the shoreline aud te
seaward-dippingprofile whichextendsobfshore(e.g. ElIiot, 1986).However,
thepresentpaperdefinesit as the line (point in acrosssection)ob thetopset/
boresetorsubaerial/subaqueousboundary(Fig. 4).Thecharacteristicgeometry
makes it easy to create a numerical model of Gilbert-type deltas. The
bottomsetbedsusuallyoccupyonly a small panof the entiredelta; in fact,
somearecompletelyabsentin the proximal area(e. g. Colella et al.,1987;
Muto& Blum, 1989;Gawthorpe& Colella, 1990).Ignoringte bottomsetbor
simplification,anapproximatevolume obthedeltacanbedescribedusingthe
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y

*
Fig. 4.—Oeornetricalparametersof Gilbert-typedeltasassumedin thepresentpaper.A. Plan
vlew. B. Longitudinal profile.

Fig. 4.—Parámetrosgeométricosde los deltasde tipo Gilbert, asumidosen estetrabajo. A.
Planta.B. Perfil longitudinal.

delta-front’scoordinates(X,Y) in averticalx-y planeparallelto adirectionof
the progradation(Fig. 4).

Assuminga Gilbert-typedeltabed through a single narrowcanyon,the
solid S shownby Fig. 5, apartobcone(ConeA - D Dii”), approximatesthe
deltabody. Its volume(5) canbecalculatedwith theformula [5 C

2 - C1 -

-4- C3] debinedin Fig. 5. C1, C2, C1 andC4 aregiven by:

o
C~= .2-~x

3 tan ~>< (1)
3 360

It o
<~2=~ X’2(Xtan~+Y+X’tan4flx— (2)

3 360

It
(23= ~)(3 tanax — (3)

3 360

It o
C, —~— X’3 tan cL (4)

respectively;where~ Q) is radiationangleof the deltaat the beeder-canyon
mouth(0<0=1800),a (0) istopsetinclination, j3 (0) isboresetinclinationand

FEEDER
SEDNENT INPUT

(rafe O)

FORESET SLOPE

V: Rato of relative sea-level rise
t: Time

A B
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Volume of Salid [BC’C”-OD’D’]= 5

Cone [A-CC’0”]

Cone [A-DDD”]

Gane [B-CVC’]

Cone [O-DD’D]

5 = 02-CI--C4+Cs

DELTA BODY

Fig. 5.—Estimationof an approximatevolume of a Gilbert-typedelta fed througha single
narrowcanyon.P(X,Y) andP’(X’,Y’) indicatethe spatialcoordinatesof thedeltafrontandtoe,
respectively.Thesolid S constitutesapanof acone(ConeA-DD’D”) thevolumeof whichis
givenby the formulashownin thefigure.

Fig. 5.—Estimacióndelvolumenaproximadodeun fandeltade tipo Gilbertalimentadoporun
cañónestrechosimple.P(X,Y) y P’(X’,Y’) indicanlascoordenadasespacialesdel frentedeltaico
y elpie respectivamente.El sólido S constituyeunapartedeun cono(ConoA.DD’D”) cuyo
volumenlo dala fórmulamostradaenla figura.

4) (0) is basal-slopeinclination (Fig. 4). 0 canbe ausefulindexof the lateral

conñnement;O for te openfan-deltasrangesup to 1800.
X’ representsthex-coordinateof thedelta’stoe,i. e.thebaseob theforeset

slope,audcanbe expressedwitb X andY:

~= Xtan¡3+Y
tan I~ — tanCD

Therefore,

S = 0~-0~ - 04+03

itO

1080

(5)

X (tanA—tana)

X tancC

y

X tan~

=Ci

=02

=c3
=04

‘o”

Y.)

X’
2 {(X tan b + Y) — X3 (tan [3—tana)}
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1080

(Y + X tan [3)3

<(tan <3 — tan 0)2 — X
3 (tan [3— tan a) (6)

Assumingthat sedimentinput D perunit timeis constantandtbat alí the
sedimentssuppliedare to contribute to the growth of the delta, the total
sedimentsupply,or the sedimentvolume (S),al tbetime¿t aftertheinitiation
of tbeprogradationis given by:

S =Dt (7)

If the basinis subsidingat a uniform rateof y,

Y = u t (Y = O at t = O) (8)

becausetheY-coordinateequalsto the relativesea-level.Equations(6) and
(7) canbe combinedwithout using t:

DY

y 1080

(Y + X tan <3)3

(tan [3— tan
—~Q (tan [3—tana)

This is rewritten as:

aX3 + 3b2X2Y -i- 3bXY2 + U - cY = O

wbere

a = (2tan[3 - tanQ)tan[3 tanCD + tana(tan[3 - tan’D Y

b= man[3

c = 10800 (tan[3 - tancDVI (it 0v)

(10)

(11)

(12)

(13)(u tú)

Equation (10), tbe delta-front’s coardinate equation,provides tbe
logical baseof discussionin thepresentpaper.Thisequationdoesnotexplain
the origin of individual lobesconstitutinga deltabut the generaldimensions
andgeometryof the wholebody of the delta.

Substitutingzerointo X in thecoordinateequation,wefind that thereexist
two solutionsforY; je. Y=O and y=VE ThisimpliestbatXhasamaximaí
value,or that thedeltafront turnslandwardsal sometimeandbinallyauaches
with the feeder-canyonmouth.We can confirm tbeseas follows:

(9)
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Dibferentiatingthe coordinateequationwith respectto X,

dY
3ay2+ 6b2XY + 3b2X2 ( —) + 3bY2 + 6bXY

dX

dY

dY
(—) + 3~2

dX

3(aX2 + 2b2XY + bY2)

Y

c — 3 (bX + Y)2

Y

(15)

X hastbe maximal valuewhendY/dX = oc, or whenthe denominatorof the
right becorneszero. Assuming

e - 3 (bX + y)2 = o (16)

thecoordinateequationis rewritten as:

aX3 - 3bXY2 - 2Y3 = O (17)

a - 3b(—)2 - 2 (~~~)3 = O

x x
we finally get:

2k3 + 3bk2 - a = O

(18)

(19)

where k = Y/X (X becomesthe maximum when Y = k X). This equation
alwayshas a singlepositivesolution for k,

The maximumof X andcorresponding

k+b

k+b

which is lessthanb/2 (Fig. 6).
YXmax and txmax aregiven by:

(20)

(21)

kVc/3
(22)

y (k + b)

Thesevaluesdo not dependupon D, y andO . The time tal at which the
attachmenttakesplaceis givenby:

VVY
lnax =

y y

dY
(—)
dX

dY

dX

(14)

Xmax =Y =

Xm,x

Xnaax

(23)
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f<k> ¡ f(k) = 2I<~ + 3bk2 - a

b3-a
= b3- a
= (tanft—tan«) (tanp- tant)2
>0 (»‘<.P>t’)

k-b f(b/2) = f(-b)

positive solution of «k)=0

Fig. 6.—The curveof f(k) = 2k3+ 3*’ - a. Notethat therealwaysexistsasinglepositivesolution
fork in eq.(19) and it is less thanb/2.

Hg.6——curvadef(k) = 2k’+3k’ - a.Obsérvesequesiempreexisteunasoluciónsimplepositiva

parak en la eq. (19)y queesmenordeb/2.

when t,, the deltaloses its topsetpart; suchdeltasareno longerregardedas
“Gilbert-type”. Period of the delta-front’s progressionrelative to the life
periodof the delta,Tpr

0~ is given by:

1 k
T =—=—-=- (—) (24>

pro t ‘h k+b
al

T is a monotoneincreasingfunction of k (k> 0). Substitutingb/2for k
pro

in eq. (24),

1
T =0.19245... (24)

pro

Therefore,the delta-front’sprogressionis possibleonly during the early
short time(lessthan20%) of tbe delta’sevolution(Hg. lA). The “turning”
obthedeltafronttakesplaceevenif thesteadyconditionswouldbemaintained,
ornoexternalfactorwouldchange;while tbedeltatoeonly makesprogression
(Fig. 7 E).

Tbepredictionthat thedeltafront beginsto retrogradeat sornetime does
notcoincidewith our empirical “fact”. Gilbert-typedeltaswith longitudinal
profiles such as drawn in Fig. 7 E have never been reponedfrom the
stratigraphicrecords(seeColellaet al., 1987;Postma& Cruickshank,1988;
Muto & Blum, 1989;Bardajíetal., 1990;García-Mondéjar,1990),implying
that the natural delta-fronts do not retrogradebut only prograde or are
reworked.I{owever, thediscordancebetweenthepredictionaudthe“fact” is
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A

Xmax = k+b

Ymax = 3

Yxmax = k,/alak+b
x

B

• Delta front

—fi. x

Fig. 7. A.—Delta-frontcurvefor aGilbert-typedeltaevolvingundersteady/constantconditions
(y >0). B. Longitudinalprofiles(outlines)ofthedeltadrawnatconstanttimeintervais.Notethat
theprogression(seawardmigration)of thedeltafrontisreplacedby theretrogression(landward
migration)in theearly stage(txm,$ of theentire life periodof the delta

Ng. 7. A—Curvadefrentedeltaicoparaun deltadetipo Gilberqueevolucionaencondiciones
constai~tesy continuas(y > 0). B. Perfiles longitudinales(contornos)del delta dibujadasa
intervalosdetiempoconstantes.Obsérvesequela progresión(migraciónhaciaelmar)del frente
deltaicoesreemplazadaporlaretrogresión(migraciónhaciatierra)enel estadotemprano(t,<,,,,)
delperiodocompletode vida del delta(txma,).

quite probablebecauseob our highly idealizedassumptionsthat y, D, ci, <3,

0, and O do not change during the entire life period of the delta. Ihe

Y
‘<ron

o
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discordancesuggeststhat (i) the initial, steadyconditionsareunlikely to be
maintainedinnaturalGilbert-typedeltas;(u) themodifiedconditionsintercept
the «ideal»evolution; and (iii), even ib the delta has accomplishedit, the
subsequentexternal/erosionalprocessesdo not permit the depositsto be
preservedin the stratigraphicrecords.

Oneof themostprobableorigins of the discordanceis temporalchanges
of y. Increasesin y are equivalentwith decreasesin D, andvice-versa(see
eq. 13). Ihe coordinateequationis still usefuleveniby is a functionof time,
because:

= ~ v(t) dt (26)

We belowdiscusshow the lateralconbinement,whencombinedwith v(t),
controistheevolutionof thedeltas,andhowtheerosionalunconformitiesare
generated.

PALEOGEOGRAPHICIMPLICATIONS

If v(t) is kept constant,the vertical and longitudinal dimensionsof the
deltasareinverselyproportionalto the squareroot ob O (eqs.20, 21 and22).
Porexample,Xat O= 10’> aretwiceaslargeasat O= 400 (Fig. 8).Thedelta-
front curves for differenf fl shnw Thjs nlearc tljnt
unlessothervariablesincluding y(t) and1) havebeenestimated,O cannotbe
reconstructedonly fromthe pattemor shapeof observeddelta-front’scurves.

Thebasinwateratt = t~ is much deepertbanat t = O to txm~ (Fig. 7 E).
The secondcycle of the delta growth can neverbegin as bar as the steady
conditionsarebeing keptaudwould requirea substantialdecreaseof y

or increaseof D. In fact,multiply-stackedGilbert-typedeltasusuallypresent
erosionalunconformitiesat their set boundarieswhich clearly indicatesome
episodiceventsdisturbingte steadystate.

Figure9 showsanideal exampleof aseriesof delta-frontcurvescalculated
for O andv(t) wlúch is deereasingaudgettingcloseto zero.Threepattemsare
distinguished:(i) for largeO ( =180’>), theinitial progressionisfollowedby the
retrogressionandfmally causesthe attachmentwith the feeder-canyonmouth;
(u) for intermediate0, the initial progressionis followed by theretrogression
which, in turn, is replacedby the secondprogression;(iii) for small O, no
retrogressiontakesplace.Thefirst pattemindicatesthat thelateraldispersionof
the-sedimentsforbidste delta lo develiopuntil the relativesea-levelrise is
sufficiently decelerated.lii the secondandthird patternsthe poor dispersion
helpsthedeltato bearte fastriseof relativesea-levelin theearlystage,sothat
te deltafront canmove seawardsasfar as te systemexists.However,rateof
the progradationgraduallydecreasesbecauseof the spatialdeepeningof the
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A
V: constant

t

Pig. 8. A—tuneof givenv(t), whichdoesnot changethroughtime. Otherconditionsarealso
kept constant.B. Cornputer-drawingof consequentdelta-frontcurvescalculatedfor every10
degreesof 0(1800 to 100).Notethat thecurvesshowageometricalsimilarity with eachother.
Fig. 8. A—Curva deun v(t) dado,queno cambiacon el tiempo. Las demáscondicionesse
mantienenconstantes.E. Dibujo de ordenadorde las cunasconsecuentesde frentedeltaico
calculadasparacada10’> de 0(180’> a10’>). Obsérvesequelascurvasson muy similares.

basin due to given 4). Certainly the lateral confinementis advantageousto
regularandsteadyprogradationof thedelta.

Figure 10 showsanotherideal exampleof a seriesof delta-front curves
calculatedfor O andv(t) which changesperiodically (y > O). The resulting
curvesoscillatehorizontally.Becauseof thetemporalandspatialdeepening

y

o

y

o

B

x
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A

a t

B

Y

o
Fxg. 9 A—Curve of given dt), which gm-adually decreasesjod gel> dosXo ‘ero Olber
conditionsarekeptconstant.B. Computer-drawingof consequentdelta-frontcurves.O. where
not indicated, is given every 10 degrees.Note tbat small O favours regular and steady
proeradationof the delta,
Fig. 9. A.—Curvadeun vft), dadoquedisminuyeprogresivamentey sehacepróximoa cero.
Las demáscondicionesse maiflienen constx3tes.E. Dibujo de ordenadorde las curvas
consecuentesdefrentedeltaico.Cuandono seindicanadaencontra,los valoresdeO soncada
10’>. ObsénesequelosvalorespequeñosdeO favorecenla progradaciónregulary constantedel
delta.

V: decreasing to zero
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of thebasin;(i) the delta-fronts’ progressionis limited for every O; (u) the
attachmentwith thefeeder-canyonmouthoccurs
gradually becomeless apparent;(iv) variations

y
V: oscillating

finally; (iii) theoscillations
due to different O become

A

t

Fig. 10. A.—Cw~veofgiven vQ), whichoscillatesperiodically(y =0).Otherconditionsarekept
constant.B. Computer-drawingof consequentdelta-frontcunescalculatedfor every10degrees
of 0.

Fig. 10. A—Cunade un v(t), dadoqueoscilaperiodicamente(y =0).Lasdemáscondiciones
semantienenconstantes.B. Dibujo deordenadordelascunasconsecuentesdefrentedeltaico
calculadasparacada10’> de0.

o

Y

o
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unclear;aud (y) the generalpattemis analogouswith the curvesfor perfectly
steadyconditions(Fig. 8). In this exampletheGilbert-typesystemsbasically
consistof singlesetsaudwill tuve no erosionalunconformities,becausethe
given dimensionof the oscillationsis bar smallerthanXma,

Multiply-stackedsets would needsucbsudden,substantialchangesof y
as to tumdelta-frontvectorsquickly. Magnitudeanddirectionof thevector
aredefinedas:

‘/ (dX/dt)2 + (dYldt)2 (27)

(dX’dt, dY/dt) (28)

respectively.Wbengradientof tbe delta-frontvector(dY/dX) becornessma-
ller than-tan a andlargerthan-tan <3 ( a < [3 , for Gilbert-typesystems),i.e.

dY
—tan <3<— <-tana (29)

dX

the Gilber-type systemundergoeserosionor modification of the geometry
(Hg. 11). If the deltafrontis moving landwards(dX/ dt < 0, dY/dt> 0). the
youngpafl of theforesetbedsmustbereworkedandsubsequentlyredeposited
overthe topsetslope(Fig. 11 A). However,this is absoluíelyimpossibleand
ascribedto the assumptionthatthetwo-slopegeometryrepresentedby aaud
<3is alwaysmaintained,or thatgrain-sizedistribution,delta-basindynamics
andriverdischargeremainconstant.In otherwords,thedelta-frontmovements
predictedby the coordinateequationdo not coincide with what happens
actually.Probably,thepresentdelta-frontisabandonedwhile thenew delta-
front occurs upslope. The systemwiIl begin to develop the four-slope
geometryconsistingof activetopset-foresetslopeson the upslope sideand
inactive ones on the downslope side. When the marine transgressionis
followed by substantialdecelerationof y, anew setof Gilbert-typedeltawill
progradejust aboye the older one. The transgressionmay causemarine
erosionof theolderdeltas;theboundaryof thetwo superimposedsetsmaybe
unconformable.The unconformitywould nothavelargedimensionsaudnot
beassociatedwithsignificant/deepdenudation,becausetheerosionalprocesses
are lin-iited to the shorefacezones.

Themarinetransgressionfollowedby subsequentdecreasingof y audtbe
resulting sedimentaryeventsareactuallypossible(i) with eustaticsea-level
fluctuations,and/or (ji) when initial high-magnitudeincrementof dip-slip
fault motion is followed by creepin srnall increments(Fig. 9 A for a single
cycle).ThesecondscenarioisnearlythesameasColella’s (1988a)Castoviilari
Model which aims to explain sorne Gilbert-type fan-deltas in the PIjo-
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A

dVdX <-tana
dX
dt

• DEM.UED OR
ACORETED
SED~~NTS(S,. S~>

• DELTA FRONT

DELTA -FRONT
VECTOR

B

-tan> < dV <-tan~

dX >0

a

Fig. II .-----Delta-front vectorsandcorrespondinggeometricalmodificationssuggestedby the
numericalmodel.A. Delta-frontvector dueto a quick risc of relativesea-level.The vector
orientatesthe landward and has a negative,small gradient.Assuming that the two-slope
geometryrepresentedby aandb, is maintained,thesedimentsarerequiredte removefrom the
foresets(5,),the topographicallylow place,tethetopsets(5 ) thetopographicallyhighplace.
B. Delta-frontvectorduete aquickfalí of relativesea-level.1’he vectororientatestheseaward
andhasanegative,largegradient.The sedimentsarerequiredte removefrom thetopsets(Si)
to thebottomsets(5 ) For te two-slopegeometryte bemaintained,however,thedenudation
must takeplaceuniÉámíy overthe topsetslopeat any moment.

Fig. 11.—Vectoresdefrentedeltaicoy modificacionesgeométricascorrespondientessugeridas
porel modelomatemático.A. Vectorde frentedeltaicodebidoa unasubidarápidadel nivel
relativo del mar. El vector se orientahaciatierra y tiene un gradientenegativoy pequeño.
Asumiendoquesemantienela geometríadedospendientesrepresentadaporay b, serequiere
quese remuevasedimentode los foresets(Si), eí lugar geométricamentemásbajohacia los
topses(~2)’ quesonlaspartesmásaltastopográficamente.B. Vectordel frentedeltaicodebido
aunabajadarápidadel nivel relativodel mar.El vectorseorientahaciael mary tieneunvalor
negativoy grande.Se requiereque los sedimentosse remuevande los topsets (Si> a los
bottomsets(5 ) Sin embargo,paraquese mantengala geometríadedospendientes,se debe
producirunaáenudaciónuniformeen la pendientedel topset.
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PleistoceneCrati Basin,southernItaly. However,thetemporaldeepeningof
thebasinrestrictstheseawardmigrationof thedeltafronts; theyoungerdeltas
canhardlyprogradebeyondtheXmn oftheolderdeltas.To settlethisproblem,
Colella(1988a) assumedthat thebottomsetsand/ornon-deltaicfine-grained
sedimentswerethickly accumulatedas well as the topsetsandforesets(see
her Fig. 4).

Gawthorpe& Colella (1990) found multiply-stackeddelta sequences
with erosional truncations, frorn the Plio-PleistoceneKerinitis fan-delta
systemexposedin thefootwall of the activefault boundingthe southside of
the Gulf of Corinth. They notedthat theprogradationonto the hangingwall
is lirnited; and, referringthe parallel studieson alluvial architectures(e. g.
Bridge & Leeder, 1979), ascribedit to the tectonic tilt vectors (see also
Leeder& Alexander,1987).Even ib suchvectorsdo not operate,however,
we can expect the limitation of the deltas’ progradation,as discussed
aboye.

As bar asdY/dt> O (y > O), no majorunconforniity canoccur.Conversely,
when dX/dt> O anddY/dt < O (y < 0), thecoordinateequationpredictsthat te
upperpart of the topsetsis erodedout by the feeding-river’s processesand
redepositedon theforesetslope(Fig. 11 B). Ris eventseemspossiblewhente
retativeriseof sealevel is replacedby thefalí, andwill appearasanunconformity
in the stratigraphicrecordsib preserved.However, it is difficult to imaginethat
te erosionalprocessesprevailuniformly overte topsetslopeat anymoment.
Instead, they are likely to be restrictedto sornenarrowplace(s)andthus cut
valley(s) into te topsetslope(Muto, 1987, 1988).Re presenttopsetsiopeis
surelyabandonedbecausethe suppliedsedimentsjust passthroughte major
dissectingvalley (fan valley) to be accumulatedon the foresetslope.Re new
deltabody beginsto developfrom te valley’s mouth; thusthesysternwill have
the four-slope geometry consisting of inactive topset-foresetslopeson the
upslopeside andactive oneson te downslopeside.This also representste
discordancebetweenthepredictionsby te modelaudte real systems.When
te relativesea-levelbalI is followed by te rise,a newsetof Gilbert-type delta
will DroQradewithin the vallev (Muto & Blum 1989).

The basal unconformities of the Kunosan. Kouzu and Fudousan
Gilbert-type systems imply quick sea-level falis and subsequentrises
perhaps due to Quaternaryeustatic changes combined with regional
tectonicmovements.It is uncertainif te Negoyasysternexperiencedrelative
sea-levelfalís, becausegeometryof the set boundarieswithin te systemis
unclearyet.

CONCLUSIONS

1. When marine Gilbert-type deltas are recognizedfrom the poorly-
preservedgeologicalrecords,at Ieastthreepossibilitiesshouldbeexamined
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for their paleogeography:i.e., open systems,basin-confiningsystemsaud
channel-confiningsystems.

2. The radiation angle, or the lateral-confinementangle, of the delta
cannotbeinferredonly frorn thepattern/shapeof observeddelta-frontcurves,
unlessotherfactorsincludingrelativesea-levelchangesandsedimentsupply
havebeenestimated.

3. Thereexistsa limitation of seawardmigrationof the deltafront as bar
as the relative sea-level continues to risc. Ihe delta front tends to tum
landwards at some time even ib any external factor would not change.
However, naturaldeltas look notto retrograde.Modifications of the initial
conditionsdueto extemalfactorsmay accountfor the discordancebetween
the numericalmodel audthe empirical«fact».

4. Constantconditions can never contribute to multiple stacking of
marineGilbert-typedeltas,which requiressuddenandsubstantialchangesof
the rate of relative sea-levelfluctuations.The basalerosionalunconformity
canresalífrom a quick falí of relative sea-level,or anegative,high-gradient
delta-fronívectororientatingtheseaward.If thesea-levelisloweringslowly,
theunconformitywill notbegenerated.Multiply-stackedGilbert-typesystems
associatedwith such unconformities and alluvial-fan depositsprobably
representthe«channel-confiningsystems».Ihosechannelsarethemajorfan-
dissecting valleys elongating along the maximum-slopedirectionsof the
basin-marginareas.

5. The numerical model, which assumeshighly idealized conditions,
providesa logical baseof reconstructionof the paleogeography.External
factorscontrollingnaturalGilbert-typedeltaswill bebetterunderstoodwhen
comparedwith the «ideal» deltas.
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