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SANDSTONE-BODY SIRUCTURE AND RIVER
PROCESSIN TFIE EBRO BASIN

OF ARAGON, SPAIN

PAR
P. F. FRIEND ~, 1. P. P. HíRsr** and G. 3. Nicuoi~s

SUMMARY

The Miocene fluvial sediments of the Aragon part of the Ebro
basin, northern Spain, provide remarkable exposuresof sandstone
bodies.Three different types of sandstonebodies can be distinguished
in terms of the form of their externalmorphology: ribbons, sheetsand
amalgamatedcomplexes.Ihe internal structuresof the ribbon sand-
stonebodiesshow that theyresultedfrom at leastonechannelincision
event, followed by the plugging of the channel, sometimesachieved
only after a whole seriesof incísion and plugging cycles. In contrast,
the sheetsandstonebodies may haveresultedfrom eitherchannelisedor
unchannejisedf]ow. Wherechanneiswere involved, they slrnw evidence
of migration by lateral bank erosion, either involving a single phase
of progressivemigration, or involving complexreworking of íhe earlier
phasesof channel deposits.Amalgamationoccurredwhen the erosion
that precededribbon or sheetsandstonedepositioncut into an earlier
sandstonebody. Whenthis createda complexgeometry,we distinguish
a separatetype.

Ribbon bodies will tend to result from eptemeral river f]ow or
periodic uplift of the alluvial surface.Amalgamationwill tend to result
from changesof hydrology, local alluvial uplift or tectonic tilting,
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RESUMEN

Los sedimentosfluviales del Mioceno de la zona aragonesade la
cuencadel Ebro (Fig. 1), presentanafloramientos excepcionalespara
el estudiode los cuerpos arenosos.Según la morjología externa(Fi-
guras 2-4), se puedendistinguir tres tipos diferentes: «ribbons» (cuer-
pos alargados),mantos («sheets»)(Figs. 2-3), y complejos amalgama-
dos (Fig. 4).

La estructura interna de los cuerpos arenososde tipo «ribbou»
(Figs. 5-6) indica que son el resultado de, al menos,un episodio de
encajamientodel canal,al que sigue un episodiode taponamientodel
mismo, a lo cual se llega a veces tras una seriede ciclos y encajona-
miento y taponamiento.Por el contrario, los mantosarenosos(sheet
sandstonebodies) (Fig. 7) son el resultado tanto de corrientes cana-
lizadas como no canalizadas.Cuandoexisten canales,éstospresentan
signos evidentesde una migración por erosión lateral de las orillas.
Este procesose puedeproducir tanto en una fase única de migración
progresiva, como tras un complejo retrabajamientode los depósitos
de canalesde las fasesanteriores.Se producencomplejosamalgamados
(Fig. 8) cuandola erosiónque precedea la sedimentacióndel «ribbon»
o del manto (sheet), profundiza hasta un cuerpo arenoso anterior.
Cuando este proceso crea una geometríacompleja, distinguimos en-
toncesun tipo de cuerpo diferenciadode los otros dos.

Los cuerpos tipo «ribbon» son normalmente el resultado de co-
rrientesfluviales efímeraso de elevacionesperiódicas de la superficie
aluvial. Los complejosamalgamadossonnormalmenteel resultadode

cambios de hidrología, elevacionesaluviales locales o bien bascula-
mientos tectónicos.

1. INTRODUCTION

The CenozoicEbro and south Pyreneanbasins,of northern Spain,
have becomeclassicareasof the world for invcstigating alluvial sedí-
mentation.

Many alluvial formations are differentiated into discretebodies of
coarse-grainedsedimcnts,decimetres to several metres in thickness
and teus or hundredsof mctres-wide,that are surroundedby a matrix
of alluvial mudrock (siltstone and elaystone).In the semi-arid climate
of the Ebro basin, becauseof the lack of thick vegetationand soil
cover, these bodies weather out aud erode preferentially frorn the
mudrock, so that unusuallycompletegeometrical information is aval-
lable at outerop. Ihere is, however,a parallel disadvantage,for reasons
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that are noÉ ya clear; the fine detail of stratification generally tends
to havebeenpoor]y picked mit by diagenesisami weathering.

In this paper,we review the range of geometryand internal struc-
ture that we have studied in the central, largely Miocene, outcrops
of the Ebro basin (Fig. 1). Ihese líe in the oid kingdom of Aragon, the
presentprovincesof Huesca,Zaragozaand Teruel.

Systems

Ño. l.—Location and geological rnap of north-easternSpain, hased mi ¡he 1/1
million geotogical nzap by the Instituto Geologica y Minero de España, 1980.
Miocene outcrops are shown,generalized.The limiÉ of Oligocena outcrops pro-
vides an approximate margin for the Ebro basin. Three malii Miocene alluvial
systemsare shown. Z, Zaragoza; L, Luna; II, Huesca;C, Caspe.

no. 1—Localización y mapa geológico del nordeste de España, basado en el
mapa geológico 1:1.000.000 del JOME. (1980). Afloramientos miocenossimpli-
ficados. El límite de afloramientos oligocenos, delimito aproximadamenteel
borde de la cuenca del Ebro. Se indican los tres principales sistemasaluviales
del Mioceno. Z, Zaragoza; L, Luna; E, Huesca;C, Caspe.

Ihe sediments that we shall be discussingaccumulatedin three
distinct alluvia] systems (Ng. 1), two are characterisedby radial
palaeocurrentpatterns, and provenancefrom the Pyrenees(Fig. 1).
Ihese were the Luna and the Huescasystems,that enteredthe Ebro
basin, to west and east, respectively,of one of the southernmostPyre-
neesthrust ramps active at the time. Meanwhile in the southernmost

Mioceno outcrops — .. thrust front

egtenf of Oligocene bosin
sediments

~1 krn scole fon,

lorger sedimerul tronsport
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comerof the Ebro basin, the Caspe-Alcañizsystem(namedGuadalope-
Matarranyaby CABRERA, COLOMBO ami ROBLES, 1985) accumula-
ted in the angle betweenthe coastalCatalanrange to the south-east,
and the Iberian range to the south-west.

RIBA, VILLENA and QIJIRANTES (1967) recognisedthe extraordi-
nary interest of the area of exhumedpalaeochannets(ribbons in our
terminology) in the southern area, near Caspe(Fig. 1). BuÉ it was
PUIGDEFABREGAs (1973) (PUIGDEFABREGAS and VAN VLIET,
1978) who first drew international attention to the fluvial sedimento-
logy of the Ebro basin, when he described the exhumed point-bar
deposits of the Murillo el Fruto area (west of the area of PÁg. 1).
FRIEND, SLATER and WILLIAMS (1979) briefly outlined a general
cjassifieationinto ribbon and sheetsandstonebodies, using exanzples
from both north aud south Aragon. FRIENO (1978)also describedthe
way that some Ebro basin alluvial systemspasseddownstreamfrom
coarseproximal sequencesinto distal, fine-grained,and the evenmore
distal, carbonateand gypsum lake and playa-lake sequences.

In this paper we shall not attempt to review the work recently
completedand continuing in the eastern(Catalan),largely Eoceneand
Oligocene,lo’wer part of the Ebro basin 1 iii. A broader range of envi-
ronments controlled theseolder and more easterly episodesof sedi-
mentation.Eoceneshallow, carbonateandmud aceumulatingseas,and
Lan deltas,existedbefore the alluvial and lacustrineenvironments,be-
came establishedin the Oligocene. Some recenteasternEbro papers
include: MALMSHEIMER and MENSJNK (1979); ALLEN and MAT-
TER (1982); ALLEN aud MANGE-RAJETSKY (1982); ALLEN, CABRE-
RA, COLOMBO andMAITER (1983); ANADON, MARZO and PIJIGDE-
FABREGAS (1985); CABRERA, COLOMBO and ROBLES (1985).

2. EXTERNAL GEOMETRY OF IHE SANDSTONE BODIES

Since the paperby FRIENO, SLATER aud WILLIAMS (1979), we
have continued to fiud a first-stage, field classification of sandstone
bodies into ribbons and sheets,very useful. However we find a new
class of ‘amalgamatedcomplexes’ to be neeessary,to cover boches
where neither sheet nor ribbon form is dominant, becauseof the
complex amalgamationspresent.

PÁgs. 2 to 4 illustrate themajor variantsin our externalform classifi-
cation, and stressthe critical role of external¡orm by representingthe
sandstonebodies with solid black shading.Viere is a distinetive lidio-
facies of elosely interbedded sandstoneand mudstonesheets,xvith
sheet thicknessesvarying froro a few to a few tens of centimetres.
This lithology, intermediatebetween the sandstoneof the bodies and
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tire generalalluvial mudrock surround,is shown as a distinCt lithology
in Figs. 2 and 4.

We shall discussandillustrate the definition of the threesandstone
body elassesfirst, aud then consider the river processesinvolved in
later sections.

Monte Aragon
top of •scarpment

5- ~ wIng

50m

Q
-o
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Fío. 2.—Aproximately vertical plane profile shoxving sanástone bodies in the
escarpmentnear Monte Aragón, about 5 km ENE of central Huescacity (Map
Reference184707). Sandstonebodies are in black, unshadedmaterial being
alluvial mudrock. Circíes are used to indicate palaeoflow (arrows) or ribbon
orientation (diameters). Ticks outside ciro/es indicate orientation of profile.
AIí orientations are relative to north at top of circle.

Ero. 2.—Perfil en una secciónvertical en la quese observanlos cuerposarenosos
en la ladera cerca de Monte Aragón, a unos 5 km en direcciónENE de la ciudact
de Huesca (referencia del mapa 184707). (En negro los cuerpos arenosos,en
blanco los sedimentosaluviales litíticos. Se utilizan los círculospara indicar las
paleocorrientes—flechas—o la orientación de los “ribbons~ —diámetros—.La
orientación del perfil está marcadapor trazos en el exterior de cada circulo.
Todas las orientacionesestán referidas al norte, situado en la parte superior
del círculo.)

a) Ribbon sandstone boches

These bodies are elongatein plan form (PÁg. 3), and defined by
tbeir reiatively small width/tbicknessratio of less than 15. Ibis appa-
rently arbitrary figure still seems to correspondwell to a natural
division betweensandstonebody types that is presentin many field
areas.Ihe widtb measuredmust

1) not include the thin wings, well seenin many of the sandstone
bochesin Fig. 2.
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E’ e. 3.—Map of pa.rt of area west of Caspe(f ig. 1» sho¶4’ing ie~ ‘¡a rIce ¡>1< , ,; i ¿
patícen of sandstonebodies (Mach). Surrounding fields, unshaded,are unclerlain
by alluvial mudrock. Pie upper par! of the map is ¡raversed by the Caspe ¡o
Escatron road (C 221) aná the apex of dic larger sharp deflection in ¡he road
is 13.6 1cm in direcí line wcst of Caspe. The CaspeLo Zaragozarailway traverses
¡he lower part of the map. Pie níap is basedon a map prepared by R. C.
Williams (unpublished Cambridge Ph. fi diesis), in L¡¡rn basedoit the analysis
of RIBA VILLEN,4 aná Q(JJRANTES(1967).

Fío. 3—Mapa de parte de la zona oeste de Caspe (Fig. 1), en la quesc ,nuestra
el esquemade afloramientos de los cuerpos arenosos(en negro). La.c arcas cir-
cundantes(en blanco) están constituidaspor sedimentosabcHa/eslulíticos. La
carreterade Caspea Escatrón (C 221) corta la parte superior del mapa, es/ando
localizada la curva cerrada que se obser,.’a en ella, a 13,6 km. en línea clírecla
al oes/e de Caspe. El ferrocarril de Caspe a Zaragoza corta la parte inferior
del mapa. Este mapaesta basado en cl realizado por U. C. Wílliams (Tesis Doc-
toral [miv. Cernbridge, inádita) a su vez basado en los análisis dc RIBA, VILLE-
ÑA y QUIRANTES(1967).
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2) be adjusted to estimate the width measuredperpendicularto
the long axis of the ribbon, often measured by palaeoflow
indicators in the sandstonebody.

Fig. 2 providesan excellentillustration of the appearancein vertical
profile, of two sandstonesheetsandfine sandstoneribbons of varying
sizes.MosÉ of the ribbons appearto be fairly simple in form, although
threeof them show amalgamation,or interconnection.

Fig. 3 illustratespart of the largest areaof plan exposureof sand-
stone bodiesknown ir us in the Ebro basin. Very large numbers of
sandstonebodies standout as ridgesandlocal plateaux,anything from
2 to 10 m. aboye fields that are generally underlain by the alluvial
mudroek surrounding the sandstone(or locally hero, conglomerate)
bodies.Some of the ribbons are bighly sinuous,otbersgently sinuous
or almoststraight.Sorneof the straightribbonshavedistinct, angular,
bendsin thern.

b) Sheetsandstonebodies

Thesebodiesare definedas having a greaterwidth/thicknessratio
than 15, where width is measuredperpendicular to palaeoflow di-
reetion,
Fig. 2 illustratestwo examplesof sheetsandstonebodies,andsomeof
the iess linear bodieson theplan view map(Fig. 3) are probably also
partsof sheets.

e) Arnalgarnatedsandstone body complexes

This new elass of sandstonehody is necessaryto describe the
complexamalgamationsof ribbons andsheetsthat are associatedwith
rather high sandstoneto mudrock ratios. Both the casesillustrated
by us (PÁg. 4, a & b), also contain ratberhigh proportionsof finely
interbeddedsandstoneand mudrock. They show evidence of relief
of metresin the seouredsurfacesthat form the basesof someof the
componentsandstonebodies.

3. RIVER PROCESSESOF RIBBONS

Ihe recognítion of the size and shape of river channeisand the
discoveryof in-channelsedimentbars are major steps in interpreting
ancient alUvial sediments (FRIEND, 1983). Both can be relatively
easily achievedin ríbbon sandstonebodies.
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(a> La Serreta

2Cm

<b) Pertusa

20m

Fra. 4.—Two approximately vertical-plane profiles slwu’ing sandstone bodies
(black), sandstone-mudrockinterbeddedsequences(lines), aud allí.ívíal n,udrock
(unshaded).a) La Serreta, 15.2 1cm SSE of central Huesca city, near road lo
Piraces (Map Reference,220553). b) Pertusa,22.4 km SE of central Huescacity,
vaest ide of Rio Alcanadre gorge, map reference378540.

Pro. 4.—Seccionesverticalesen las quese observanlos cuerposarenosos(en ne-
gro), las secuenciasde alternancias areniscas-lutitas (lineas de trazos) y los
materialeslutítícos aluviales (en blanco). Las líneasde puntosindican los límites
del afloramiento, a) La Serreta,15,2 1cm al SSEdc la cií.~dad de Huescacerca
de la carretera a Piraces (referencia del mapa220553). b) Pertusa,22,4 1cm al SE
de la ciudad de Huesca, en la margen oeste de la garganta del río Alcanadre
(referencia del mapa 378540).

Sorne ribbons have a simple sandstone-f¡1? (PÁg. 5f, g) apparentlv
representingsingle episodes of channel cutting, followed by rapid
plugging by sand.MosÉ casesof this are relatively small, with ribbon
widths of a few metres. Clearly exposed ribbons larger than tbis
invariably shoxv evidenceof a eomplexehannel-fiUhistory.

A ribbon partly exposedby a new irrigation canal cut at Pertusa
(Fig. 5a-c)providesan exeellentexampleof a multistorey charmel fil?.
To the south-westof this artifical cross-section,the ribbon is exposed
asan exhumedridgeuntil cnt by the road.At this point, trougheross-
stratification shows that tIte palaeoflowwas te the southwest.In tIte
cross-section(Hg. Sa) major scour-surfaeesthat generally cross-cut
the underlyingstratifieation, divide the Liii into a numberof storeys.

2Cm

_
‘¾
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Ihe position, andangleof thesescour surfacessuggestthat the ribbon
may havean internal geometry(Fíg. 5b) dívided by a seriesof scour
surfacesproduced by the erosion of a sequenceof progressivelyna-
rrower channeis.In Fig. 5b, the position of the talwegs or deepest
point’s of each channelerosionepisodeare suggested,and it is clear
that they movedsuccessivelyupwardsandeastwardswithin the origi-
nal major channelform.

The sedímentmaking up the storeysprovidesevidence,particularly
in storey2, that the deeperaxial partsof thechannelweretransporting
and depositi<ngmedium sand,while the channelbankswere aecumu-
lating muds with thinner sand intervais.

Ihe storey structurejust describedprovidesevideneefor an initial
erosional episode that produced a channel about 50m wide anO óm
deep,which was then partially or completelypluggedby a succession
of episodesof depositionalternaíingwith channelerosion.The special
feature,in this case,is that cadi erosiona)episodescoureda smafler
channel than the previous one,andwas containedwithin the deposits
of the previous plugging episode. Ihe final channel was under 1Dm
wide and 1ro deep.

Fig. 5, d & e show a similar storey analysis,and map, from one
ribbon chosen from the Caspe ribbon ficíd (Fig. 3). The exhumed
ribbon has a relief of about 7m aboyethe neighbouring field, and at
least its upper storeyswere formed by a highly sinuous,north-west
flowing channel.

The storeyanalysis hereshows a more erratie pattern of eut and
filí. Ihe talweg of the ehannel appearsto have cut deeper during
episodes2 and5 thanduring the immediately precedingepisodes,and
it has also moved erratically sídeways.Ihe general map of the area
(Fig. 3) shows the way that ribbons of highly varying plan form eut
each other, and this effect could clearly produce erratic multi-sto-
reying in some localities. However there is no outcropevidencethat
ribbon crossing is responsiblefor the multistoreying in the particular
cross-sectionjust described,andwe concludetherefore,that multiple
episodesof cutting and filling along the samefeature took place.

Figs. Sf and g show two vertical planeprofiles of valley walls of
the Rio Flumen. In thesealluvial sections,ribbons of a greatvariety
of sizesare present.They rarely show any degreeof multi-storey filí.
but do show some examplesof amalgamationof ribbons - both verti-
cally and laterally.

Many ribbons show distinct bar forms in cross-section.Our first
example (Fig. óa) comes from the excavationsof the Canal de les
Bardenasin the Luna system(Fig. 1). This very large sandstonebody
is only just a ribbon, being about 135m wide and 9m thick. It has a
simple filí, undivided by major scour surfaces.The main feature of
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the f iii is stratification produced by the growth of a ‘plane-bedded’
simple bar (ALLEN, 1983), in the centre of the channe]. Decirnetre-
sealecross-stratification shows that megaripplesmigrated along the
flanks of the central bar as it grew. Ihe higher parts of the bar grew
by vertical aceretionof the slightly undulating crestal surface.During
the last stagesof ehannel-filí, tl-ie bar separatedtwo channels,one of
whieh filled simply by vertical and latera] aceretion,and the other of
which filled more irregularly with episodes of lateral bar growth.
Major periodie decreaseof disehargein this channel is demonstrated
by this example.

Our secondexampleof bar forms in ribbons comes from the two
oppositesides of the cut excavatedfor the CincaCanal(Figs. 6, b & c).
The major sandstonebody here is 1.5m thiek. Reconstructionof the
plan-view trend of thís ribbon, assumíngsome degree of curvature
(Fig. 6c), results in an estimateof the width of the ribbon, perpen-
dicuiar to its trend, of 21m. Ihe northern-sidesection through this
ribbon showsthat ile ehannel-fiii includesa distinct lateral bar that
grew,with anearlystagebenchmorphology(TAYLOR andWOODYER,
1978) attachedto the westernbank of the channel,before symmetri-
cally plugging the rest of the channelwith strata of fine sand and
mud. In contrast, the souchern-sidesection shows an early stage

Fio. 5.—a) Approximatelyvertical plane,pro/ile in cut for irrigation canal, north
of Pertusa, 22 1cm SE of central Huesca city, map reference376351, near Per-
¡usa tu Antillon ruad. Sandstonesare stippled, mudrocksare unshaded.b) same
profile os a) ivith hypothetical mejor scour sur/ecos plotied, and talwcgs of
channel forms ,narked aná numberedin time sequence.c) sedimentary logs at
positions ‘A’ aná ‘B’ un a). d) hypothetical analytical sketch, similar ¡o b),
through a sandstoneribbon in the area west of Caspe(locality sae Fig. 3). The
exposureis formad by the railway cut, and can be located on Fig. 3 by fha
high sinuosity of the ribbon - see e). e) skctch map of sinuous ribbon cm by
railtvay - see d). /) approximately vertical plane profile of va/ley vea

11 of Rio
Elunien, showing sands¡onebodies (stippled) in alluvíal mudrock (unshaded).
Locality is 11 1cm NNE of central Huesca city, map reference167780. g) same
as f) but map reference165787.

Fio. 5.—a) Perfil en una sección casi vertical localizada en un canal de riego, al
norte de Pertusa, 22 km al SE de la ciudad de Huesca (referencia del níapa
376551) cerca de la carretera de Pertusa a Antillón. Las areniscasestán repre-
sentadascon puntos y las lutitas en blanco. b) El mismo perfil que en a) mar-
cando las supuestassuperficieserosivas mayores,y los talxvegs de los canales,
numeradossegúnsu formación sucesiva.c) Columnas correspondientesa los
puntos «A» y «8» en el perfil a). d) Esquemaanalítico hipotético, similar a
de un «ribbon» arenosoen el área de Caspe(ver la Fig. 3 para localización). El
afloramiento se localiza en el corte del ferrocarril, y puedeser identificado en
la Fig. 3 por la alta sinuosidaddel «ribbon» (ver e). e) Esquemadel «ribbon»
sinuoso cortado por el ferrocarril (ver d), f) Secciónvertical de la ladera del
valle del río Flumen, con los cuerpos arenososmarcados con puntos y los ma-
teriales lutiticos aluviales en blanco. La localidad se sitúa a 11 1cm al NNE
de la ciudad de Huesca (referenciadel mapa 167780). g) Como f) pero con re-
ferencia del mapa 165787.
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growth of a lateral bar atiachedto the easternbank of the ehannel.
Ibis situation implies that the channel was filled by growth of a
system of alternating lateral bars (COLLINSON, 1970), probably on
the insidesof curves in the channel.Ihe curvature of the channel is
independently suggestedby the difference in its apparentmaximum
width between ile two parallel seetions (Fíg. 6c). As bar growth
continued,andchannelsize decreased,so channel sinuosity must have
increased.

Ihe last featureof the ribbons that we shall discussis the presence
of wings, sheetsthat extendlaterally from the top of some ribbons.
Thesevary in the degreeto which they are present(Figs. 2, 5 & 6),
sometimesbeing absentaltogether.We show one example(Figs. 6d),
exposedby excavationfor tIte main road (N240) just east of Huesca.
Ihe ribbon illustrated can be followed for more tItan 1 km to the
NNW with plentiful trough cross-stratificationproving palaeoflowin
that direction. In tIte road-cut (Fig. 6d) stratification involving thin
(cm) mudrockstrata,alternatingwith fine sandstone,climbs up within
tIte ribbon, over tIte hp of tIte bank and extendsflatly into tIte wing.
The wing can be folloved for 50 m to the west approximatelyperpen-
dicular to flow with thinning of its componentstrata. TIte lower com-
ponent unit of tIte wing appearstu have beendepositedbefore any
of tIte sandforming the presentchannel-filí. It was tIten followed by a
seriesof verticalaceretionevents,eachof whichcanbe correlatedwith
sorne of the presentsand-fill of the channel.

Wings were formed during episodesof overbank flooding when
sanO accumulated on tIte alluvial plain. They provide tIte possibility
of relating tIte sedimentationin tIte channelwith tIte morewidespread

Fw. 6.—Except for c), these are approximately vertical-plane profiles through
sandstone budies. Sanástoneis stippled. Circíes with ticks un (heir c-ircumfe-
rencesindicate orientation of profiles relative tu nurth at top of circle. a) cut
for irrigation canal, Canal de las Bardenas, approximately 45 1cm west uf
Huescacity, map reference622731 a! 1cm mark 87.9 km along the canal. b, and
b

2) north aná south sides uf Cinca irrigatiun canal, as shown in c). Location
18.5 1cm 55W of central Huesca city, map reference 060520 c) sketeh map
showing ínterpretation uf channel form intersected by b1 and b,. di cut un
north side of main ruad, N240, 2.4 km eastof Huescacity.

Ero. 6.—Perfilesobtenidosen seccionesverticales de los cuerposarenosos,(ex-
cepto ci. Las areniscasestán marcadas en puntos. Las marcas en el exterior
de los círculos indican la orientación de los perfiles según el norte, que está
situado en la parte superior del círculo, a) Corte del canal de riego (Canal de
las Bárdenas),situadoa unos 45 1cm al oestede la ciudad de Huesca (referencia
del mapa 622731) en el punto kilométrico 87,9 a lo largo del canal. b, b2) Már-
genesnorte y sur del canal de riego del Cinca, tal y como se observa en ci.
Se sitúa 18,5 1cm al SSWde la ciudad fe Huesca (referenciadel mapa 060520).
c) Esquemaen el que se representala interpretación de la forma del canal
cortado por b, y b2. di Corte de la margen septentrionalde la carretera prin.
cipal, N 240, 2,4 1cm al estede la ciudad de Huesca.
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aceretionof thealluvial surface.In the rnajority of caseswings indicate
that tIte channelfilling, or ribbon-constructing,episodeseorrespondto
tIte aceretion of, at most, a few cm of the alluvial surface, and
probably thereforetook place over time periodsof the order of hun-
dredsor a few thousandsof years,at most, andperhapsmuch less.

4. RIVER PROCESSESOF SHEETS

The classic, simplest meeItanism for forming a sheet sandstone
body by steady latera! chamiel migration is illustrated by a body,
largeiy of fine sand,exposedin ti-te northwesterneut face made for
part of tIte Cinca canal (Fig. 7a). TIte thicknessof this sheetis 1.85 m
and it is exposedover 130 m by tIte northeast- southwestlocal trenO
of ile canal,which is nearly perpendicularto ile northwesterlyflow
direction indicated by cross-lamination.Largecross-stratificationdipp-
ing southwest exterids from top to bottom of the shect and is of
epsilon type (ALLEN, 1963), apparently marking point or sitie-bar
aceretionfrom a laterally migrating channel.Particularly clear exam-
píes of this large cross-stratification often marked by a thickening
upveardsmml layer, occur at rather regular intervaisof 2 to 6 m along
tIte sheet. In betweentheseeross-stratasmall-scalecross-stratifieation
is locally visible, and tItis was tIte structure that provided tIte nortIt-
westerly palaeoflow measurements.TIte Oip of tIte large cross-strata
varíes from 5 to 90 towards tIte northeastenO of tIte sheet, to 170 at
tIte more soutItwestend of tIte sheet.The final position ol? tIte channel
is marked,at the southeastendof tIte sheet,by its form, pluggedpartly
by sand and partly by mud, lighter in colour tItan tIte alluvial mud
outside tIte cut-bank.

One remarkablefeatureof this sheetis its sharpand planarupper
surface.Most of tIte large-sealecross-stratificationterminatessharply
at this uppersurfacealthoughsome locally becomesasymptoticto tIte
upper surface.No overlying layersof sandappearthat could represent
alluvial ridges.

Wc now illustrate a sandstonebody at Pertusa(Fig. 7b), that was
also produced by latera? chai-mel migration. TIte sandstoneis very
coarsein someparts of tIte lower part of tIte sheet.Lateral migration
by tIte channelItas built epsiloncross-stratifieationextendingthrough
from 1.5 ro tu 2.5 m of tIte sheet. However tIte cross-strataare not
planar, and tIteir form fuliy defines a lateral sequenceof benchesaÉ
leveis intermediate between tIte lowest toe of tIte lateral bars and
their uppermost levels. A similar morphology tu this was described
by HARMS, MACKENZJE & McCIJBBIN (1963), from tIte Red River,
U.S.A., and was explained in terms of thc time duration for whieh
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particular river leveis were Iteld. Rather similar bencheshuilt of
mud anO sanO laminae have also been dcscribed from Australian
suspended-loadrivers by TAYLOR and WOODYER (1978). After depo-
sition of tIte parÉ of tIte sheet cut by this outcrop at Pertusa,a
small channel incised into its upper leveis, and was then pluggedby
sediment.

Another santistonesheetbody at Pertusa(Fig. 7c) is typical of tIte
large number of comp/ex skeets.TIte sheet has an irregular upper
and lower surface,irregularities often correspondingin form and size
to tIte channelforms and sediment barsthat canbe identified in parts
of the santistonesheettoday. TIte interna] structure of tIte sheet is
multistorey, and multilateral in terms of tIte sequencesof cutting and
filling of individual componentbodiessomeof which are component
ribbons formed by plugging of incised channels (eg 4). The sheet
as a whole, tIten, provides abundantevidenceof lateral migration of
channels,and of vertical, upward, and downward,movementof chan-
nel talweg.

Some sheet sandstonebodies are thought to be tIte result of
essentially unchannelisedor sheet flow. Ihese sheets tend to have

planarcontactswith tIte underlying alluvial mudroek, andare often a
few cm or tens of cm thick. They characteristically lack evidenceof
channel forms as well developedbarsor large bed-forms,and this is
presumablybecausetIte flows were cither not active or active enough,
for periodslong enougIt,to allow thesetypical river featuresto develop.
Many sandstonebody wings passinto sheetsandstonebodies of this
unchannelisedtype, and must haveformed in short episodesof over-
bank sheet-flood.

Other sIteet sandstonebodies appear to be the result of poorly
channé/isedflow. Theseare generaflythin sheets that wedgeout late-
rally, often showing width/depth ratios of 15 to 50. TItey sometimes
haveirregularbasessuggestingincompletaepisodesof channelincsrnn.

5. RIVER PROCESSESOF AMALGAMATED COMPLEXES

Where sandstone-bodiesconsistof complexaswith componentrib-
bons and sheets that cannot be readly differentiated, without very
detailedlocal study of relationships,tIten it becomesuseful to be able
to place them in this third category.

Figs. Sa & It representtwo examples,from La Serretaand Pertusa,
respeetively. TIte sama examples are illustrated in terms of their
externalbody form in Fig. 4.
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At tIte examplechosenfrom La Serreta(Fig. Sa),a ratherarbitrary
division into .5 componentsheetswill help tIte analysis.Component
sheets1 and2 are simpletabularsheets,andsheet1 was depositedby
a westerlyflow. TIte first geometricalirregularity of major note invol-
ves sheet 4 which terminates abruptly towards the eastern end
of the outcrop. At this point its high-anglebasal scour-surfacecuts
down throughover 2 m of alluvial mudrockanO 4 m of sheet3. TItis
termination appearsto result from a channel eut and filí sequence,
which tIten appearsto havebeenfollowed by relatively steadylateral
migration of tIte channel in a southwesterlydirection, with a SSE
flow direction, leaving lateral aceretionsandson an irregular scour-
surfaceover tIte rest of tIte outcropto the southwest.Componentsheet
5 is a complextype,with featuressuggestingvertical andlateral accre-
tion sorneof them of channel bar size andmorphology.

Eachof thesecomponentsheets 1 to 5 would be similar to many
other sIteetsandstonebochesif resting in a matrix of alluvial mudrock.
However becauseof their amalgamation,by erosion, and the low pro-
portion of alluvial mudrock, they together form a sandstone-body
complex.

Our secondexample, chosenfrom work at Pertusa,shows another
amalgamatedsandsíonebody complex, eonsisting of 3 component
sheets formed by easterly and southeasterlyflows that overly a
partially exposedribbon, formal by a wester]y flow.

TIte structures within the sandstonecomponent bodies of these
complexesare very similar to thoseformed by the river channeisthat
constructed tIte distinct ribbons anO sheetselsewhere.TIte essential
differenceis that, in building complexes,the erosionandmigration of
tIte channeisbrought them into contactwith older sandstonebodies,
causingamalgamation.TIte balancebetweenconstructionof sandstone

Fio. 7.—Vertical-planeprofiles across sandstonebodieswith sorne logs tl-zrough
the bodies. Sandstoneis stippled. Circíes indícate, relative tu north at top of
figure, strike of planar features(diametrical lines), palaeoflow direction (arroxvs,i
orientation of profiles (ticks un circumferencesof circíes). a) cut for Cinca
irrigation canal, location is 16 km SSWof Huesca city, map reference080530,
bí cut for Cinca irrigation canal, 25 km SE of Huesca city, 1.4 km W of
Pertusa, map reference356544, ci gorgewalt uf Rio Alcanadre, immediate/y west
of Pertusa, 25 km SE of Huesca city, map reference378543.

Fía. 7.—Perfilesen seccionesverticales de los cuerpusarenososcun algunasco-
lumnas.Las areniscasse representancon puntos. Los círculos indican: dirección
de las formas planares (diámetros),dirección de las, paleocorrientes(flechas),
orientación de los perfiles (marcas en el borde de los círculos); todo ello refe-
rido al norte situado en la parte superior del círculo, a) Corte del canal de
riego del Cinca, situado a 16 km al SSWde la ciudad de Huescareferenciadel
mapa 080530). bí Corte del canal de riego del Cinca, situado a 25 km al SE de
la ciudad de Huesca, a 1,4 km al 14/ de Pertusa (referencia del mapa 356544).
ci Ladera de la garganta del río Alcanadre, inmediatamenteal oestede Pertusa,
a 25 km al SE de la ciudad de Huesca (referencia del mapa 378543).
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Fra. 8.—Appruximatelyvertical plane profiles of sandstonebodies. Sandstoneis
stippled.Circíes indicate, relative to north a¡ top of circle palaeoflowdirections
(arrows) and orientation of profiles (ticks inside circumferenceindicate orien-
tation, extensionsoutside circumferencepoint towards relevantendsof profiles).
a) La Serreta, b) Pertusa, detaíls given in caption for Fig. 4.

Ño. 8.—Seccionesverticales de los cuerposarenosos.Las areniscasse represen-
tan con puntos. Los círculos indican las direccionesde paleocorrientes(flechas),
referidos al norte situado en la parte superior del círculo, así como la orienta-
ción de los perfiles (las marcas interiores a las circunferenciasindican la orien-
tación, las extensioneshacia fuera de las circunferenciasapuntan hacia las ter-
minacionesdestacablesde los perfiles). a) La Serreta. b) Pertusa (para los de-
talles ver el piede la Fig. 4).

bodies,and aceumulationof alluvial mudrock,was strongly biasedin
favour of tIte sandstonebodies.We sItalí considerpossiblereasonsfor
this in tIte next section.

6. DISCUSSIONOF ENVIRONMENTAL CONTROLS

Our object, in this discussion,is to point out tIte sorts of factors
that may be responsiblefor tIte variety of sandstonebody types tItat

2am
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we have just described.In anotherpaperwe shall re-examinethese
ideas using our analysis of the time and space arrangementof tIte
sandstonebodies in tIte alluvial systemsalreadyoutlined (PÁg. 1).

a) Pibbons or sheetsandstoneboches?

Our discussionof the detailed examplesaboye has demonstrated
tIte essentialdifference in river channel behaviourthat distinguishes
our two majo.r types of sandstonebody. Ribbons are tIte result of a
major episodeof channel incision, followed by one or many epísodes
of plugging of the channel,with or without well-formed in-channel
bars.

In some casestIte first channelwas the approximatesite of later
channeiserodedto different leveis and shapes.It is possiblethat the
‘first’ channelwas precededby smaller oneswhose traces were later
obliterated.The charaeteristiefeature of alí ribbon forming channeis
is that they did not move laterally by significant amountsof channel
bank erosion, during tIte ribbon-forming sequenceof events.

In contrast,whensheetsandstonebocheswereformed by channeis,
the sheetswere constructedby lateral movement of tIte channels
invo]ving channe]bank erosion. Sorne sheets (Figs. 7a anO b) show
evidence that this bank erosion was a steady process, so that tIte
channelmovedsystematicallyandregularly by stepsof metres,leaving
lateral accretionsantisbehind. In other sheets(Fig. 7c), sequeneesof
steady movement and lateral accretiori were separatedby avulsion
jumps and new incísion of tIte ehannel.

Possiblefactors that might influencewhethera river channelwas
stableor unstablelaterally are listed next.

1) Ephemeral, or flashy, river flow or frequent avulsion might
result in lateral channel stability, simply becauseinsufficient
time was availableto allow lateral channelerosion.

2) Strong downward erosion of the channel floor might inhibit
lateral erosion by tIte channel.This downwarderosion could
result from local tectonieuplift of tIte alluvial surfaceor reía-
tive lowering of river base-level downstream.Incised river
meandersare results of theseevents.

3) Increasedresistanceto erosionon the part of the channelbank
material might createlatera] stabi]ity. Differencesin the petro-
logy, eementingpropertiesor vegetationcover might produce
this effect, in responseto changesin climate, hydro]ogy or
detrital supply.
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The closeassociationof bothsandstonebody typesin singlealluvial
systemsin the northern Ebro basin of Aragon, makes it difficult to
believeti-mt factors2 and3 were the clominant ones.Ivlowever, syste-
rnatic downstreamvariation in factor 1 does seemlikely, anO is the
explanationwe prefer.

b) Separatedor amalgamatedsandstonebodies?

The rate at which alluvial mudrock accumulatesin a river basin
will dependon many factors.

1) The rate at whiehwater is suppliedto the alhxvial area.
2) TIte degreeto which the flood watersare pondedduring flood

in the alluvial area.
3) The rate at which mudbecomesincorporatedin the river flood

waters.
4) TIte rateat which muddepositedin tIte alluvial areais re-eroded

by river action.

In tIte caseof tIte Miocene deposits of tIte Aragon part of the
Ebro basin, therewas no through-flow of river water to tIte sea and
all sandanO mud transportedinto tIte basinwas trappedas alluvium
or as depositsof mud-playaswithin the basin. Indeedthe significant
quantities of lacustrine carbonate(CABRERA, COLOMBO anO RO-
BLES, 1985) show that much of tIte clastic sedimentfrom tIte catch-
mentof tIte basin,was trappedin tIte alluvial systemsbefore tIte basin
centre was reached.

ALLEN (1978), andBRIDGE andLEEDER (1979),usedquantitative
modeis to examine factors that might control tIte concentrationof
sandstonebodies in an alluvial formation. In these modeis, high
density (amalgamation)of sandstonebodies was causedby changing
tIte following variables

1) inereasingtIte width and/or depth of tIte individual santistone
body

2) increasing tIte frequency with which avulsion of the river
systemtakes place

3) decreasingthe width of tIte zoneover which avulsion may cause
re-routingof rivers

4) decreasingthe subsidencerate of tIte alluvial surface
5) decreasingtIte alluvial aggradatíonrate
6) concentratingriver paths by tectonie tilting of tIte alluvial

surface(e.g. by half-grabengrowth).
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Wc would expect factors 1) & 2) to be principally influencedby
climatie changes,whereasfactors 3), 4) & 6) would be principally
influencedby tectonicchanges.Factor5) would, perhaps,be influenced
importantly by both.

TIte alluvial systemsof ile northernEbro basin of Aragon(Fig. 1)
show a generaltendencyto proximal amalgamationand distal sepa-
ration of tIte sandstonebodies.Our work confirms that ile proximal
sandstonebodiesare, in general, thicker (factor 1), reflecting deeper
rivers proximally that becameshallowerdownstream(Friend, 1978).
The other factor that we can identify is tIte lateral limitation, in the
proximal arcas,of tIte zonesover which tIte rivers were free to avulse
(factor 3). TItis limitation wascausedby tIte presenceof basinmargin
mountains,betweentIte main feeder valley mouths,reflecting directly
tIte emergence,at tIte surface,of southernPyreneanthrust-sheetMeso-
zole rocks (Fig. 1). This relationship is being described,in another
publication, by }{irst and Niehois (in press, Special Publication
of International Assoeiation of Sedimentologists,Foreland Basins
Meeting 1985, University of Fribourg, Switzerland).
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