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Abstract

In the southeastern edge of the Iberian Meseta in Southern Spain, fluvial centinen-
tal Buntsandstein-facies red beds of Middle to Upper Triassic (Ladinian - Norian)
age unconformably overlie the folded and eroded Hercynian basement. The Betic Belts
consist of an internal metamorphosed part and an external sedimentary =zone con-
taining the Triassic depesits, with the latter seam being in turn divided into the
Prebetic Zone with continental teo shallow marine facies and the Subbetic Zone with
pelagic facies. The Buntsandstein-facies red bed series is vertically split into
three main facies associations: alluvial fans and pebbly braided rivers (conglomera-
tes and sandstones), low-sinuosity proximal and distal sandy braided rivers {sandsto-
nes and mudstones) and coastal evaporitic sabkha (mudstones, marls and gypsum). Allu-
vial-fan and pebbly braided river sediments occur at the base of the sequence and co-
ver the palaeorelief of the pre-Triassic morphology. The inner fan zone is characte-
rized by debris-flows or mud-flows, the mid fan zone is dominated by sheet floods,
and the puter fan zone is governed by stream flood and stream flow passing into pebb-
ly braided rivers in front of the fans. With transition from restricted alluvial
fans to an open braidplain, the pebbly rivers soon evolve both vertieally and hori-
zontally into sandy stream networks consisting of channels and floodplains, The chan-
nel facies comprises sheet-type and ribbon-type sandstone layers. The sheets form
complexes up to 15 m and more thickness due to amalgamation by multilateral coales-
cence and multivertical stacking of individual genetical units, In the lower part of
the series, the number of channels is rather high suggesting a non-hierarchical chan-
nel pattern where high- and low-sinuosity rivers coexist. The middle portion re-
flects a smaller number of very large channels thus indicating an amelioration of
the hierarchical pattern. The upper part consists of variegated sabkha plain mudsto-
nes and evaporites where channel deposits are almost absent., The floodplain facies
is divided into proximal and distal part. The proximal floodplain facies comprises
interbedded sandstones and mudstones containing some layers of nodular pedogenic car-
bonates and originates by overbank sheet-flood, levee overtopping and crevasse-splay
sedimentation. The distal floodplain facies is built up of mud with minor layers of
silt and fine sand with intercalations of micritic lacustrine limestones and origina-
tes in overbank lakes and ponds. Depositional sequences within the sandy braided ri-
ver series comprise major sequences that are produced by migration of alluvial suben-
vironments during course of their aggradation, and minor sequences that are related
to alternating high- and low-water stages with changing channel abandenment and stre-
am neoformation. The fluvial architecture is highlighted by two types of depositio-
nal settings: proximal and distal facies. The proximal facies is characterized by
predominantly straight channels without or with only poorly-developed levees and be-



ing infilled with sediments under rather high-energy conditions. The distal facies
is characterized by low-sinuosity channels surrounded by better developed levees and
being infilled under lower energy conditions than the proximal equivalents. With pas-
sage from the proximal te the distal facies, the floodplain sediments consist of in-
creasingly more backswamp, levee and crevasse-splay deposits as well as of sediments
of small meandering channels cperating in the overbank plain between the large main
streams. The evaporitic complex at the top of the Triassic originates in an arid coa-
stal intertidal belt and supratidal sabkha seam, Within the sandy braided river com-
plexes, the different magnitudes and effectivities of currents in large channels,
small watercourses and floodplain reaches are underlined by partially divergent, bi-
modal or even bipolar palaeocurrent directions. Copper mineralizations of mixed syn-
genetic and epigemetic type in the terrestrial red beds are associated with plant
debris in sediments of inactive to abandoned secondary channels and comprise azuri-
te, chrysocolla and malachite. The Triassic palaeogeographical setting represents a
large bay between the European and African plates. Fluvio-lacustrine red beds of
Buntsandstein facies surrounded the bay and graded laterally into coastal and shal-
low marine carbonates.
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1, Introduction

Triassic sediments in Spain crop out in three major belts: the Pyrenees in the
north, the Iberian Ranges in the middle and the Iberian Meseta in the south of the
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Fig. 1
Palaeogeographical and tectonical sketch map of the South Iberian Peninsula
(Southern Spain), simplified after Foucault (1974). For geological sketch map cf.
fig. 2.

country. In terms of Buntsandstein facies, the terrestrial red beds of predominantly
fluvial origin are quite comparable with the classic gerwmanotype deposits in the
Mid-European Triassic Basin.

The continental sediments in the southeastern edge of the Iberian Meseta in
Southern Spain have been subjected to detailed sedimentological studies by Fernandez
(1977, 1984), Dabric and Fernandez (1980) and Fernandez and Dabrio (1983), with the
emphasis  having been put on fluvial depositional processes and sedimentary
mechanisms. This paper is to summarize the state of knowledge with evaluation of the
sequence in terms of fluvial architecture and depositional modelling of mainly sandy
braided river systems. Although being of Middle to Upper Triassic age and thus not
representing Buntsandstein sediments sensu stricto, the red bed sequence is assessed
in the context of its similarity to the Lower Triassic Buntsandstein which is wide-
spread in other parts of Spain and which occurs partially in almost identical fa-
cies. For convenience, the Middle to |Upper Triassic deposits are named
" Buntsandstein-facies red beds “ within the descriptions and interpretations as fol-
Tows.

2. Geological setting

The South Iberian Peninsula is built up of two major geological units which com-
prise the Iberian Meseta and the Betic Belts. The Hercynian massif of the Iberian
Meseta is formed by Precambrian and Palaeozoic rocks that were folded during the Car-
boniferous, Since that period, the Hercynian massif kept being a highTand erosional
terrain acting as the stable foreland that supplied all the siliciclastic sediments
which were subsequently deposited in the Betic realms during the Mesozoic times.




The Betic Belts comprise the major features of Alpine age in Southern Spain, re-
presenting the westernmost units of the Alpine Belts of the Mediterranean area
(fig.l). Within the Betic Ranges two main zones can be distinguished.

The internal zones are built up of Palaeozoic (possibly including Precambrian}
and Triassic rocks that were metamorphosed during the Alpine orcgeny. Younger rocks
are only present in some units (Malaguide Complex}. During the Triassic, they were
placed more to the east, but they approached the Iberian Meseta during the Alpine
orogeny due to major movements of the European and African plates.

The external zones consist of Mesozoic and Tertiary rocks which were folded and
overthrusted during the Alpine orogeny, with Triassic rocks of Keuper facies being
the main slipping 1layer of the nappes. Two main palaeogeographic realms can be di-
stinguished. The northern domain corresponds to the Prebetic Zone that remained in a
position very close to the highland and erosional area of the Iberian Meseta during
the deposition of the Mesozoic terrestrial to shallow marine sediments. The Subbetic
Zone is the southern domain where pelagic facies and submarine voTcanic rocks are
well represented since Middie Liassic.

3. Triassic structural elements

The Triassic structural elements in the South Iberian Peninsula which can be di-
stinguished across the Betic Cordillera according to facies and structure of the de-
positional series comprise the southeastern edge of the Iberian Meseta, the external
zones of the Betics and the internal zomes of the Betics {the differentation into
the palaeogeographic realms of the Prebetic Zone and the Subbetic Zome is a younger
feature).

In the southeastern edge of the Iberian Meseta, an essentially horizontal Mesozo-
ic unit 1ies with angular umconformity on top of the Palaeozeic rocks of the Iberian
Meseta. This cover consists of Buntsandstein-facies red beds and evaporites. The Mu-
schelkalk-facies is absent.

In the extermal zones of the Betics, the Mesozoic sequence consists of
German-facies sediments including Buntsandstein-facies clastic red beds and evapori-
tes, Muschelkalk-facies carbonate rocks and some (sub)volcanic rocks. The internal
tectonic structure ranges from very complex to chaotic which makes the study espe-
cially deceptive.

In the internal zones of the Betics, three complexes that represent different pa-
laeogeographic realms can be distinguished. The Nevado-Filabride complex consists of
mica-schists, quartzites and marbles that have undergone a complex tectonical and me-
tamorphical evotution. The Alpujarride complex includes Permo-Triassic phyllites,
quartzites and carbonates of Alpine facies which display a complicated internal nap-
pe structure. Permo-Triassic sandy and conglomeratic red beds of the German facies
are characteristic for the Malaguide complex,

4, Triassic palaeogeography

The complex structure of the Betic Cordillera is the result of the jnteraction of
tectonic wovements which can be related to the closing of the Tethys ocean and the
rotation of the Iberian Peninsula. To visualize the palaeogeography and structural
domains during the Triassic, these movements must be taken into consideration. An at-
tempt to reconstruct the pattern shows several concentric, but irreqular facies
belts between the European and the African plates.

The Triassic red beds of the Southeastern Iberian Meseta and other materials of
German facies of the extermal zones of the Betics lie on top of the southern margin
of the European piate. The Nevado-Filabride complex in assumed to be a metamorphosed
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equivalent of these which is placed to the east and which is probably related to an
highland erosional massif that was obliterated during the subsequent Alpine orogeny.

The Alpujarride complex formed in coastal-to-shallow marine environments situated
at an unknown distance to the east. The so-called Betic Dorsal and Ultrainternal Sub-
betic domains most probably represent deposits of milieus placed in a transitional
zone between the characteristic German and ATpine (Alpujarride) realms.

The Malaguide complex was the northern siliciclastic belt along the margin of the
African Plate {cf. Bourgois 1980). The palaecgeographical model consists of a large
wmarine bay surrounded by German-facies terrestrial braidplains and playas which are
developed at the edges of the European and African plates, grading Taterally into
the Alpine-facies coastal and shallow marine environments (Alpujarride complex)
which extended to the east where the Triassic Tethys lay.

After deposition of the Buntsandstein-facies, several marine transgressions took
place and coastal-to-shallow marine sediments of Muschelkalk-facies spread over the
fluvio-lacustrine coastal enviromments extending towards the continent during Upper
Triassic times, The facies patterns and sea-level changes are the major controls for
the palaeogeographical evolution. The active and complex subsequent geoiogical histo-
ry introduced further changes that obTiterated many primary-depositional features.



5. Triassic stratigraphy

The Betic Triassic sediments 1ie unconformably on top of the older Hercynian
rocks, both along the southern edge of the Iberian Meseta and in the Internal Zones.
Along the southeastern border of the Meseta, a belt of horizontal red beds crops
out, which behaved as a rigid unit during the Alpine orogeny, forming an undeformed
cover of the Palaeozoic socle. For this reason this unit has been often referred to
as "the tabular cover of the Iberian Meseta"” in contrast with the deformed Mesozoic
and Tertiary units of the Betic Belts {Lopez Garrido 1971, Fernandez 1977).

The Hercynian rocks of the basement belong to the '"Central-Iberic Zone" of the
Spanish Meseta. An Ordovician to Early Carboniferous siliciclastic section has been
described from this area (Tamain 1970), but plutonic granites and related magmatic
rocks are also present,

The northwestern 1imit of the described red beds is of erosional type. Towards
the north and northeast, they are covered by horizontal Jurassic dolomites, whereas
towards the southeast they grade into the folded Betic Belts. To the south they are
uncon;ormably overlain by the Neogene Units of the Guadalquivir Basin (cf. figs. 1
and 2).

According to palynological investigations (Bessems 1981) of the Tabular Cover
(= Chiclana de Segura Formation, Ldopez Garrido 1971), the age ranges from Ladinian
at the base to Early Norian at the top, with thus sedimentation along the southern
margin of the Iberian Meseta not having started before Ladinfan times (thus the
Buntsandstein facies ascends into higher stratigraphic levels). The Lower and early
Middle Triassic periods which are represented by Buntsandstein-facies and
Muschelkalk-facfes deposits in many other areas are therefore only represented in
the major diastem, and the Buntsandstein-facies red beds cropping out in the
southeastern edge of the Iberian Meseta are indeed of Middle to Upper Triassic age.

6. Sedimentary processes and depositional mechanisms

The Buntsandstein-facies red beds in the southeastern edge of the Iberian Meseta
consist of three main facies associations:

1. A conglomerate and sandstone facies association which (when present) occurs as &
basal member of the section and was generated by alluvial fans and pebbly brai-
ded rivers.

2. A facies association consisting of mudstones with interbedded sandstone Ilayers
corresponding to Tow-sinuosity sandy rivers in proximal or distal braided sy-
stems.

3. A wmudstone, marl and gypsum facies association at the top of the section, repre-
senting coastal evaporitic environments.

These sediments are mainly exposed in two extensive outcrops near Chiclana de
Segura (cf. fig. 3) and Alcaraz (cf. fig. 4) which have been evaluated for the des-
cription and interpretation as follows (additional data derive from Fernandez 1977
and Dabrio and Fernandez 1980}.

6.1. Alluvial fans and conglomeratic braided rivers

Poorly-developed conglomerate deposits which originated 1in alluvial fans and
congiomeratic braided rivers occur at some places near the exhumed palaeoreiliefs
(particularly in Villamanrique, c¢f. fig. 5). The deposits are attributed to the
three zones of alluvial fans (McGowen and Groat 1971),

The immer fan facies {proximal facies) consists of quartzite pebbies and cobbles
{(including some boulders) in a dominantly fine-grained (muddy) matrix. The resuiting
unstratified and structureless conglomerates are interpreted as debris-flow and
wud-flow deposits (cf. Plate I/%). Considering that they are in contact with the
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Stratigraphic section of the Triassic red beds in the neighbourhood of Chiclana de
Segura. Various subenvironments are distinguishable together with distinct sequences
related to the predominating conditions in these subenvironments or with their move-
ment in space and time. For legend cf. fig. 4.

palaegrelief and assessing the sedimentary processes involved, they are attributed
to the inner zones of a small-size alluvial fan.

The mid fan facies (medial facies) shows characteristic fining-upwards sequences
including three members. The lTower one is the lateral equivalent of the inner fan
conglomerate facies and consists of poorly-sorted clast-supported quartzite gravels
with only a 1ittle matrix made of sand and Tutite. The internal structure is very
poor, but some crude horizontal-bedding is visible. The Tower boundary of the units
is sharp. Low-viscosity flows are assumed which probably resulted in construction of
longitudinal bar deposits within alluvial channels (Smith 1974). On top of this, a
25 cm thick layer of even-laminated sand displaying sharp lower boundary is interpre-
ted as sheet flood deposits (Bull 1972) or low-stage stream flow sediments. Subse-
quent pedogenic cementation by calcium carbonate and iron oxides suggest an arid to
semi-arid climate. The top of the sequence consists of a mud drape formed by
waning-flow settling of fines.

The outer fan facies {distal facies) or conglomeratic braided river deposits also
display a fining-upwards sequence which reflects decreasing flow conditions. The lo-
wer member consists of conglomerates with coarse sandy matrix. Locally, imbrication
and horizontai-lamination or low-angie cross-bedding can be seen. This facies grades
upwards into cross-bedded coarse sand and pebbles and higher up into clay (c¢f. Pla-
tes I/2 and II/1). The coarse member can be interpreted as longitudinal bars in
active channels, whereas the sand-clay member would represent deposits related to
the decrease of flow in the channel or sediments of interchannel overbank areas. De-
position is dominated by stream-flood and stream-flow processes.



Plate I
1 : Panoramic overview aof the Triassic red beds in Alcaraz. P = Palaeozoic basement,
C = channel facies, pfp = proximal floodplain facies, dfp = distal floodplain fa-
cies, E = evaporitic unit, J = Jurassic carbonates,
? : Conglomeratic braided river deposits (outer fan). The lower part of the fi-
ning-upwards sequence consists of clast-supported conglomerates with crude horizaon-
tal-stratification, whereas the upper part is built up of cross-bedded coarse sands
passing into parallel-laminated medium sand and mud. Enlargement from Plate I1/1.
Length of hammer 28 cm.
3 : Pebbly braided river deposits. The sequence consists (in ascending order) of con-
glomerate, pebbly coarse sand and parallel-laminated to cross-stratified medium
sand. Enlargement from Plate II/1.
4 ; Interference ripples at the top of a sandstone layer in the upper part of a chan-
nel-fill sequence. The overprinting of the earlier ripple trains originated after up-
stream avulsicn. Length of pencil 18 cm.
5 : Laminated carbonates were deposited in ephemeral lakes in the floodplain. Diame-
ter of fig. abt. 1 m.
6 : Evaporitic gypsum facies showing (in ascending order) banded gypsum (algal mat),
chicken-wire gypsum and nodular gypsum in grey to green mudstone. The gypsum sedi-
ments originated in supratidal to intertidal reaches of a sabkha in an arid coastal
plain.
7 : In sandstone beds of the proximal floodplain facies, the internal structures suc-
cessively comprising cross-bedding, horizontal-stratification and ripple cross-lami-
nation record the progressively decreasing current energy both towards the top with
advancing accretion and towards more distal parts of the floodplain away from the
channels. Diameter of fig. abt, 70 cm,
B : The distal floodplain facies mainly consists of red mudstones with intercalated
calcrete palaeocsols (P} and fine overbank sheet sandstones (d) and are overlain by
thick channel sandstones (CH). Note the erpsional lower boundary of the channel fa-
cies and the absence of proximal floodplain deposits. Diameter of fig. abt. > m.
9 : Matrix-supported conglomerates of debris-flow origin in the inner fan reach, Dia-
meter of fig. abt. 80 cm.

The restricted alluvial-fan facies gives distally way to pebbly braided rivers of
an open braidplain. The most representative sequences are built up of conglomerates
at the bottom, passing upwards via coarse sand with cross-bedding to medium and fine
sand with horizontal-stratification and cross-lamination {cf. Plates I/3 and II/1).

6.2. Sandy low-sinuosity rivers

Successions laid down in these sedimentary environments consist of interbedded
mudstone and sandstone along with a few carbonate layers {cf. Plate 1/9). From the
analysis of Tithological associations, lateral and vertical sequences of facies, mor-
phology of sedimentary bodies and palaeocurrent indicators, a fluvial environment
was deduced (Fernandez 1977). Several sedimentary facies related to the fluvial envi-
ronment have been described and interpreted {Dabric and Fernandez 1980) comprising
channel facies and floodplain facies.

6.2.1. Channel facies

The channel facies consists of thick sandstone layers (mean thickness about 15
m). The prevalent internal structure is large-scale cross-bedding, plane-stratifica-
tion and cross-lamination. Scoured surfaces bounding the individual sheets and co-
sets are common. In some cases, the diastems represent the changing morphology of
the bottom of the channel during high-water stages and are related to high-energy se-
dimentary structures. In other cases, the erosional boundaries are associated to
deposition of fines and pedogenic processes at the top of sequences of upwards-de-
creasing energy as witnessed by sedimentary structures and sometimes also grain si-
Ze. The existence of scouring records the alternance of high-water stages with






erosion and incision and low-water stages with deposition. Minor fluctuations in
discharge are registered by internal reactivation surfaces on large-scale bedforms
(Collinson 1970, 1978},

The morphology of the resulting sedimentary bodies is mostly tabular (sheet sand-
stone bodies; Friend, Slater and Williams 1979), because they are laid down in
continuously migrating chanmels with very high width-depth ratios. The sandstone
sheets also originate by multilateral coalescence and multivertical stacking of indi-
vidual genetical units. In the Tower part of the sections, the number of channels is
rather high suggesting a non-hierarchical channel pattern where high- and
low-sinuosity rivers (Moody-Stuart 1966) can coexist. High-sinuosity rivers are re-
presented by ribbon sandstone bodies (Friend, Slater and Williams 1979; Friend 1983,
Stear 1983) which are smaller in scale than sheet sandstone bodies. The middle third
of the sections shows a smaller nusber of very large chamnels thus indicating an
amelioration of the hierarchical pattern. The upper third is made of variegated mud-
stones and evaporites where channel facies sediments are almost absent.

According to all these features, the sandstone layers are interpreted as deposits
of low-sinuosity seasonal sandy rivers.

6.2.2. Floodplain facies

Within the floodplain facies, two types reflecting distinct sedimentary processes
are distinguished on the base of 1lithology, thickness of strata and sedimentary
structures; proximal and dista? floodplain facies (cf. Dabrio and Fernandez 1980).

The proximal floodplain facies (Plate II/4) consists of interbedded mudstones and
sandstones with small-scale sedimentary structures and some layers of nodular pedoge-
nic carbonate. The sandstone beds were deposited during waning pericds of fleods due
to the suddem deceleratfon of the current velocity. Decreasing energy both
vertically (fining-upwards sequence) and horizontally away from the channel
(cross-bedding and plane-stratification passing into cross-lamination and wavy
bedding) is reflected in the sequence (Plate I/7). The terminal stage comprising
emergence s sometimes punctuated by desiccation cracks at the top of the sandstanes
(P1ate 11/8). The sandstone beds can be interpreted as overbank sheet flood deposits
when they are tabular in morphoTogy and very extensive, and as crevasse-splay depo-
sits when they are pinching out quickly {cf. Allen 1964, Leeder 1974),

The overbank sheet-flood and crevasse-splay sandstone layers are interbedded with
mudstones which were deposited from suspension-load after recession of flood waters.
Sand/mud rates and thicknesses of the sandstone layers decrease away from the chan-
nels with declining environmental energy in standing lakes, ponds and puddles.

Development of wvegetation which was favoured by the proximity to the channels
could take place on palaeosols which originated in semi-arid climate. Important
pedogenic processes such as growth of carbonate nodules in the ground were triggered
by the roots of the flora., The carbonate concretions occur in the B horizons of more
or Tess well-developed palaeosols and contain iron and manganese oxides. Sometimes,
also mature caliches are present which are very similar to those developed in modern
semi-arid regions {cf. Allen and Leeder 1975).

The distal floodplain facies is buiit up of mud with minor layers of silt and fi-
ne sand, transported as suspension-load, as well as of 10 - 26 c¢m thick layers of
laminated wmicritic limestones (Plate I/5) with bird-eye textures and localiy contai-
ning ostracods, algal mats and desiccation cracks. According to Friend and Moo-
dy-Stuart (1970}, these T1limestones were precipitated in ephemeral floodplain lakes
where occasionally also gypsum could form.
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Fig. 4
Stratigraphic section of the Triassic red beds in the neighbourhood of Alcaraz. Va-
rious subenvironments are distinguishable together with distinct sequences related
to the predominating conditions in these subenvironments or with their movement in
space and time. Legend to figs. 3 and 4.

6.2.3. Depositional sequences

Concerning organization of the depositional record, distinction can be made bet-
ween minor sequences generated by sedimentary processes acting within the alluvial
subenvirvonments, and major sequences related to migration of submiilieus across ot-
hers.

6.2.3.1. Minor sequences

Minor sequences are related to alternating high- and low-water stages and chan-
ging channel abandonment and stream neoformation, Three types are distinguished (cf.
fig. 6): channel sequences, proximal! floodplain sequences and distal floodplain se-
quences,

Channel sequences are fining-upwards secticns (upwards-decreasing energy; cf. Pla-
te 11/9). The erosional base of the channel and the dominance of cross-bedded sand-
stones are good indicators of rather high-energy, active transport and powerful
deposition. The transition from large-scale cross-bedding to low-energy even-lamina-
tion is related to partial abandenment of the channel when avulsion occurs upstream
and most of the flow is diverted to a new channel. The generalized firing-upwards
sequences found in channel deposits include smaller fining-upwards sections separa-
ted by scouring surfaces (microcycles, cf. Allen 1965), all of them recording the
complex depositional history of the channel and the seasonal fluctuations of the hy-
draulic systems.



: Plate II
1 : Lateral evolution from conglomeratic braided river facies (CBR) to pebbly brai-
ded river facies (PBR). For enlargements cf. Plates I/2 and 1/3.

2 : Sabkha deposits showing mudstones with gypsum nodules which become more abundant
towards the top where they finally coalesce to form a continuous layer with cotta-
ge-cheese fabric,

3 : Calcrete palaeosel with upwards increasing content of carbonate nodules. Scale
in the upper left = 5 cm. Enlargement from Plate I/B.

4 : Proximal floodplain facies (below) consisting of alternating fine sand and mud,
overlain by channel facies (above). Both units form a thickening- and coarsening-up-
wards sequence which is related to the lateral migration of the channel. Diameter of
fig., abt. 4.5 m.

5 : Channel facies consisting of horizontal-lamination (upper-flow regime) and lar-
ge-scale cross-bedding (higher reach of lower-flow regime) which record the elevated
energetic conditions existing during the ipitial stages of infilling of the stream
course. Enlargement from Plate 1I1/9. Diameter of fig. abt. 70 cm.

6 : Within cosets of cross-stratified channel sandstones, the decreasing set thick-
ness towards the top reflects declining energy during accretion of the stream. Diame-
ter of fig, abt. 3.5 m.

7 : Ripple cross-lamination (section transverse to flow direction) within proximal
floodplain deposits. Enlargement from Plate I/7.

8 :+ The top of a sandstone bed in the proximal floodplain facies is intersected by
mud cracks and perforated by burrows. Length of hammer 28 cm.

92 : Fining-upwards channel sequences reflecting decreasing energy during course of
aggradation of the stream. The upper-flow plane beds in the lower part of the sec-
tion pass upwards into lower-flow regime cross-strata and parallel-laminae in the up-
per part. For enlargement cf. Plate 11/5. Diameter of fig. abt. 7 m.

10 : Even and wavy horizontal-laminated fine sandstone which is cut by minor scour
surfaces was deposited in low-energy slowly-flowing water after avulsion of the stre-
am. Channel facies of proximal areas. Scale in the lower right = 5 cm.

11 : Horizontal-lamination of upper-flow regime type in the channel facies sediments
records the high energy level existing during the early stages of infilling of the
stream in proximal areas. Scour surfaces separate phases of infilling of the water-
course.

In the proximal floodplain, fining-upwards sequences occur within the sandstone
layers. Considering the thickness of such beds, however, thickening-upwards
sequences are common (Plate II/4) which are related to the increasing extent of
sheet-type overbanking when the channel is filled with sediments (cf. fig. 7, upper
part).

In the distal floodplain, no definite sequences are found. Monotonous successions
of red mudstone with random intercalations of laminated carbonates, thin Tayers of
fine sand to silt grain size, and pedogenic horizons are the most Tlikely to the
found.

6.2.3.2. Major sequences

Major sequences are produced by the interrelationship and migration of
subenvironments. When a channel is established on a place, the main process is ero-
sion. The newly founded channel which is scoured into the substrate is empty, and,
beginning from this stage, vertical accretion (with different rates of sedimentation
according to the type and degree of shifting of subenvironments) occurs. The upwards
diminishing grain size in the channel sequences reflects decelerating transport
potential with continuing aggradation of the stream and shallowing water depth. As
the channel is progressively infilled with sand, the probability of overbanking du-
ring high-water stages is progressively ameliorating, and the levee-type rims of san-
dy overbank deposits along both margins of the channel become more and more well-de-
veloped (fig. 7, upper part). In this way, thickening-upwards sequences are genera-
ted in the proximal floodplain.



Plate II



INNER FAN
OUTEA  FAN
Canglomarate
ML FaM broided .
Paboly braided
Ingctive channe rhvar

Shest flood

Dabriy Flom Active channa!

Cnaansl
Caannel

o © = o
? SUBSTRATUM  (Quartaiter) _—

1o Pusble Frincips

Ha -

CONGLOMERATES 2] samos

" PALAEOCURRENTS - CLAYS
ALY CROSS-REDDING

e CRASS-LAMINATIGN

WILLAWANAI GUE
a8

@ PALAEOZOKC FALREORELIEFS
H @ ALLUVIAL FAN  TRIASSIC

Sl - EVOLUTION OF ALLUVIAL FANS

=——— EVEN—-LAMINATION

=Y
Y

Fig. 5
Alluvial-fan deposits northeast of Villamanrique, showing an evolutionary scheme aof
proximal to distal facies, together with the facies and sequences which characterize
the different parts of the fan (modified after Fernandez 1984).

CARBOMATES
HUDSTONE
SANDITOMNE

CARBONATES
MUGSTONE
SANDETORE

CARBONATES
THUDBTONE
JeanosToNE

Fig. 6 o34 g3 d 3w
Conceptual models
of characteristic

sequences generated
by sedimentary pro-
cesses acting in SR
fluvial subenviron- %
ments (modified af-
ter Dabrio and

Fernandez 1980). K <

#:‘; LACUSTRINE

PALAEOSCL

CHANNEL PROXIMAL DISTAL

FLOODPLAIN @ +————




tfeation
avulsion

o

[
=

=

suospuDe

=

flood

erosion
deposition

PFF 1

INFILLING, OVERTOPPING AND AVULSION OF CHANNELS

Fig. 7
Vertical and horizontal changes during course of aggradation of Ffluvial streams
(schematically, no scale). Upper part: several stages of the depositional history of
the channel. Lower part: ideal sequences, generated when a channel migrates by
avulsion from 1 to 2. In the sections, the sediments related to channels 1 and 2 are
indicated by 1 and 2, respectively. P.F.P. = proximal floodplain, D.F.P. = distal
floodplain (modified after Dabrio and Fernandez 1980).

Finally, the channel becomes unstable due to the high level which is reached by
the sandy infilting, and subsequently, the stream moves to a new place by avulsion.
Downstream from the avulsion site, a dramatic decrease of enerqgy is recorded by a
change from high-energy cross-bedded sands to low-emergy plane-stratified and
cross-laminated sands. The new channel s subjected to a similar depositional
evolution and, with its progressive infilling, new levee-type rims of overbank
deposits overlying older sediments of the distal floodplain are formed. The repeated
migration of subenvironments thus results in various types of sequences according to
the spatial TJocation of the sections with respect to the channel and the floodplain
patterns and the temporal shifting of the submilieus (cf. fig. 7, Tower part).

7. Fluvial architecture

Following description and  dinterpretation of sedimentary processes and
depositional mechanisms with evaluation of the fabric of fluvial megasequences and
microsequences, the organizatiom of the alluvial facies throughout the whole type
sections 1is assessed in terms of reconstruction of the architecture of the fluvial
system in time and space. According to the characteristic features and distribution
of channel and floodplain facies, two major types of fluvial systems are distinguis-
hed in the non-confined, gently-sloping Triassic alluvial plains which are spread
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Depositional model of the architecture of the proximal facies of sandy braided flu-
vial systems in the Triassic of Sputhern Spain. Both channel facies and floodplain
facies are characterized by fining-upwards sequences. Typical features are the large
amount of upper-flow plane beds and the rarity of levee and crevasse-splay facies
(modified from Fernandez and Dabrioc 1983). Schematically, no scale.

along the southeastern edge of the Iberian Meseta. The river networks are related to
proximal and distal areas of the basin.

7.1. Proximal areas

Proximal areas {cf. fig. 8) are characterized by a predominance of straight to
low-sinuosity channels without or with only poorly-developed levees and infilled
with sediments under rather high-energy conditions. A very typical feature is the in-
ternal fabric of the sandstone bodies (channel facies) which display fining-upwards
sequences composed of two members. The lower member records high-energy conditions
within upper-flow parailel-lamination (Plate 1I/11) and major erosional surfaces re-
lated to fully active channels during vigorous floods. The upper portion includes fi-
ner lower-flow plane-stratification and undulating horizontal-Tamination with minor
scour surfaces (Plate I1/10) and other small-scale sedimentary structures {Plate
I1/7) such as climbing ripples that evidence low-energy conditions after partial ab-
andonment of the channel due to avulsiom, Similar sequences have been described by
McKee, Crosby and Berryhill (1967) from the recent Bijou Creek (Colorado/USA). The
most characteristic feature of these sediments which represent an environment domina-
ted by f}ash flood conditions is the abundance of horizontal-lamination (facies Sh,
Miall 1977).

The floodplain facies associated to the proximal-area channel facies are built wup
mostly by mudstones, but layers of pedogenic nodular carbonate and parallel-lamina-
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Depositional model of the architecture of the distal facies of sandy braided fluvial
systems in the Triassic of Southern Spain. Both channel facies and floodplain facies
are characterized by fining-upwards sequences. Typical features are the lower level
of energy indicated by the abundant cross-bedding in the channel facies, the presen-
ce of poorly-developed levees and crevasse-splays, and the existence of secondary
gmall meandering watercourses between the large main streams (modified Ffrom
Fernandez and Dabric 1983), Schematically, no scale.

ted algal mat carbonate {backswamp deposits) are also common. Sandstone Tlayers dis-
playing fining-upwards sequences including horizontal-stratification and cross-lami-
nation are attributed to sheet-flood overbanking of bed-load material. Ribbon sand-
stone bodies are thought to correspond to minor chamnels in the interstream plain.

7.2. Distal areas

Distal areas (cf. fig. 9) are characterized by low-to moderate-sinuosity channels
which are infilled with sand under lower energy conditions as compared to the
proximal-area type stream networks. Levee belts are better developed. Sandstone bo-
dies {channel facies) also display fining-upwards sequences that incTude parallel-la-
mination, cross-bedding with set thickness thinning upwards (cf. Plate II/6) and
cross-Tamination at the top (cf. Plate I1/6). Erosional surfaces with Tow relief se-
parate the fining-upwards sequences. The small number and large extent of such surfa-
ces suggest that they are related not only to fluctuations of discharge but also fto
changes of the position of the depositional area. These sequences are in many cases
very similar to those described by Smith (1970, 1971, 1972) from the Platte river.
The only difference refers to the bottom of sequences which is represented by
Tongitudinal gravel bars (facies Gm) at the Platte river and by horizontal-laminated
sheet sands (facies Sh) in our example.



In other cases, the Tower parts of the sequences are formed by sandwaves (facies
Sp) being similar to the Brahmaputra sequences {CoTeman 1969). Some features common
with Devonian Battery Point Formation sequences (Cant and Walker 1976) or its mo-
dern equivalent, the South Saskatchewan river (Cant 1978, Cant and WaTker 1978), can
also be seen, but the bars (cross channel bars) found in the South Saskatchewan ri-
ver do not appear in distal areas of the Buntsandstein-facies red bed fluvial sy-
stems (apart from this, the thicknesses of the red bed sequences are much greater
than those of the South Saskatchewan sedimentary successions.

The floodplain facies are similar in both proximal and distal areas, but besides
of the described features typically include tabular bodies of sandstone that
(according to the internal structure) are identified as deposits of small meandering
streams in some cases and crevasse-splay chammels and lobes in others.

In summary, during passage from proximal to distal areas, the channel facies re-
cord changes from mainly plane beds and abundant diastems to predominantly megaripp-
Tes and a smaller number of ercsional surfaces, whereas the floodplain facies show
increasingly more backswamp, Tevee and crevasse-splay deposits along with sediments
in small meandering channels (probably attributed to an interfluvial independent
drainage system, cf. AlTen and Wiilliams 1979, cf. also Mader 1985a).

8. Coastal evaporitic environments

Evaporitic gypsue occurs in the upper part of the Triassic succession. The amount
of gypsum varies from place to place. The thicker successigns occur in those areas
where the thickness of Triassic rocks reaches a maximum (cf. fig, 11).

A typical evaporitic succession includes four units (fig. 10). The Tower ome is
made up of midstone, cross-laminated sandstone and some dolomicrites and represents
a continuation of the floodplain facies, This wunit passes gradually upwards into
mudstone with nodular gypsum that probably indicates deposition in a coastal plain
with terrigenous influx.

The third unit consists of sandstome and gypsum. Gypsum occurs as nodules that be-
come increasingly more abundant in upwards direction until they form a continuous Ta-
yer with cottage-cheese texture. Several of these sequences which attain abt. 60-90
cm thickness can be present and are interpreted as supratidal sabkha deposits.

The topmost wnit is gypsum of grey-green colour. Three textural sequences can be
differentiated, that in ascending order consist of thinly-laminated gypsum, thick
gypsum Tayer with chicken-wire fabric, and mudstone with nodules of gypsum. These se-
quences are interpreted as deposits of intertidal to supratidal zones dincluding
algal mats and nodules of anhydrite (Tater being totally replaced by gypsum).

The mudstones and evaporites originate in transgressive arid coastal sedimentary
environments similar to that of the Persian Gulf (cf. Curtis, Evans, Kinsman and She-
arman 1963; Kinsman 1966 and Purser 1973). The upper part of the intertidal zome and
the supratidal sabkha are well represented.

The top of the Triassic succession is marked by a layer of breccia underlying the
dolostones of assumed lower Jurassic age. This Jlayer witnesses the general
transgressfon of the circum-Tethys area that has been recognized on both sides of
the Atlantic (Orti Cabo 1982). In that area, the depositional sequences of Triassic
age are similar to those found along the southern edge of the Iberian Massif.

9. Sedimentary model and palaeogeography
The Triassic siliciclastic sediments along the southeastern border of the Iberian

Massif are a good example of red beds deposited in an alluvial plain of low-sinuosi-
ty streams on a passive margin of the European plate.
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Upper lutitic-evaporitic section at the top of the Triassic series. This section re-
presents the transition from a fluvial environment to an arid-shoreline setting with
evaporitic deposits. Within the passage belt, coastal plain, sabkha, intertidal and
supratidal facies can be identified.

The pre-Triassic palaeogeography consists of a very irrvegular palaeorelief which
is cut deeply into the Palaeozoic rocks of the Iberian Massif that in some places we-
re not fully covered by red beds. The isopach map (fig. 11) shows several outstan-
ding features:

1. Three elongated areas of maximum accumulation of sediments (Vilches and Génave
with more than 400 m and Chiclana de Segura with more than 350 m} thickness of the
red bed sequence placed southwards of the central Palaeozoic relief and more or less
parallel to it.

2. Areas of only thin sedimentary record (such as Santisteban del Puerto and Ar-
royo del 0janco).

3. Areas of non-sedimentation corresponding to some pTace of the central Palaeozo-
ic relief and areas located more to the north, These places were not covered by sedi-
ments and kept being erosional regions throughout the Triassic.

As a resuit, the maximm thicknesses are recorded southwards of the central Pa-
laeozoic relief except of the surroundings of Linares {less than one hundred
meters). The lower values of thickness were found northwards of the relief where
less than 150 m were deposited and many pre-Triassic hills and inselbergs were not
covered at all,
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Fig. 11
Isopach map showing the evaporite outcrops and the pre-Triassic palaecgeography
which determined the situation of the alluvial-fan deposits and the orientation of
the main fluvial systems. These occur in the zones where the thickness of the accumu-
lated materials is greatest (modified after Fernandez 1977).

The distribution of sedimentary environments is largely controlled by the
Hercynian palaeorelief, with alluvial fans existing close to the mountains, but be-
ing mostly developed along the northern edge of the Villanueva de 1a Fuente spur,
and sandy braided systems (the bulk of the sedimentary record of this area) forming
a broad bajada chain which is gently inclined towards the southeast as indicated by
the palaeocurrent pattern (fig. 12). These rivers flowed radially away from the
mountaineous region that acted as source area. According to Miall (1981, 1984}, the
river orientation would be transverse southwards of the Central Palaeozoic relief
and longitudimal northwards of it.

The different magnitudes and effectivities of currents in channels and floodplain
are nicely underlined by partially bimcdal to even bipolar orientations of flows
(for detailed evaluation of the significance of anomalous palaeocurrent directions
of bimodal type in braided river systems cf. Mader and Teyssen 1985, Mader 1985 c).

Coastal evaporite deposits are Timited to the upper parts of the stratigraphic
sections of the southern edge of the Hercynian massif, Evaporites occur only in are-
as of maximum thickness of sediment (fig. 11). This striking fact suggests that they
formed in areas of marked subsidence that were the first to be flooded during the
transgression. No important evaporites were found around ¥illanueva de Infantes in
the north of the Palaeozoic palaeorelief.

A definite c¢limatic evidence cannot be drawn from the evaluation of the alluvial
red beds {except of the calcrete palaeosols testifying to semi-arid settings).
Palacomagnetic determinations suggest that the sediments were formed between 20 and
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Distribution of palaeocurrents in the fluvial Buntsandstein-facies red beds. Typical
features are angular divergences and sometimes even bimodalities between currents of
different magnitude and effectivity (the significance of bimodal to bipolar palaeo-
currents is evaluated and interpreted in detail in Mader and Teyssen 1985). Modified
from Fernandez (1984).

40° north of the palaecequator. There are, however, no present-day examples of
low-latitude red beds. Many ancient red bed sequences are considered to be characte-
rized by a diagenetic origin of their red colour, with intrastratal oxidation of
iron silicates resulting 1in formation of ferric oxides and hematite that are
responsible for reddeming (for review of the problem cf. Mader 1983, 1985b).

10. Economic interest of the Triassic rocks

Copper mineralizations are the only economically interesting features in the
Buntsandstein-facies red beds. Copper mineralizations occur both in the channel and
the floodplain facies associations. The old mine of E1 Ahondillo in the neighbour-
hood of Navas de San Juan (cf. fig. 2) is the most interesting of all (having been
abandoned during the twenties, the mine attracted new attention 1in recent years;
Fernandez and Perez Garcia 1983, Torres and Fernandez 1983).

The mineralization is of strata-bound type with azurite, chrysocolla and malachi-
te. From a sedimentological point of view, it is related to fine sediments (fine
sands and mudstones with sedimentary structures indicating low-energy conditions),
including plant debris, that are interpreted as deposits of secondary channels. The
plant debris is wusually T1imonitized or associated with hematitic iron oxides. The
copper ores are mainly interstitial fillings which are present in intergranular spa-
ces and fractures. The copper minerals often corrode the main components of the




sandstone (quartz, feldspar and dolomite) due to replacement. The copper carbonates
tend to concentrate preferentially close to the zores of plant debris (this phenome-
ron of the association of heavy metal concentrations to remnants of vegetation oc-
curs also widespread in the Upper Buntsandstein of the Eifel and surrounding areas;
cf. Mader and Kars 1985).

Mineralogical and textural studies reveal that the copper minerals originated du-
ring the Tate diagenesis under control of different fluids than those that induced
the prominent early diagenetic transformations. Copper was leached as soTuble sulpha-
tes from weathered primary outcrops of sulphides Tocated in the Hercynian massif
after deposition (in addition, primary concentrations originated by sedimentation of
copper ore grains along with the silicate sand, with the ore particles deriving from
erosion of vein mineralizations in the basement). The drainage waters leaching the
ores after deposition were of acid nature due to the oxidation of the sulphides, and
they infiltrated into and migrated through the porous bodies of sandstone,
interacting with the rock-constituting minerals. In course of this interacticn, the
fluids were progressively neutralized.

The copper ores were formed when proper physico-chemical barriers favoured the
precipitation and crystallization. These barrijers were the reduction of porosity due
to the fine grain size of the sediments associated to the secondary channels, the
interaction of solutions that carried the dissolved copper with the mineralogical
constituents of the rocks, and the reducing effect of the plant debris. The origin
of the wmineralization 1is at 1least in part of syngenetic type with already
syndepositional concentration of the dispersed copper mineral grains in reaches of
accumutation of plant debris. Subseguently, however, repeated mobilization and
reprecipitation almost throughout the diagenetic evolution resulted in considerable
overprinting of the original syngenetic nature thus in some parts of the sequence
even mimicking a wholly epigenetic nature (as also revealed by the diagenetic alter-
ations of other 1ight and heavy minerals; cf. Mader 1981, 1983, 1985b).

11. Conclusions

1. The Triassic palaeogeographical setting can be visualized as a Targe bay bet-
ween the European and the African plates. Fluvio-lacustrine red beds of Buntsand-
stein facies surrounded the bay and graded laterally into the coastal and shallow ma-
rine carbonates of the Alpujarride facies (Alpine-like Triassic deposits). The
southeastern edge of the Iberian Meseta was of irregular shape and the red beds and
evaporites filled up the marked palaeorelief. The sediment sheets acted as rigid
plates during the Alpine orogeny and were not deformed (tabular cover of the
Meseta). According to palynological data, the age of the red beds ranges between the
Towermost Ladinian and the uppermost Norian.

2. Rare coarse sediments vrelated to alluvial fans and conglomeratic braided
rivers occur at the base of the sections 1in the vicinity of the Palaeozoic
palaeoreliefs. Locally, sediments of the various zones of alluvial fans were found,
The inner fan facies consists of debris-flow and mud-flow deposits. The mid fan sedi-
ments are built up of conglomerates, sandstones and mudstones arranged in fining-up-
wards sequences. The distal fan and pebbly braided river deposits are characterized
by conglomerates, sandstones and mudstones associated to fluvial chamnels which aiso
display fining-upwards sequences.

3. The bulk of the Triassic successions is the result of deposition by Tow-sinuo-
sity sandy rivers. The channel facies is built up of fining-upwards megasequences re~
Tated to shifting of alluvial subenvironments which are in turn composed of fi-
ning-upwards microsequences related to fluctuations of flow. The proximal floodplain
facies (including levees) usually consists of interbedded mudstones and sandstones
with thickening-upwards organization. The internal structure of the sandstone Tayers
records the decrease of flow energy both towards the top with progressive 1infilling
of the channel and to the distal parts of the floodplain with decelerating capacity
of the water surges. Layers of pedogenic carbonates and horizons with much iron oxi-



des are also present, Far away from the channels, thick accumulations of mudstone we-
re laid down forming the distal floodplain facies. The distal overbank mudstones con-
tain dintercalations of Tlaminated micrites and fine sand and silt which, however,
lack any significant sequential arrangement.

4. Lateral wandering of all those <c¢losely related environments resulted in
various types of fluvial sequences. The active mechanism was the progressive
infilling of the channel that caused an increased importance of the floodplain
processes with declining water depth and ameliorated overtopping of the levees by
flood surges. As the rate of sedimentation in the channel areas was higher than fin
the topstratum fTlat, the channel progressively aggraded until it eventually became
unstable and moved away by avulsion to a new course. The highly variable
superposition of facies that resulted from these lateral changes of position account
for the many different sequences found in the Triassic Buntsandstein-facies red
beds.

5. Considering the whole fluvial facies, some differences exist in the fluviaTl
architecture between proximal and distal areas. In proximal areas, the channel
facies 1is characterized by upper-flow regime plane beds, whereas in the distal zo-
nes, cross-bedding originating by migration of megaripples predominates. The number
of scour surfaces decreases towards the distal areas, because the incidence of
fluctuations of flow is smaller in that direction. Floodplain deposits of the distal
areas of the fluvial systems include common backswamp and crevasse-splay intercala-
tions as well as some minor meandering channels between the main braided streams, te-
stifying to a higher stability of the fluvial system in the distal areas.

6. The fluvial facies change gradually into the sabkha sediments and intertidal
deposits of the evaporitic-lutitic wunit. At the top of all the sections, the
shallow-marine Early Jurassic Timestone records the extensive transgression that
took place in the circum-Tethys regions at the end of the Upper Triassic.

7. The existence ¢of strata-bound copper ores, associated to deposits of inactive
secondary channels, reinforces the need of sedimentological studies for prospection
of these minerals.
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