
Tectonically driven landscape development within the eastern

Alpujarran Corridor, Betic Cordillera, SE Spain (Almerı́a)

A.F. Garcı́a a,b,*, Z. Zhu c,d, T.L. Ku d, C. Sanz de Galdeano e, O.A. Chadwick a,f,
J. Chacón Montero b,g

aDepartment of Geological Sciences, The University of California, Santa Barbara, CA, USA
bGrupo de Investigaciones Medio Ambientales: Riesgos Naturales e Ingenieria del Terreno, University of Granada, Granada, Spain

cGuangzhou Institute of Geochemistry, Chinese Academy of Sciences, People’s Republic of China
dDepartment of Earth Sciences, The University of Southern California, Los Angeles, CA 90089-0740, USA

eInstituto Andaluz de Ciencias de la Tierra, CSIC, Facultad de Ciencias, Universidad de Granada, C/ Severo Ochoa s/n, 18071 Granada, Spain
fDepartment of Geography, The University of California, Santa Barbara, CA 93106, USA

gDepartamento de Ingenierı́a Civil, Universidad de Granada, C/ Severo Ochoa s/n, 18071 Granada, Spain

Received 1 August 2000; received in revised form 1 May 2002; accepted 15 July 2002

Abstract

The Betic Cordillera is a topographic manifestation of Miocene to recent collision between the African and the European

plates. Mountain ranges in the Internal Zone of the Betic Cordillera are exhumed massifs of metamorphic and sedimentary

rocks, and are surrounded by low-lying sedimentary basins. The Neogene history of mountain range uplift and basin formation

in the Betics is well studied, but Quaternary topographic development and its relation to convergent plate boundary tectonics is

less understood. Deformation, rates of stream incision and factors controlling landscape evolution on the flanks of the highest

mountains in the Betic Cordillera are studied to gain insight on the relationship of Quaternary tectonics to topographic

development. Specifically, geomorphic processes that led to formation of topographic relief within the Internal Zone of the

Betic Cordillera are assessed.

This paper is based on a field study conducted in the eastern Alpujarran Corridor (EAC), which is the eastern half of a 4–6 km

wide and 80-km long inverted sedimentary basin. The Mid to Late Quaternary history of basin denudation is deduced on the

basis of morphostratigraphic, geochronologic and structural–geologic analyses of oxygen isotope Stage 8-time fluvial deposits

in the EAC.

Results of these analyses indicate that climate and faulting played only a minor role in landscape evolution in the EAC.

Instead, the EAC topographic trough was excavated by a drainage network whose axial stream (Rı́o Andarax) was incising at a

rate between 0.3 and 0.7 m/ka since oxygen isotope Stage 8. This paper demonstrates that these incision rates are the same as

regional rock uplift rates in the EAC. During the Mid and Late Quaternary, topographic relief between the EAC and adjacent

mountain ranges developed largely as a result of fluvial denudation driven by regional uplift.

The implications of the results of this investigation are used to propose a model of Quaternary topographic relief

development in the Internal Zone of Betic Cordillera. Topographic relief between Internal Zone bedrock massifs and adjacent
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basins formed largely as a result of fluvial denudation driven by regional uplift. Faulting also played a significant role in areas

that are within a few kilometers of crustal-scale fault zones.

D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The tectonically active Betic Cordillera of southern

Spain is a major NE–SW trending topographic high

consisting of E–W and NE–SW trending mountain

ranges separated by lower lying sedimentary basins

(Fig. 1). The altitude of Betic mountain range summits

is typically between 1500 and 2500 m, and the

altitude of the highest peaks is greater than 3000 m.

The altitude of Betic basins ranges from near sea level

at the coast to between 200 and 1000 m farther inland

(Fig. 1).

The Betic Cordillera is a topographic manifestation

of the collision between the African and European

plates (Fig. 1). The Betic Cordillera began forming in

the Late Miocene, and mountain building continues to

recent times (e.g., Sanz de Galdeano and Vera, 1992).

Although the history of mountain range uplift and

basin formation from the Mid to Late Miocene

through the Pliocene is well documented (e.g., Sanz

de Galdeano and Vera, 1992), the Quaternary recent

topographic development of the Betic Cordillera has

received little attention.

Within the Betic Cordillera, the Alpujarran Corri-

dor is in a notable topographic position because it is

10–15 km south of and parallel to the mountainous

crest of Sierra Nevada, which is the highest topo-

graphic ridge in Betic Cordillera (Fig. 1). A 40-km

long segment of the Sierra Nevada crest exceeds an

altitude of 2000 m, and its highest peak (Mulhacén) is

3479 m above sea level. The structural location of the

Alpujarran Corridor is interesting in an along-oro-

genic strike sense because it is between two areas

where Late Miocene to recent African–European

plate convergence is accommodated by different

deformational styles. East of the Alpujarran Corridor,

Late Miocene to present deformation is dominated by

a crustal scale, left lateral shear zone that extends from

Cabo de Gata to Alicante (Fig. 1; e.g., De Larouzière

et al., 1988). This area has also been affected by

Quaternary regional uplift (Mather, 2000). West of the

Alpujarran Corridor, the Granada and Padul basins

comprise an area where Late Miocene to present

regional uplift and extensional tectonism predominate.

The extensional tectonism includes at least 3 km of

normal stratigraphic separation along border faults of

basins (Fig. 1; e.g., Sanz de Galdeano and López

Garrido, 1999).

This paper is based on results of the first detailed

field study of the Quaternary geology and geomor-

phology of the eastern part of the Alpujarran Corridor

(EAC). The purposes of this paper are to: (1) charac-

terize the timing and style of Quaternary deformation

in the EAC; (2) determine rates of fluvial incision in

the EAC and use those rates to estimate rates of Late

Quaternary regional uplift; (3) assess the factors that

controlled Quaternary landscape development within

the EAC; and (4) propose a conceptual model for

generation of topographic relief within the Internal

Zone of the Betic Cordillera during the Quaternary

Period.

2. Regional tectonic and topographic development

The Betic Internal Zone nappe sequence formed

east of its present location, and was displaced to the

west during the Miocene (Sanz de Galdeano, 1990).

Fig. 1. Regional maps of western Europe and southern Spain. (a) Approximate location of the Betic Cordillera on a political map of western

Europe and north Africa. (b) Simplified geologic map of the Betic Cordillera. The area referred to in the text as ‘‘the Betic Internal Zone’’

includes mountain ranges formed by uplifted Internal Zone rocks and adjacent Neogene/Quaternary basins. Names of basins discussed in the

text are written in all capital letters. The ‘‘Betic Foreland’’ is shown geographically rather than in terms of rock type. (c) Topographic map of the

central part of the Betic Internal Zone. Contour lines are altitude in meters.
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The Internal Zone was sutured to the Iberian Penin-

sula in Mid to Late Miocene time, and since then

stress and strain in the Internal Zone have been

dominated by N–S to NNW–SSE compression and

shortening arising from African plate–European plate

convergence (e.g., Sanz de Galdeano, 1990). Conver-

gence led to underthrusting of the Iberian massif

below the Internal Zone terrane, which in turn caused

regional uplift of much of the Betic Cordillera Internal

Zone through the Quaternary (Galindo-Zaldı́var et al.,

1997). Mid to Late Miocene through recent shortening

in the upper and middle crust of the Internal Zone has

been mostly accommodated by the formation of

crustal-scale fault zones and E–W trending antiforms

whose wavelengths and amplitudes are several tens of

kilometers (e.g., Galindo-Zaldı́var et al., 1997). Nota-

ble crustal-scale structures that were active in the

Quaternary are a left lateral shear zone that extends

from Cabo de Gata to Alicante (Fig. 1; De Larouzière

et al., 1988) and an oblique normal/left lateral fault or

fault zone in the Granada area (Fig. 1; Sanz de

Galdeano and López Garrido, 1999).

The ca. 10-km wavelength antiforms comprise

uplifted Internal Zone bedrock massifs that are organ-

ized in a series of E–W to NE–SW trending moun-

tain ranges. They form the topographic highs in the

Betic Cordillera. The topographic lows of the Betic

Cordillera are sedimentary basins that in most cases

were marine depocenters from the Late Miocene

through the Late Pliocene (Fig. 1; Sanz de Galdeano

and Vera, 1992). Most Neogene marine basins

throughout the Internal Zone of the Betic Cordillera,

including the EAC, were emergent by the Late Plio-

cene Epoch (Sanz de Galdeano and Vera, 1992).

Emergence was related to epeirogenic uplift affecting

the Internal Zone, and regional uplift continues

through recent times (e.g., Galindo-Zaldı́var et al.,

1997; Mather, 2000).

The Alpujarran Corridor is one of several E–W

trending structural corridors in the Betic Cordillera

(Sanz de Galdeano, 1996). Most of the faults that

define the Alpujarran Corridor formed during the

Miocene time, westward displacement of the Internal

Zone terrane relative to the Iberian craton (Sanz de

Galdeano, 1996). The dominant structures of the

Alpujarran Corridor are two 80-km long fault zones

that are between 2 and 6 km apart and that have

accommodated between 40 and 75 km of right lateral

strike-slip separation and up to 2 km of vertical

separation (Fig. 2; Sanz de Galdeano, 1996). Faults

within these zones are typically 10 km long, strike 90j
to 70j and are mostly high angle to vertical (Sanz de

Galdeano, 1996) (Fig. 2).

3. Pre-Quaternary geology of the EAC

Rock type is a fundamental control on landscape

evolution. Therefore, deducing factors that control

landscape evolution requires understanding bedrock

geometry and structure. The pre-Quaternary rock

types within the EAC, and their distribution, are

characterized in this section.

3.1. Metamorphic basement

Rocks exposed in mountain ranges adjacent to the

Alpujarran Corridor, and the rocks that the Alpujar-

ran structural basin is formed in, are part of the Betic

Internal Zone nappe sequence (Sanz de Galdeano,

1997) (Fig. 1). Adjacent to the Alpujarran Corridor,

the Sierra Nevada is underlain largely by pelitic,

high-grade metamorphic rocks of the Nevado–

Filábride Complex nappe (Figs. 1 and 2). An E–W

trending band of the Alpujárride Complex nappe

rocks, which is up to 1 km wide, is present along

the southern flank of Sierra Nevada (Fig. 2). The

Sierra de Gádor is almost entirely underlain by

marble and dolomite of the Alpujárride Complex

(Ta; Figs. 2–4). Near the town of Alhama de

Almerı́a, the Sierra de Gádor mountain front is

locally formed in thrust sheets of the Felix Unit of

the Alpujárride Complex (IGME, 1980). The Felix

Unit in the Sierra de Gádor is mostly lavender and

bright blue phyllite and calcschist (Sanz de Gal-

deano, 1997).

3.2. Miocene basin-fill sediments

Miocene basin-fill sediments (Mcs; Figs. 3 and 4)

are typically in fault contact with Alpujárride Com-

plex rocks along vertical and subvertical faults (Sanz

de Galdeano, 1996; Figs. 3–5). These Miocene sedi-

ments are unconsolidated Middle Miocene marls, as

well as unconsolidated Late Miocene interbedded

marls, sands and gravels (Sanz de Galdeano et al.,
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Fig. 2. (a) Generalized geologic map of the Alpujarran Corridor. For the location of this map relative to Fig. 1, note the location of Sierra Nevada and the Alpujarran Corridor. This

map is redrawn from Sanz de Galdeano et al. (1986). (b) Generalized geologic map of the eastern Alpujarran Corridor, modified from Sanz de Galdeano et al. (1991). Some

Quaternary units are reinterpreted, and some faults are omitted for clarity.
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1991). The Middle Miocene marls are locally uncon-

formably overlain by tan to yellowish, locally silty

travertine (Mt; Fig. 3). The travertine beds are 3–5 m

thick. At their base, they commonly have inclusion of

Middle Miocene marl and are locally interlayered with

reworked Middle Miocene marl. Travertine cemented

plant material collected from one of these beds

yielded an age >350 ka Table 1. On the basis of this

radiometric datum, and on the stratigraphic character

and position of the travertine beds, their age is inferred

as Miocene.

3.3. Plio-Quaternary gravel and conglomerate (PQc)

Near the town of Alhama de Almerı́a, basin-fill

sediments are dominantly Plio-Quaternary conglom-

erate and gravel (PQc, Fig. 4). PQc is fanglomerate,

sensu stricto, in that the fluvial network that deposited

these sediments no longer exists, and the sediments

are substratum that is dissected by the present-day

fluvial network. PQc comprises moderately indurated

sands and gravels, with minor unconsolidated sands

and gravels. North of highway N-324 and south of

Rı́o Andarax, PQc is completely indurated conglom-

erate and completely indurated sedimentary breccia.

PQc deposits are up to 100 m thick and their base is

not exposed in the mapped area. Based on strati-

graphic relationships and regional correlations, Pasc-

ual Molina (1997) inferred these sediments to be

uppermost Pliocene and lowermost Pleistocene in

age. PQc was deposited on the hanging wall of a

NW striking normal fault whose trace is about 0.5 km

NE of Alhama de Almerı́a (Pascual Molina, 1997).

4. Geomorphology of the EAC

The EAC is a 30-km long and 4–6-km wide E–W

trending topographic trough bordered to the north and

south by the highest mountain ranges in the Betic

Cordillera (Fig. 1). The topographic trough coincides

with an inverted Miocene/Neogene sedimentary basin

(Figs. 1 and 2). Superimposition of the modern drain-

age network over the basin led to development of

rugged, steep topography within and adjacent to the

EAC. Quaternary fluvial denudation resulted in an

erosional landscape characterized by prominent, high-

level depositional surfaces and multiple inset ero-

sional surfaces (Figs. 2, 6 and 7). Topographic relief

from the bottom of the EAC to adjacent mountainous

crests is typically between 1000 and 1500 m.

The axial stream of the EAC is the Rı́o Andarax,

which an ephemeral stream with a mixed bedrock/

alluvial channel. The lower 52 km of the longitudinal

profile of Rı́o Andarax is a concave-up and smooth

(Fig. 8). A prominent knickpoint about 52 km from

the Andarax rivermouth separates the concave-up

reach from a convex-up reach. Development of Rı́o

Andarax’s longitudinal profile, as well as its late-

Quaternary incision history, was controlled largely

by the passing of a tectonically induced incision wave

(Garcı́a, 2001; see additional discussion below).

The Quaternary geology of the EAC was mapped

in detail on 1:12,500 scale topographic base maps

(Garcı́a, 2001), and is dominated by deposits originat-

ing from tributaries to the Rı́o Andarax. The most

widespread Quaternary sediments in the EAC are

calcretized gravel deposits (Qpg1, described in detail

below). Another significant Quaternary deposit in the

EAC is a sequence of travertine and interbedded

fluvial sediments in the Alhama de Almerı́a area

(‘‘AdA sequences,’’ which consists of the Qtd and

Qt map units, also described in detail below). AdA

sequences are significant because Th/U series analy-

ses of travertines provide age control for EAC Qua-

ternary stratigraphy (Garcı́a, 2001).

Depositional surfaces underlain by Qpg1 and AdA

sequences are anomalously low relief, large, high-

Fig. 3. Geologic map of the Bocharalla Qpg1 complex and Alcora Qpg1 complex. Key for map legend: (1) colluvium (Qc); (2) Quaternary

landslide (Qls), which includes rotational slumps, translational rock block slides, earthflows and debris avalanches; (3) younger Quaternary

piedmont gravels (Qpg2), which are active alluvial fan channels and alluvial fan surfaces; (4) Quaternary younger travertine (Qyt); (5) older,

oxygen isotope Stage 8 time Quaternary piedmont gravels (Qpg1); (6) Miocene travertine (Mt); (7) undifferentiated Miocene clastic sediments

(Mcs); (8) fault gouge and fault breccia; (9) Triassic Alpujárride Complex (Ta); (10) horizontal striations on vertical fault surfaces; (11) vertical

fault surfaces; (12) strike and dip of a fault surfaces; (13) strike and dip of bedding; (14) apparent dip of bedding (arrow indicates the direction of

dip); (15) trend and plunge of striations; (16) fault, ‘‘d’’ is the downthrown block, and ‘‘u’’ is the upthrown block; (17) inferred fault trace; (18)

inferred location of geologic contact; (19) streams and drainage network (arrows indicate flow direction); (20) height of Qpg1 base above Rı́o

Andarax’s channel at the location denoted by the � .
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Fig. 4. Geologic map of the Alhama de Almerı́a environs. Qc adjacent to Rı́o Andarax is agricultural terraces.
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level surfaces that visually dominate the EAC land-

scape (Figs. 6 and 7). Qpg1 and AdA travertine

landform surfaces are unquestionably a paleo-valley

floor, and are at the same paleofluvial level (Fig. 6).

These two observation-based inferences are supported

by results of detailed field mapping, which established

the altitude of the bases of Qpg1 deposits throughout

the EAC (Garcı́a, 2001; (Table 2).

The height of AdA travertine sequence and Qpg1

bases above the present-day channel of the EAC axial

stream (Rı́o Andarax) is not consistent (Table 2).

However, AdA sequences and Qpg1 deposits origi-

nate from tributaries and dip towards the Rı́o

Andarax, so their distal extremities are eroded by

varying amounts. As a result, the present-day AdA

travertine and Qpg1 bases nearest to the modern Rı́o

Andarax channel do not reflect the position of Rı́o

Andarax when they were deposited. The critical data

suggesting that the AdA sequences and Qpg1 deposits

comprise a common paleofluvial level is the consis-

tently higher altitude of their bases as distance from

the mouth of Rı́o Andarax increases (Table 2).

4.1. Geomorphic setting of the study areas

This paper is based mostly on the surficial geology

of two areas in the EAC. The study areas are at the

northern Sierra de Gádor piedmont, between the

towns of Canjáyar and Alhama de Almerı́a (Figs. 2,

6 and 9). The first area straddles a Rı́o Andarax

tributary that is known as Rambla de Alcora. Two

kilometers east and west of Rambla de Alcora, the

Sierra de Gádor’s piedmont is dominated by Qpg1

landforms (Figs. 3 and 9). These landforms are herein

Fig. 5. Geologic cross-section of the western lobe of the Bocharalla Qpg1 complex. The differentiation of Miocene sediments (Serravallian vs.

Tortonian and Messinian) is adopted from Sanz de Galdeano et al. (1991). Qpg2 was not included on the cross-section because it is too thin to

represent accurately at the scale the cross-section is drawn. The dip of Qpg1 south of and within 10 m of the Bocharalla fault on the cross-

section is the maximum steepness measured in the field, and may not be as steep elsewhere along the fault. See Fig. 3 for the location of the

cross-section. Legend: (1) Quaternary piedmont gravels (Qpg1); (2) Miocene conglomerate (Tortonian and Messinian; Mc); (3) Miocene marl

(Serravallian; Mm); (4) Triassic Alpujárride complex (Ta); (5) left lateral strike-slip fault; (6) fault; (7) inferred geologic contact; (8) geologic

contact.

Table 1

Th/U analyses of travertine-fossilized plant stems collected in the eastern EAC

Sample, elevation of sampling site, map unit U (ppm) 234U/238U 230Th/232Th 230Th/234U Age (ka)

T-7, 540 m, Qtd 0.72F 0.02 1.11F 0.03 70.5F 10.1 0.95F 0.03 276F 40

T-12, 385 m, Qlst 1.81F 0.04 1.01F 0.02 168F 25 0.97F 0.03 354F 76

T-13a, 325 m, Qt 1.30F 0.03 1.04F 0.03 101F16 0.91F 0.03 248F 29

T-15, 310 m, Qtd 0.89F 0.02 1.04F 0.02 90.9F 12.2 0.94F 0.02 282F 34

BFC-1, 585 m, Mt – – – – >350

Uncertainties are standard deviations derived from counting statistics. Samples T-n were collected near Alhama de Almeria (Fig. 10). Sample B-1

was analyzed by Laboratorio de Radiochronologia del Instituto Jaume Almera, CSIC, Barcelona, Spain.
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referred to as the Bocharalla Qpg1 complex and the

Alcora Qpg1 complex (Fig. 3). Here, the Rı́o Andarax

is incised up to 150 m below the bases of Qpg1

deposits at the distal part of the Bocharalla Qpg1

complex (Table 2 and Fig. 3). Rambla de Alcora is

also incised many tens to hundreds of meters below

the bases of Qpg1 deposits. Large landslides are

present at the margins of Qpg1 landform treads where

streams have incised deeply below the contacts of

Qpg1 and Mid Miocene as well as Late Miocene marl.

This paper focuses on this area because it includes the

only significantly faulted Quaternary deposits in the

EAC (Garcı́a, 2001).

The second area studied in detail is the region near

the towns of Alhama de Almerı́a and Alicún (Figs. 2

and 4). The most noteworthy features of the Sierra de

Fig. 6. View to the east from the Padules/Almócita Qpg1 landform surface. See Fig. 2b for the location of the labeled landforms; they are

underlain by Qpg1.

Fig. 7. View to the east of the Sierra de Gádor piedmont in the vicinity of Huécija and Alicún. The towns of Alicún and Huécija are labeled. The

feature labeled as ‘‘AdA travertine landform’’ is the N–S elongate Qtd unit about 1 km east of Alicún (Fig. 4).
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Gádor piedmont in this area are landform surfaces, up

to a few square kilometers in area, that are underlain

by AdA sequences (Fig. 4). The Rı́o Andarax is

incised up to 95 m below the bases of the AdA

travertine sequences. Areas between AdA travertine

landform surfaces include dissected Miocene and

Pliocene sediments and earthflows that are up to a

few square kilometers in area (Fig. 4).

5. Quaternary geology and structure of

the Rambla de Alcora area

The results of the field investigation that form the

fundamental basis of this paper are presented in this

section and in Section 6. In these two sections, the

geology, sedimentology and structure of the two study

areas are described, with emphasis on sediments and

structures most useful for deducing the Mid Quater-

nary to recent history of the EAC. Summary descrip-

tions of other Quaternary map units are presented in

Table 3.

5.1. Quaternary geology of the Rambla de Alcora

area

Quaternary piedmont gravel, or Qpg1, records the

only preserved paleofluvial level in the vicinity of

Rambla de Alcora. In this area, Qpg1 is mostly gravel

and conglomerate entirely composed of Alpujárride

Complex marble and dolomite clasts. The Sierra de

Gádor is formed entirely in Alpujárride Complex

rocks (e.g., Sanz de Galdeano, 1997), and Qpg1

contains only Alpujárride Complex clasts, and it lacks

axial stream Nevado–Filábride clasts. This indicates

that Qpg1 was deposited exclusively by Sierra de

Gádor piedmont streams.

Qpg1 deposits overlie smooth, locally angular

unconformities developed mostly into Miocene sedi-

ments and less commonly into Triassic bedrock. At

the eastern part of the herein named eastern lobe of the

Bocharalla Qpg1 complex (Fig. 3), Qpg1 beds and the

pediment they overlie dip between 12j and 19j to the

north and away from the Sierra de Gádor mountain

front. Within a few hundred meters of the mountain

Fig. 8. Longitudinal profile of Rı́o Andarax. The x-axis is distance in meters from the Rı́o Andarax rivermouth.
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front the deposits are up to 5 m thick and are on

average about 3.5 m thick. They are up to 30 m thick

at the most distal part of the eastern lobe.

Adjacent to and east of Rambla de Alcora (herein

named the ‘‘western lobe of the Bocharalla Qpg1

complex’’; Fig. 3), in most areas that are 100 m or

farther away from faults, Bocharalla Qpg1 deposits

dip from 5j to 15j to the north and away from the

Sierra de Gádor mountain front. At the distal part of

the western lobe, Qpg1 beds dip 0.5–6j to the south

(toward the mountain front). The variable dip of the

deposits on the western lobe are interpreted to reflect

deformation (see below). Qpg1 deposits of the west-

ern lobe are typically 10–15 m thick within 1–200 m

of the mountain front and are typically 7–10 m thick

at the most distal part of the deposits.

The morphostratigraphic character of Qpg1 depos-

its west of Rambla de Alcora (the ‘‘Alcora Qpg1

complex’’) is similar to the morphostratigraphic char-

acter of the Bocharalla Qpg1 complex western lobe

(Fig. 3). Alcora Qpg1 complex sediments locally bury

paleotopography proximal to the Sierra de Gádor

mountain front. Farther away from the mountain front,

Alcora complex Qpg1 gravels are 5–15 m thick and

overlie a very smooth unconformity.

The sedimentologic description that follows was

made approximately 650 m from the Sierra de Gádor

mountain front. Clast sizes are reported as median

diameters and are generally larger (up to 1.5 m) closer

to the mountain front and smaller farther from the

mountain front. Qpg1 consists of lenticular beds of

crudely sorted, clast supported, massive and stratified,

subangular gravels and silty sands. The width of

lenticular beds varies from 1 to 12 m and their

thickness varies from 0.2 to 1.5 m. Clasts in these

beds are typically less than 5 cm, but as large as 18

cm. The lenticular beds are interbedded and interfin-

gered with beds consisting of poorly sorted, matrix

supported, massive, subangular gravels supported

within a sandy–silt matrix. These matrix-supported

beds are laterally continuous across outcrops as wide

as 15 m. Clasts in matrix-supported beds are up to 15

cm but typically less than 10 cm. Buried soils are

locally common within this Qpg1 sequence.

5.2. Bocharalla and Alcora Qpg1 complex deposi-

tional environments

The interbedded and interfingered lenses of clast-

supported gravel and beds of matrix-supported gravel

Table 2

Altitude and height-above-channel data for AdA travertine sequences and Qpg1 deposits

Alhama de

Almerı́a

travertine

I (Qtd)a

Alhama de

Almerı́a

travertine

II (Qt)a

Travertine

east of

Alicún

(Qtd)a

Bocharalla

fan

complexb

Padules/

Almócita

Qpg1c

Los

Llanillos

de Cacı́n

fansc

Juan de

Campos

fanc

Distance from

river mouth (km)

24.1 24.8–25.1 28.8 41.4–42.9 50.0–50.8 52.9–55.4 58.6–60.0

Plan-view distance

of data (Am) from Rio

Andarax’s channel (m)

375 144–250 >500 194–338 263–325 75–81 –

Altitude of deposit base (m) 300 300 395d 590 710–715 710–765 < 780– < 800

Height of base above Rio

Andarax (m)

95 65 155d 160–145 145–135 25–80 < 0

(base not exposed)

Maximum rate of Rio Andarax

incision since ois8e (m/ka)

0.4 0.3 0.6 0.7–0.6 0.6 0.3–0.1 –

a See Figs. 3 and 10.
b See Figs. 3 and 5.
c See Fig. 3.
d Calculated by projecting from the axial-streamward edge of the deposit to the present-day position of Rio Andarax’s channel using the

slope of the deposits tread.
e ois8 = oxygen isotope Stage 8 glacial maximum; eustatic fluctuation had a negligible effect on stream incision on these reaches of Rio

Andarax (Garcı́a, 2001). Rates calculated by dividing height above Rio Andarax’s channel by 245 ka, which is the end of ois8 (Imbrie et al.,

1984).
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typical of Qpg1 deposits indicate alternating fluvial

and debris flow deposition typical of an alluvial fan

environment (e.g., Harvey, 1990). The morphostrati-

graphic character of the eastern lobe of the Bochar-

alla Qpg1 complex indicates that it is an alluvial fan

deposit that overlies an erosional pediment surface.

Interpretation of the depositional environment of

the Alcora Qpg1 complex and the western lobe of the

Bocharalla Qpg1 complex is not as straightforward.

The morphostratigraphic character of Qpg1 deposits

that comprise the western lobe of the Bocharalla

Qpg1 complex and the entire Alcora Qpg1 complex

(Fig. 3) indicate that they were deposited by piedmont

streams on pediments and straths. The Bocharalla

Qpg1 complex and the Alcora Qpg1 complex are

fan-like in plan view (Fig. 3) and are similar to a

pediment gravel in that their bases and treads diverge

from the present-day stream channel. They are strath

terrace like in cross-section, in that they overlie very

smooth unconformities along a substantial length

(0.5–1.5 km) of a large stream. This paradoxical

character is typical of Qpg1 deposits throughout the

EAC (Garcı́a, 2001). Unfortunately, ‘‘case harden-

ing’’ of Qpg1 outcrops precludes sedimentologic

analyses that would facilitate classifying the western

lobe of the Bocharalla Qpg1 complex and the Alcora

Qpg1 complex in a conventional landform classifica-

tion scheme.

Fig. 9. Aerial photograph of the Rambla de Alcora area. Canjáyar is at the northwest corner of the photo. The north-trending white line east of

the word ‘‘complex’’ is a treeless fire break. The photo was provided by Instituto Geográfico Nacional de España/Centro Nacional de

Información Geográfica (Spain) (used with permission from Centro Nacional de Información Geográfica, Spain).
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Table 3

Summary description of Quaternary map units younger than Qpg1 and AdA sequences

Map unit * Map unit name Sedimentology/morphostratigraphy Additional notes

Qc Quaternary cover Quaternary cover. Includes colluvium,

and landforms obliterated by human

activity.

Includes fruit orchards on

gently sloping surfaces.

Q1st Quaternary landslide with

travertine blocks

Earthflows and slumps. Q1st is mostly

earthflows consisting of blocks of

travertine that are typically 10 s of m3

and up to 100 s of m3 in a ‘matrix’ of

Miocene and Quaternary marl. A fossil

plant stem collected from a travertine

block in Q1st yielded an age of

354F 76 k.y. (Table 1).

Active and inactive slope failures.

Q1s Quaternary landslide Earthflows and slumps. Most common at

the edges of the Bocharalla Qpg1

complex and the Alcora Qpg1 complex

where streams have incised 50 m or more

below the contact of Qpg1 and Miocene

sediments (Fig. 3).

Active and inactive slope failures.

Qag Quaternary axial-stream gravel Qag sediments are poorly indurated

to unconsolidated, well stratified

and/or imbricated, clasts-supported

gravel that is locally massive, and up

to 7 m thick. Based on the unpaired

nature of these terrace remnants, and

on the great variability in their heights,

Qag deposits are interpreted as

complex response/minor strath

terraces (Sensu Bull, 1990).

Unpaired strath terraces.

Qpg2 Quaternary piedmont gravel 2 Unconsolidated, colluvial and alluvial

gravel, sand, and minor silt. The gravel

is dominantly clasts of bluish-black

Alpujárride marble and dolomite, and

includes common fragments of caliche

rubble. The clasts are dominantly angular

to subangular, and include very minor

amounts of sub-rounded and rounded

clasts. Qpg2 sediments are active debris

fan, alluvial fan, and alluvial-distributary

channel deposits.

Based on the limited areal extent of

Qpg2 in the EAC, we interpret these

sediment as a ‘‘minor’’ or ‘‘complex

response’’ deposits (sensu Bull, 1990;

Garcı́a, 2001).

Qyt Quaternary younger travertine Tan to gray, locally silty, and massive

travertine. Rings sharply and distinctively

when struck with a hammer. The deposits

form arcuate outcrops that are tens of

meters in length by ten to twenty meters

wide, and bean shaped outcrops that are

10 to 100 m wide. Present slightly

upslope and mostly downslope of faults.

The age of these travertine deposits is

inferred, and is based on landscape and

stratigraphic position.

Probably formed as a result of

groundwater discharge from

faults and fractures.

* Map units are listed from youngest (top of the table) to oldest. Ages are relative and inferred from landscape position.
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5.3. Calcretes in the Alcora Qpg1 complex and

Bocharalla Qpg1 complex western lobe

The surfaces of the Bocharalla Qpg1 complex

western lobe and of the Alcora Qpg1 complex are

formed by coarsely and densely crystalline, fully

lithified calcrete. The caliche rubble typical of alluvial

fan calcretes in southern Spain (Alonso-Zarza et al.,

1998) is not present on either the Bocharalla Qpg1

complex western lobe or the Alcora Qpg1 complex.

Instead, their surfaces are dominated by microkarst

towers that are 20–50 cm high (Garcı́a, 2001). The

macromorphological attributes of the Bocharalla and

Alcora Qpg1 complexes indicate that they are ground-

water calcretes (Garcı́a, 2001).

The petrography of the western lobe calcrete (Fig.

10) is consistent with interpretations based on macro-

morphology. Microfabric features that are typical of

pedogenic calcretes in other parts of southern Spain

are absent. Garcı́a (2001) showed that the character of

the micofabric is, however, typical of groundwater

calcrete microfabrics as outlined in Wright and Tucker

(1991) and similar to groundwater calcretes in the

nearby Tabernas basin of SE Spain described by Nash

and Smith (1998).

5.4. Calcretes in the eastern lobe of the Bocharalla

Qpg1 complex

The surface of the eastern lobe of the Bocharalla

Qpg1 complex is similar to the ‘‘Stage 6a’’ fan surfaces

as described by Alonso-Zarza et al. (1998), in that

laminar calcrete is exposed in some areas and other

areas are mantled by caliche rubble. This suggests that

the calcrete is pedogenic, but micromorphology sug-

gests more complex calcrete development (Garcı́a,

2001). Calcrete petrography of two samples collected

from the eastern lobe of the Bocharalla Qpg1 complex

indicate calcrete formation in a pedogenic environ-

ment, followed by cementation and calcretization in a

groundwater environment (Fig. 11; Garcı́a, 2001).

5.5. Landscape evolution and relative age implica-

tions of Bocharalla Qpg1 complex calcrete morpho-

logy

Like the Bocharalla eastern lobe pedogenic cal-

crete, the Bocharalla western lobe had a pedogenic

calcrete above a groundwater calcrete (Garcı́a, 2001).

The western lobe calcrete, therefore, reflects a rela-

tively advanced state of landform development,

Fig. 10. Petrographic thin section of sample B-3 under plain light. The translucent, coarsely crystalline areas are pore spaces filled with spar. The

gray area, which engulfs an ellipsoidal white area and is within the spar-filled pore space, is a pore space stained with blue dye. Most clasts have

well-developed micritic rims. For example, the alternating dark and light bands that form a thick rim on the upper right of the largest clast are

spar (light bands) and micrite (dark bands).
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wherein its soil profile has been stripped. The calcrete

of the eastern lobe of the Bocharalla Qpg1 complex is

less degraded than the calcrete of the western lobe, in

that it is mantled by caliche rubble, and the micro-

fabrics of calcretes on the eastern lobe include features

associated with pedogenic calcrete.

The western and eastern lobe Qpg1 gravels are

physically continuous (Fig. 3), so differences in their

calcrete crusts must arise from a factor other than the

depositional age of Qpg1. Sediment supply to the

western lobe was cut off shortly after the end of ois8,

when the Rambla de Alcora incised below the western

lobe surface (Garcı́a, 2001). The eastern lobe is fed by

streams originating from relatively small mountain

front catchments that have not incised below its tread.

In fact, the proximal Qpg1 calcrete on the eastern lobe

of the Bocharalla Qpg1 complex is buried by recent

alluvium (Qpg2; Fig. 3) originating from these catch-

ments. Since the distal part of the lobe still receiving

sediment, albeit in limited supply, its pedogenically

calcretized surface has been a stable feature over

Quaternary time scales (Alonso-Zarza et al., 1998).

The relatively well-preserved character of the eastern

lobe calcrete is due to its proximity to the Sierra de

Gádor mountain front and to the relatively small

catchment area of streams that feed the lobe.

5.6. Structure of the Bocharalla and Alcora Qpg1

complexes

The only significant Quaternary faults in the EAC

are described in detail in Section 5.6. The faults are on

the south side of the EAC, within 1 km of the Sierra

de Gádor mountain front. Quaternary faults within this

part of the Betic Cordillera were previously unrecog-

nized. One purpose of this section is to establish the

character of the Late Quaternary faults in the EAC, for

later discussion regarding the character of Mid/Late

Quaternary faulting in the EAC within the framework

of Betic Cordillera Quaternary tectonism. Another

purpose of this section is describing the style and

magnitude of Quaternary faulting for subsequent dis-

cussion regarding the role of faulting in EAC land-

scape development.

The faults and fault zones present in the Bocharalla

and Alcora Qpg1 complexes are mostly vertical and

Fig. 11. Petrographic thin section of sample B-2 under plain light. A cluster of micritic glaebules form a diagonal band across the view in the

photo. The band is in a matrix of micrite and spar, which is in the upper left and lower right of the photo.
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slip on faults is mostly oblique. Localized areas of

normal faulting are present, but the main fault strands

of fault zones are vertical. Along these main fault

strands, fault surfaces are locally subvertical, but these

are irregularities, and the faults are vertical at outcrop

scales. Their displacements cannot be described in

terms of hanging walls or footwalls and, therefore, the

faults are described as ‘‘south-side up or ‘‘north-side

up.’’ The faults are described in detail below and are

listed from north to south. Names of faults are taken

from names that appear close to the surface trace of

each fault on the Padules (1044-I) and Canjáyar

(1029-III) sheets of the Mapa Topográfico Nacional

de España, 1:25,000 scale series.

5.6.1. Bocharalla fault

The Bocharalla fault is vertical, strikes ESE and

deforms Qpg1 at the distal, western lobe of the

Bocharalla Qpg1 complex (Figs. 3 and 5). It is best

exposed on a road cut at the western, N-trending edge

of the distal western lobe, where the contact of Qpg1

and Miocene marl is vertically displaced a minimum

of 2.3 m (south-side up). Also at this locality, south

and within 50 m of the fault, Qpg1 beds deformed by

the Bocharalla fault locally dip 25j to the southeast.

As mapped in this study, the Bocharalla fault deforms

Miocene gravel at its eastern end and is 730 m long

(measured from a 1:12,500 scale field map with a

digital planimeter). Sanz de Galdeano et al. (1991)

mapped this fault as the local contact between Middle

Miocene sands and gravels and Middle–Late Mio-

cene marls. Their map depicts the Bocharalla fault

trace in Miocene sediments from the town of Padules,

to 3.5 km east of the western lobe, which is a distance

of approximately 8 km (Fig. 2).

5.6.2. Cortijo de los Ruices fault (‘‘Ruices fault’’)

The Ruices fault is vertical, strikes E to ESE and

ENE, and deforms the western and eastern lobes of

the Bocharalla Qpg1 complex (Figs. 3 and 5). In the

eastern lobe, the Ruices fault displaced the contact of

Qpg1 and Miocene marls 9.5 m with a dip slip, north-

side up sense of movement. Qpg1 beds dip southward

as steeply as 55j at an exposure about 50 m south of

the Ruices fault. Along its entire length on the

Bocharalla Qpg1 complex surface, the Ruices fault

forms a 3 to 5 m high fault scarp that is moderately

degraded (Fig. 12). The Ruices fault is locally a fault

zone with fault surfaces that are spaced less than 10 m

and up to 15 m apart, and includes a graben. A vertical

fault surface formed in Qpg1 within this graben

strikes 91j and has horizontal striations. The Ruices

fault is moderately well-exposed at the northwestern

edge of the Alcora Qpg1 complex. At this locality, it

is a south-side up, high-angle fault, and the Qpg1–

Miocene contact is vertically displaced by approxi-

mately 7 m. The Ruices fault is an oblique-slip fault

that changes sense of dip-slip displacement along

strike, as indicated by the following observations:

(1) horizontal striations on a fault surface formed in

Qpg1; (2) the vertical offset of Qpg1 gravel; and (3)

the along-strike change in sense of separation (north

side up vs. south side up). The total length of the fault

and fault zone is 3.3 km.

5.6.3. Vereda del Peñon fault (‘‘Peñon fault’’)

The Peñon fault is a 4.4-km long segment of a

mostly vertical system of faults that locally defines the

southern boundary of the Alpujarran Corridor (Sanz

de Galdeano et al., 1991). In the study area, it strikes

E to NE, juxtaposes Miocene sediments and Triassic

bedrock, and is locally developed as an intra-Alpu-

járride Complex fault and an intra-Miocene marl fault

(Figs. 3 and 5). The trace of the Peñon fault is locally

defined by bands of fault breccia up to one hundred

meters wide formed in Triassic bedrock and Miocene

sediments. In the Bocharalla Qpg1 complex, the

Peñon fault is mostly buried by younger alluvium

(Qpg2, Fig. 3), but it is exposed in stream channels.

Displacement on the Peñon fault in the Bocharalla

Qpg1 complex is south-side up, and at one locality in

a stream channel within the Bocharalla Qpg1 com-

plex, striations on a vertical fault surface formed in

Miocene marl have the following trends and plunges:

235j, 10.5j and 235j, 49.5j. Because it is a south-

side up fault, these data support the notion of left

lateral oblique separation on this fault since Neogene

time. At this same locality, another fault surface

formed in Miocene sediments has an attitude of

079j, 81jS. The Peñon fault does not deform Bochar-

alla–Qpg1 complex sediments.

At the zone of gouge and breccia that constitutes

the Peñon fault where it intersects the eastern end of

the Alcora Qpg1 complex (Fig. 3), Qpg1 gravels are

vertically displaced a minimum of 8 m, with north-

side up separation. Poor exposure precludes determin-
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ing stratigraphic separation more precisely. A fault

surface formed in gouge and breccia, near to where

the 8 m of north-side up separation was measured,

strikes 94j and is vertical. The trend and plunge of

striations on this fault plane are 94j, 32j. Because it is
a north-side up fault, these observations indicate that

left-lateral oblique separation has taken place on this

fault. In addition, the sense of dip-slip displacement in

the exposure at the Alcora Qpg1 complex is different

from the sense of dip slip displacement in the Bochar-

alla Qpg1 complex.

5.6.4. Peñon fault splay

A splay of the Peñon fault intersects the main

strand of the Peñon fault at a zone of fault breccia

and gouge (Figs. 3 and 5). The splay is north of the

Peñon fault and it strikes ESE. At its western end, the

Peñon fault splay terminates in a complex fault zone

that deforms Qpg1. The fault zone includes two

principal, north-dipping fault surfaces. The attitude

of one of the fault surfaces in Miocene marl within the

fault zone, is 110j, 79jN. The trend and plunge of

striations on this fault surface are 20j, 79j. There are
also drag folds in Qpg1 on the hanging wall, adjacent

to the northernmost strand of the complex fault zone.

The down to the north displacement of the base of

Qpg1 and the striations on the fault plane indicate that

the fault zone includes normal faults. Poor exposure

precludes determining the amount of dip-slip dis-

placement of the Qpg1–Miocene contact at this

normal fault, but is estimated as 6–10 m of normal

separation. The Peñon fault splay is 725 m long.

6. Geology of the Alhama de Almerı́a environs

Travertine and related deposits in the Alhama de

Almerı́a area (‘‘AdA sequences’’; Qtd and Qt in Fig.

Fig. 12. View to the east of an exposure of the Ruices fault. The net displacement across this vertical fault zone is north-side up. The surface

trace of the main fault strand is at the southern base of the hill in which the faults are drawn in black; the hill is a fault scarp. The north–south

distance between the trace of the main strand and the fault drawn in white is approximately 30 m. The fault scarp in this photo is present along

the entire surface trace of the Ruices fault on the tread of the Bocharalla Qpg1 complex. All sediments in the view are Qpg1.
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4) are at the eastern end of the Alpujarran Corridor

(Figs. 2 and 4). These deposits are critical to this study

because Th/U series analyses of fossil plant stems

collected from AdA sequences provide age control for

the Quaternary geology of the EAC.

6.1. AdA sequences (Qtd and Qt)

Qtd (Fig. 4) consists of sequences of interbedded

sediments and travertine. The Qtd sequences include

decimeter to meter thick beds of travertine, fossilif-

erous travertine, silt and sand, as well as stratified and

massive gravel (Fig. 4). The sequences are typically

10–20 m thick and are capped by travertine, and the

surfaces of landforms underlain by Qtd sequences are

formed by travertine. Qtd sequences overlie smooth

unconformities cut into Mcs and PQc and dip gently

away from the local Sierra de Gádor mountain front.

Qtd travertine strata are locally lenticular and con-

sist of alternating reddish, ochre and lavender, massive

beds. The beds are typically between 0.4 and 0.7 m

thick, but up to 2 m thick and are locally highly

fossiliferous. Fossils in the travertine are cylindrical,

elongate plant stems that have diameters of a few mm

and lengths of a few centimeters. The fossil plant stems

are typically horizontal, and their trends are parallel to

paleotransport directions inferred from bedding atti-

tude. In Qtd, travertine beds are interbedded and

interfingered with lenses of massive, poorly sorted,

matrix supported, but locally stratified and clast-sup-

ported gravels. The median diameters of gravel clasts

are between 0.5 and 40 cm. Massive, lavender to blue,

silt and fine sand beds are also present in Qtd, and

locally contain abundant fossil plant stems (bioclastic

packstone). The dimensions and geometry of the

gravel, silt and fine sand beds are similar to the

dimensions of the travertine beds. Qt deposits (Fig.

4) are similar to Qtd deposits, but clastic sedimentary

beds are rare and are present only as basal beds.

6.2. AdA sequence depositional environment

The depositional environment of the AdA sequen-

ces is deduced by studying the present day travertine-

fossilization of plant stems in the Alhama de Almerı́a

environs and from the sedimentologic character of the

clastic sedimentary beds in Qtd. Near Alhama de

Almerı́a, plant stems presently being fossilized in

the channels of spring-fed streams are oriented with

their long axes parallel to stream flow directions

(Garcı́a, 2001). The long axes of fossil plant stems

in AdA sequences trend parallel to paleotransport

direction inferred from bedding attitude. The trend

of the travertine-fossilized plant stems and sedimento-

logic character of the beds in which they occur,

strongly suggests that AdA sequence travertine beds

formed in stream channels (cf. Crombie et al., 1997;

Garcı́a, 2001). The massive silt and fine sand beds are

interpreted as debris flow deposits derived from

phyllite and calcschist of the Felix Unit of the Alpu-

járride Complex. This interpretation is based on the

distinctive lavender and bright blue color of both the

Felix Unit and the silt and fine sand beds. Likewise,

the poorly sorted, dominantly massive and matrix-

supported character of gravel beds also indicates that

they are debris flow deposits.

The sedimentologic character of Qtd, most notably

the abundant debris flow deposits, indicate that it was

deposited by a fluvial and/or alluvial fan system

(Garcı́a, 2001). The dip of AdA sequence beds, which

is always away from the local Sierra de Gádor moun-

tain front and toward Rı́o Andarax, indicates that they

are associated with Andarax tributary streams. Fur-

thermore, the relationship of Rambla de Huéchar to the

largest Qtd landform in Alhama de Almerı́a area (Fig.

4) strongly suggests that Rambla de Huéchar was the

source of the debris flow deposits in the Qtd sequen-

ces. The Rambla de Huéchar drainage basin south of

Alhama de Almerı́a is largely underlain by Felix Unit

rocks (IGME, 1980), which is the likely source of the

massive silt beds in Qtd sequences. A similar relation-

ship exists between the N–S elongate Qtd landform

0.5 km east of Alicún. Here, the Barranco de Alicún is

the likely feeder stream for that Qtd landform, and its

drainage basin is partly formed in a Felix Unit thrust

sheet (Fig. 4; IGME, 1980). Th/U analyses of a

travertine-fossilized plant stems collected from Qtd

deposits yielded ages of 276F 40 ka (Sample T-7,

Table 1) and 282F 34 ka (sample T-15, Table 1). A

fossil plant stem collected from Qt yielded an age of

248F 29 ka (sample T-13a, Table 1).

6.3. Weathering profiles in Qtd and Qt

The AdA sequence landform surfaces are signifi-

cantly altered by human activity, which precludes
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meaningful analyses of calcrete crust morphology or

soil formation. In most cases, the surfaces of AdA

sequence landforms are formed by exhumed and

weathered travertine beds. Soil cover and calcrete

crusts are absent.

6.4. Structure of the AdA travertine

A fault system that deforms AdA sequences is

present in the northeastern part of Alhama de Almer-

ı́a’s environs (Fig. 4). The faults are high angle to

vertical and they disrupt and tilt AdA sequence beds.

Quaternary dip slip and strike-slip displacement on

these faults is negligible (Garcı́a, 2001).

7. Geochronology and interpretation of mapping

results

7.1. Eastern Alpujarran Corridor Quaternary geo-

chronology

Geochronologic data are important to this study

because they set EAC Quaternary deformational style

in the context of Quaternary deformation elsewhere in

the Betic Cordillera. Geochronologic data are also

useful for determining rates of fluvial incision, which

in turn are used to estimate rates of rock uplift in the

EAC. Three types of data and lines of reasoning are

used to determine the numeric ages of AdA sequences

and Qpg1: (1) a numeric age for AdA sequences is

established by Th/U series dating of travertine-fossil-

ized plant stems together with morphostratigraphic

relationships, and the numeric age of Qpg1 is based

on correlation to AdA sequences (Garcı́a, 2001); (2)

the numeric ages of AdA sequences and Qpg1 are

evaluated in the context of established models of

climatically driven cycles of fluvial aggradation and

degradation; and (3) the degree of calcrete crust devel-

opment is used to estimate the minimum age of Qpg1.

Numeric age control for EAC geochronology is

based on Th/U series analyses of travertine samples

collected from AdA sequences (Fig. 4). Three of the

four ages yielded by travertine-fossilized plant stems

collected in the Alhama de Almerı́a environs are

mostly within oxygen isotope Stage 8 (‘‘ois8,’’ which

is from 303–245 ka; Imbrie et al., 1984; Table 1 and

Fig. 13). The pre-ois8 sample was collected from a

travertine block within an earthflow 1 km north of

Alhama de Almerı́a and yielded an age of 354F 76 ka

(Fig. 4; sample T-12). The morphostratigraphic rela-

tionship of the sample T-12 earthflow to nearby AdA

sequence landforms indicates that the earthflow is

older than the landforms samples T-7, T-13a and

T-15 were collected from. Therefore, the morphostra-

tigraphic character of the sampled travertine deposits

is consistent with numeric age data, which indicate

that the sample T-12 (354F 76 ka) is older than

samples T-7 (276F 40 ka), T-13a (246F 29 ka) and

T-15 (282F 24 ka; Table 1). These geochronologic

results indicate that the age of the AdA sequences

coincides with the oxygen isotope Stage 8 glacial

maximum (Garcı́a, 2001).

The numeric age of Qpg1 is based on the nume-

ric age of AdA sequences. AdA sequences and Qpg1

are chronostratigraphically correlated on the basis of

similar landscape position (Garcı́a, 2001). The nu-

Fig. 13. Plot of oxygen isotope data vs. time (gray curve), with a

plot of the ages of the four Alhama de Almerı́a area travertine

samples superposed (black symbols). The vertical axis of the age

data is arbitrary. The vertical lines at the center of the age plot

symbols indicate the determined ages, and the vertical lines at the

ends of the age plot symbols indicate the age range within the error

of analyses. Numeric age data are listed in Table 1. The vertical axis

values of the oxygen isotope plot are units of standard deviation

from a normalized mean. The gray numbers are oxygen isotope

stages. The oxygen isotope data vs. time plot is modified from

Williams et al. (1988).
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meric ages of AdA sequences and Qpg1 are also based

on models of climatically induced cycles of fluvial

aggradation and degradation in the EAC (Garcı́a,

2001) and southern Spain (e.g., Harvey, 1990). Fluvial

systems in southern Spain aggraded during glacial

periods and incised during interglacial periods (e.g.,

Harvey, 1990; Harvey et al., 1999). Many studies

showed that in southern Spain, the Mid Pleistocene

was a ‘maximum’ time of fluvial aggradation and

alluvial fan building (e.g., Harvey, 1990). Aggradation

was prevalent because of abundant sediment supply in

stream catchments (Harvey, 1990). The sedimento-

logic character of AdA sequences attests to their

fluvial origin and their depositional age is a glacial

period (ois8) during the Middle Pleistocene fluvial-

aggradation maximum (Middle Pleistocene: 780–200

ka.; Berggren et al., 1995). AdA sequences and Qpg1

occupy the highest landscape position within the EAC

and they are on the same paleofluvial level (Fig. 14;

Garcı́a, 2001). These relationships, set in the context of

models of climatically driven cycles of fluvial aggra-

dation and degradation in southern Spain, strongly

suggest that both the AdA sequences and Qpg1 were

deposited during ois8 (Garcı́a, 2001). This conclusion

is consistent with the numeric age of travertine over-

lain by Qpg1 at the Bocharalla Qpg1 complex, which

is >350 ka (sample BFC-1; Table 1).

Estimates of the age of Qpg1 based on calcrete-

crust morphology are consistent with the correlated

numerical age of Qpg1. Although the Bocharalla

Qpg1 complex western lobe calcrete does not fall into

existing classification schemes (e.g., Machette, 1985;

Alonso-Zarza et al., 1998), the eastern lobe calcrete is

a Stage 6a calcrete as defined by Alonso-Zarza et al.

(1998). Age estimation based on Stage 6a massive

calcretes like those of the eastern lobe of Bocharalla

Qpg1 complex indicate a pre-latest glacial age

(Alonso-Zarza et al., 1998). This age is consistent

with the Qpg1 numeric age determined by correlation

with the AdA travertine.

7.2. Vertical stream incision since oxygen isotope

Stage 8

The altitudes of Qpg1 and AdA sequence bases

were determined by detailed field geologic mapping

(Table 2; see Section 4) and are interpreted to reflect

the ois8-time paleofluvial level in the EAC. Differ-

ences in the altitude of the ois8 paleofluvial level and

the local altitude of Rı́o Andarax are used to estimate

the ois8-time to present incision rate of Rı́o Andarax.

The maximum magnitude of Rı́o Andarax incision

is estimated from the ois8-time paleofluvial level

preserved in tributary stream sediments (Qt, Qtd and

Qpg1). Vertical distances from Qpg1 and AdA

sequence bases to Rı́o Andarax’s channel were meas-

ured at the toes of landforms underlain by Qpg1, Qtd

and Qt (Table 2; Figs. 3 and 4). The measurements

were made from 10 m contour lines on 1:12,500 scale

surficial geologic maps of Qpg1 and AdA sequences

(Garcı́a, 2001). Incision rates are calculated assuming

Fig. 14. Schematic diagram of the geomorphic positions of Qpg1

landforms east of Fondón (west of Fondón Qpg1 is present only as

partly exposed fan remnants), and of the Alhama de Almerı́a

sequences. The diagrams represent the geology of the following

areas: (A) Alhama de Almerı́a environs; (B) Bocharalla, Alcora and

Padules/Almócita; (C) Los Llanillos de Cacı́n; (D) Rambla de Juan

de Campos fan, near Fondón (see Fig. 2 for the location of the

areas).
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that Rı́o Andarax did not incise below the Qpg1/AdA

sequence paleofluvial level until the end ois8 (Garcı́a,

2001). AdA sequences and Qpg1 bases are between

65 and 160 m above the present-day Rı́o Andarax

channel and incision rates calculated by dividing these

distances by 245 ka (the end of ois8), range from 0.3

to 0.7 m/ka (Table 2). The rates are maxima because

Qpg1, Qtd and Qt deposits dip toward Rı́o Andarax

and toes of landforms underlain by these deposits are

cut back by erosion. Therefore, the present altitudes of

Qpg1/AdA sequence bases are slightly above the

ois8-time position of Rı́o Andarax. The plan-view

distances from the bases of the landforms to Andar-

ax’s channel were measured on 1:12,500 scale base

maps using a digital planimeter and are shown in

Table 2.

7.3. Style of faulting

The character of the faults that deform the Bochar-

alla Qpg1 complex is typical of strike-slip faults. This

interpretation is based on the following: (1) the faults

are vertical and are markedly linear (Figs. 3 and 5); (2)

the sense of vertical throw on the Ruices and Peñon

faults changes along strike; (3) horizontal striations

are present on a vertical fault surface of the Ruices

fault; (4) two of the three faults that deform the

Bocharalla Qpg1 complex and the Alcora Qpg1 com-

plex seem to cause both extension and shortening at

the same time (c.f. Sylvester, 1988). For example, the

Peñon splay terminates in a zone of extensional

structures (Fig. 3), but the Peñon fault at the eastern

edge of the Alcora Qpg1 complex is an oblique

vertical fault that has a strong component of Quater-

nary vertical throw suggestive of shortening. The

small graben formed along the trace of the Ruices

fault is entirely on the upthrown block (Figs. 3 and

12). Finally, the prominent fault scarp that denotes the

Ruices fault trace on the Bocharalla Qpg1 complex

suggests dip slip on a vertical fault resulting from

shortening.

Quaternary deformation in the Bocharalla Qpg1

complex included left lateral oblique slip faulting.

Although some of the structures indicating this type

of slip are in Middle Miocene marl and fault breccia

of unknown age, it can be concluded that left lateral

oblique movements are Quaternary because: (1) the

fault surfaces on which some striations were measured

are in unconsolidated Miocene marl, but are unweath-

ered and very well preserved; (2) the faults offset

Quaternary deposits elsewhere along their traces; and

(3) right lateral shear occurred in the Alpujarran

Corridor through the Late Pliocene/Early Quaternary

(Rodrı́guez Fernández et al., 1990). It is, therefore,

unlikely that left lateral oblique slip occurred before

the Pliocene, and because the faults deform Qpg1, left

lateral oblique slip probably occurred since the Mid

Pleistocene.

Mid to Late Quaternary faulting in the EAC

provides an insight into the local strain field. Based

on the attitude of fault surfaces, on the association of

shortening and extensional features along the traces of

faults and on striations indicating left lateral oblique

slip, it is concluded that faults in the Bocharalla Qpg1

comprise a zone of minor left lateral shear. Dip slip on

the faults is suggestive of shortening.

7.4. Deformation of Qpg1 landforms

East of Padules (Fig. 2), Qpg1 gravels and the

smooth unconformities (straths and pediments) they

overlie dip towards Rı́o Andarax and away from

Sierra de Gádor or Sierra Nevada mountain fronts

(Garcı́a, 2001). Given the locations of the Bocharalla

fault trace, it can be concluded that the southward dip

(toward the mountain front) of Qpg1 deposits and the

unconformity they overlie at the distal western lobe

was caused by south-side up faulting along the

Bocharalla fault.

Interpretation of detailed field geomorphic map-

ping and observations show that the tread of the

western lobe of the Bocharalla Qpg1 complex is also

tilted. Surfaces of alluvial fans underlain by Qpg1

gravels throughout the EAC slope toward Rı́o

Andarax and away from Sierra de Gádor or Sierra

Nevada mountain fronts (Garcı́a, 2001). Streams that

deposited Qpg1 alluvial fan gravels are incised below

Qpg1 fan surfaces and flow perpendicular to and

away from mountain front trends and drain directly

into the modern Rı́o Andarax. Younger streams devel-

oped on degraded Qpg1 surfaces flow perpendicular

to and away from the local trend of the mountain

front. Compared to other Qpg1 landforms in the EAC,

the drainage pattern on the distal part of the western

lobe of the Bocharalla Qpg1 complex is unusual (Fig.

3). Assuming that like other Qpg1 fan surfaces, the
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western lobe surface sloped toward Rı́o Andarax

when the Qpg1 gravels that underlie it were deposited,

then the drainage pattern developed on the NW corner

of the western lobe indicates that its surface is tilted

down to the south. This result is significant because it

attests to relatively recent tectonism and supports

interpretations regarding the timing of deformation

based on correlation of Qpg1 to AdA travertine.

8. Discussion

In this section, the factors that controlled Mid

Quaternary to present landscape evolution in the

EAC are evaluated. A fundamental objective of this

section is presenting a model for Mid Quaternary to

recent landscape development in the EAC. Another

objective is to propose a model for development of

topographic relief in the Internal Zone of the Betic

Cordillera during Quaternary time. The models are

developed by assessing the relative roles of eustasy,

climate and deformational style in the Quaternary

landscape evolution history of the EAC. Also critical

to this discussion is estimating rates of fluvial incision

and rock uplift.

8.1. The role of eustasy in Quaternary evolution of the

EAC fluvial system

The role of Quaternary eustatic fluctuation is

negligible in the evolution of the EAC fluvial system

(Garcı́a, 2001). Flume studies showed that if a

coastal area has a low gradient continental shelf,

then base level lowering resulting from eustatic

fluctuation causes progradation of a fan delta over

the subaerial continental shelf (Schumm, 1993).

Recent field studies also show that fluvial aggrada-

tion across an exposed continental shelf occurs dur-

ing eustatic lows in localities where the shelf has a

low gradient (e.g., Harvey et al., 1999; Pazzaglia and

Brandon, 2001).

The Cabo de Gata area in southern Spain (Fig. 2) is

one field example of the situation predicted in the

flume experiments summarized in Schumm (1993).

As a result of increased sediment delivery to streams

and a relatively shallow shelf, coastal alluvial fans

prograded over the shelf during the last glacial max-

imum/eustatic low (Harvey et al., 1999). Because of

the shallow shelf off-shore of the Andarax rivermouth

(SHOM, 1987; IHM, 1999) and because of the

relatively large amount of sediment delivered to larger

fluvial systems, it is likely that large streams in

southern Spain, like the Rı́o Andarax, do not incise

appreciably during eustatic lows (Harvey et al., 1999,

personal communication). This inference is supported

by the absence of a well developed submarine canyon

offshore of the present day Rı́o Andarax mouth and

delta (SHOM, 1987; IHM, 1999). In addition, tectoni-

cally induced stream incision in the middle reaches of

major trunk streams is uninterrupted during eustatic

rises and eustatic high stands (Merritts et al., 1994;

Personius, 1995) and the EAC coincides with the

middle reaches of the Rı́o Andarax.

8.2. The role of climate in Quaternary landscape and

fluvial system evolution in the EAC

The role of climatic fluctuation in EAC landscape

evolution is minor compared to the role of tectonism.

Fluvial aggradation during glacial maxima (e.g., Har-

vey, 1990) had a limited effect: vertical stream inci-

sion stopped in the EAC during ois8, but fluvial

aggradation resulting from post-ois8 time glacial

intervals stopped vertical incision only in the area

upstream of Rambla de Juan de Campos (Fig. 2;

Garcı́a, 2001). Fluvial sediments younger than Qpg1

and AdA sequences are relatively rare in the EAC

downstream of Rambla de Juan de Campos. This

indicates that streams downstream of and including

Rambla de Juan de Campos (Figs. 2–4) have been

downcutting continuously since ois8 (Garcı́a, 2001).

Downcutting results from a tectonically induced

‘‘incision wave’’ that is moving through the Andarax

fluvial network (Garcı́a, 2001; see discussion below).

Climatic fluctuations have not caused aggradation

downstream of Rambla de Juan de Campos (Fig. 2)

since ois8 because of the incision wave and because

of limited sediment availability (c.f., Harvey et al.,

1999; Garcı́a, 2001).

8.3. Quaternary faulting in the EAC

Post-ois8 time, left lateral slip on faults in the

Alpujarran Corridor is noteworthy in light of models

proposed for eastern Betic Cordillera Quaternary

tectonism. The models postulate collision between
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Africa and Europe at the Iberian Peninsula is accom-

modated by a crustal scale, left lateral shear zone that

extends from Alicante in the NE to Cabo de Gata in

the SW (Fig. 1; ‘‘Trans-Alboran shear zone’’ of De

Larouzière et al., 1988). We speculate that left lateral

shear related to accommodation of African–Iberian

convergence along the Trans-Alboran shear zone is

affecting areas as far northwest as the Alpujarran

Corridor, which is approximately 50 km northwest

of Cabo de Gata (Fig. 1). The component of dip

slip on the faults is attributed to the Quaternary and

present day regional stress field in the Internal Zone

of the Betic Cordillera (j1 horizontal and oriented

N–S to NNW–SSE; e. g., Galindo-Zaldı́var et al.,

1993).

The character of the Bocharalla complex faults

(typical of strike-slip faults) can be explained in two

ways. One possibility is that the faults are fundamen-

tally strike-slip faults that formed to accommodate left

lateral shear transferred from the Trans-Alboran shear

zone. In this model, N–S compressional stress is not

as prevalent as left lateral shear and is manifest as the

vertical component of oblique slip. Another possibil-

ity is that as elsewhere in the western part of the

Internal Zone, Quaternary deformation in the Bochar-

alla Qpg1 complex is accommodated by faults formed

in the Miocene Epoch (Sanz de Galdeano, 1990). In

this model, the character of Bocharalla complex faults

reflects their development as vertical, right lateral

strike-slip faults during Miocene tectonism (Sanz de

Galdeano, 1996). When Mid and Late Quaternary

stresses acted on them, they propagated into Quater-

nary sediments as vertical faults. If this is the case, it

cannot be determined whether left lateral shear or N–

S compressional stress is prevalent.

8.4. Stream incision and rates of regional rock uplift

since ois8

Analyses of faulting provides insight regarding

Mid and Late Quaternary stresses in the EAC, but

faulting was localized, relatively small magnitude and

did not significantly affect long-term landscape devel-

opment. This paper shows that the maximum vertical

displacement along Quaternary faults is about 10 m

and that eustasy had a negligible impact on the EAC

fluvial system. The deeply incised fluvial network of

the EAC, which includes streams entrenched 100 m or

more in subvertical gorges, attests to recent, tectoni-

cally driven base-level lowering (Garcı́a, 2001; c.f.,

Pazzaglia et al., 1998). The lack of significant faulting

within the EAC indicates that the type of deformation

driving stream incision is regional uplift of the entire

EAC (Garcı́a, 2001).

Large bedrock streams or streams with mixed

alluvial/bedrock channels in tectonically active areas

typically incise at a rate within 70% of the regional

rock-uplift rate (Pazzaglia et al., 1998). Under certain

conditions streams in tectonically active areas incise at

a rate equal to the rate of rock uplift (Merritts et al.,

1994; Personius, 1995; Pazzaglia et al., 1998; Pazza-

glia and Brandon, 2001). Bedrock streams or streams

with mixed alluvial/bedrock channels incising at a rate

equal to rock uplift rate are analogous to ‘‘graded’’

alluvial streams and are said to be in ‘‘steady state’’

(Pazzaglia et al., 1998). Given the relatively large

catchment area of Rı́o Andarax (1270 km2 in the

EAC; 2027 km2 total) and the high erodibility of the

material it flows through downstream of Padules, it is

likely that between Padules and Alhama de Almerı́a,

the Rı́o Andarax can incise at a rate equal to the rock

uplift rate in the EAC (c.f., Merritts et al., 1994;

Pazzaglia et al., 1998).

Relatively slow Rı́o Andarax incision rates up-

stream of Padules (Fig. 2 and Table 3) are readily

reconciled within a framework of the EAC’s geo-

morphic history. The Rı́o Andarax drainage network

downstream of, and including Barranco del Bosque

(the Padules/Almócita Qpg1 feeder stream; Fig. 2),

was affected by an incision wave prior to ois8 (Garcı́a,

2001). The incision wave did not reach Los Llanillos

de Cacı́n until after ois8 (Fig. 2; Garcı́a, 2001). A

knickpoint is present in Rı́o Andarax’s channel less

than 1 km upstream of Barranco del Bosque (Fig. 8).

The convex-up morphology of the reach upstream of

the knickpoint suggests that it is not at steady state

because the incision wave is still passing through it

(c.f. Safran, 1998; Garcı́a, 2001). Downstream of the

knickpoint, the Rı́o Andarax channel is smooth and is

slightly concave up, which suggests that it is in steady

state (c.f. Pazzaglia et al., 1998).

Useful comparisons can be made between the Rio

Andarax and the Rı́o Jemez in New Mexico, USA.

Rı́o Jemez is in steady state and is incising at the same

rate as regional rock uplift (Pazzaglia et al., 1998).

This is significant because like Rı́o Andarax, Rı́o
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Jemez has a mixed bedrock/alluvial channel (Pazza-

glia et al., 1998; Garcı́a, 2001) and these rivers are

similar in many other ways. The longitudinal profile

of Rı́o Andarax downstream of Padules is similar to

the longitudinal profile of Rı́o Jemez in the reach that

is incising at a rate equal to rock uplift rate. Both

rivers are in semiarid climatic settings (30–50 mm

annual precipitation) and both rivers flow over weak

substrate. Their catchment areas are also similar (Rı́o

Jemez: 1200 km2 in the studied reach, 2700 km2 total;

Pazzaglia et al., 1998). Based on the shape of Rı́o

Andarax’s longitudinal profile downstream of Padules

and on its similarity to the shape of Rı́o Jemez’s

longitudinal profile, it can be concluded that Rı́o

Andarax is in steady state downstream of Padules in

the EAC, where it is incising at a rate equal to rock

uplift rate.

Differences in the Rı́o Andarax incision rate down-

stream of Padules can result from two factors. The

rates may vary because the data used to determine

incision rates are the bases of tributary landforms

whose toes are cut back by erosion. The deposits that

underlie the landforms dip towards Rı́o Andarax and,

therefore, the bases of landforms that are more eroded

are higher above the Rı́o Andarax channel. Alterna-

tively, the variation may be due to along-channel

changes in uplift rate (e.g., Pazzaglia et al., 1998).

The available data cannot be used to distinguish

between these two factors. Therefore, the incision

rates which best approximate ois8 to present rock

uplift rates for the EAC can be only be constrained to

between 0.3 and 0.7 m/ka (Table 2). These are

maximum rates, because they are determined from

piedmont deposits whose toes are cut back by varying

amounts.

The calculated rates are comparable to rates for 500

ka to present uplift of Sierra Nevada’s western flank

relative to the adjacent Padul basin (0.42–0.84 m/ka;

Sanz de Galdeano and López Garrido, 1999; Fig. 1).

The rates are also comparable to, but slightly greater

than, long-term uplift rates determined from the ele-

vation of Tortonian marine deposits on Sierra de

Gádor. The deposits are 8 km south of Rágol (Fig.

2) and are at an altitude of 1600 m (IGME, 1980;

Martı́n, 1999, personal communication). Their present

elevation requires uplift rates ranging from 0.17 m/ka

(since middle Tortonian time) to 0.23 m/ka (since

latest Tortonian time).

8.5. The role of tectonism in Quaternary topographic

development of the eastern Alpujarran Corridor

Differential erosion of rocks juxtaposed along EAC

border faults played a fundamental role in develop-

ment of topographic relief between the EAC and

adjacent uplands. For example, the Sierra de Gádor

mountain front between Alicún and Rágol (Figs. 2

and 7) is a 500–600-m high escarpment that is linear

at a scale of a few kilometers. Features indicative of

fault-controlled mountain front morphology, like tri-

angular facets, are not present on this or any other

mountain fronts adjacent to the EAC (Figs. 7 and 9).

Linear escarpments in semiarid climates commonly

form by erosional exhumation of older, inactive

structures (e.g., Formento-Trigilio and Pazzaglia,

1998). Accordingly, the most plausible explanation

for how the dramatic escarpment west of Alhama de

Almerı́a formed is erosional exhumation of a paleo

basin-bounding fault.

Exhumation of paleostructures in semiarid settings

is facilitated by the variable erodibility of juxtaposed

rocks, but is driven by fluvial erosion related to

regional uplift (Formento-Trigilio and Pazzaglia,

1998). The onset of regional uplift and stream incision

in the EAC is estimated on the basis of previous

studies (Goy and Zazo, 1986; Pascual Molina, 1997;

Garcı́a, 2001). Upper Pliocene/Lower Pleistocene

PQc gravels were deposited on the hanging wall of

a NW–SE striking, NE dipping normal fault that

intersects the northeastern corner of the EAC (Pascual

Molina, 1997). Straths and pediments carved into PQc

and overlain by AdA travertine sequences indicate

that by ois8, the former hanging wall of the fault that

controlled the deposition of PQc (Pascual Molina,

1997) was subject to regional uplift that affected the

rest of the EAC. Ongoing tectonism along the south-

ern mountain front of Sierra de Gádor began in the

earliest Middle Pleistocene (Goy and Zazo, 1986),

which is from 780 to 200 ka (Berggren et al., 1995).

Deformation includes regional tilting in Campo de

Dalı́as (Goy and Zazo, 1986), which is 20–25 km

southeast of the EAC (Fig. 1). The morphostratigra-

phy of Qpg1 indicates that by the beginning of ois8,

streams in the EAC east of Padules were incising in

response to regional uplift (Garcı́a, 2001). Therefore,

on the basis of the data of Goy and Zazo (1986) and

Garcı́a (2001), the best estimate for onset of ongoing,
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regional uplift in the EAC is up to a few hundred

thousand years before ois8 and as early as the earliest

Middle Pleistocene.

Assuming the Rı́o Andarax incision rate from 750

ka to ois8 was the same as it was from ois8 to recent

times, incision by the Rı́o Andarax can account for 225

to 525 m of base-level lowering at the Sierra de Gádor

mountain front between Alicún and Rágol. This sug-

gests that fluvial incision driven by regional uplift can

account for between 40% and 90% of the topographic

relief along the steepest and highest part of the north-

ern Sierra de Gádor mountain front. Topographic relief

between the ois8 paleofluvial level and modern valley

bottoms also results from stream incision caused by

regional uplift (Garcı́a, 2001). Therefore, it is likely

that the relief between the EAC and adjacent mountain

ranges is largely a result of fluvial erosion. Stream

incision driven by regional uplift is the primary factor

controlling formation of the eastern Alpujarran Corri-

dor topographic depression. Pre-Quaternary dip slip on

EAC border faults may have played a role, but that role

was secondary to fluvial denudation.

8.6. Implications for regional tectonics and topo-

graphy

The most noteworthy aspects of Quaternary defor-

mation in the Alpujarran Corridor are the absence of

significant faulting and the prevalence of regional

uplift. It is also noteworthy that topographic relief

between Internal Zone bedrock massifs and the EAC

results primarily from fluvial denudation driven by

regional uplift. Based on these insights and on pre-

vious studies, a model is proposed relating African–

Iberian convergence and topographic development in

the Internal Zone of the Betic Cordillera.

Neogene and Quaternary extensional uplift along

Sierra Nevada’s western and southwestern flanks is

related to a NNE striking, oblique normal/left lateral,

crustal-scale fault or fault zone (Fig. 1; Sanz de

Galdeano and López Garrido, 1999). This structure

accommodates E–W extension resulting from N–S

shortening (Sanz de Galdeano and López Garrido,

1999). The high point of Sierra Nevada’s crest is

Mulhacén peak (altitude 3479 m). Mulhacén is at

the western end of the crest and about 10 km east of

the crustal scale, NNE striking fault zone of Sanz de

Galdeano and López Garrido (1999). The elevation of

Sierra Nevada’s crest decreases to the east and its

easternmost high peak is Montenegro (altitude 1711

m; Montenegro is about 7 km NNW of Rágol; Figs. 1

and 2). Thus, Sierra Nevada’s fault-bounded, 2.5-km

high western front culminates in a 55-km long, gently

eastward sloping topographic crest. This morphology

suggests a large scale, tilted and uplifted footwall

block of a normal fault. We propose that the EAC is

in the uplifted footwall of a large structural block that

includes Sierra Nevada and the Alpujarran Corridor

(Figs. 1 and 2). In the context of this model, fluvial

denudation in the EAC is driven by regional uplift, as

well as uplift of the Sierra Nevada/Alpujarran Corri-

dor footwall block. Minor left lateral slip on E–W

striking faults in the EAC indicate that the eastern end

of the Sierra Nevada/Alpujarran Corridor tilted foot-

wall block is subject to stresses arising from shear

along the ENE striking Trans Alboran crustal scale

fault system. However, faulting arising from these

stresses played a negligible role in the Quaternary

topographic development of the EAC.

On the basis of this model of recent topographic

and structural evolution in the Sierra Nevada/Alpu-

jarran Corridor area, a notion emerges of how fault-

ing, topography and regional uplift in the Internal

Zone of the Betic Cordillera are related to Quaternary

shortening caused by collision of the African and

European plates. Regional uplift, probably caused by

crustal-scale underthrusting of the Iberian Peninsula

margin beneath the Internal Zone of the Betic Cordil-

lera (Galindo-Zaldı́var et al., 1997), was documented

in the Malaga Basin (Sanz de Galdeano and López-

Garrido, 1991), the Granada Basin (Sanz de Galdeano

and López Garrido, 1999), the Guadix Basin (Viseras

and Fernández, 1992), the eastern Alpujarran Corridor

(this paper), the Sorbas Basin (e.g., Mather, 2000) and

the Vera Basin (Stokes and Mather, 2000; (Fig. 1).

Significant Quaternary faulting has been documented

locally in the Internal Zone of the Betic Cordillera and

two crustal-scale fault zones have been active in the

Quaternary, but the only Quaternary deformational

style common to the entire Internal Zone is regional

uplift. During the Quaternary, development of topo-

graphic relief within the Internal Zone due to faulting

is restricted to areas within a few kilometers to a few

tens of kilometers of crustal-scale fault zones. Farther

away from crustal scale fault zones, topographic relief

between Internal Zone bedrock massifs and surround-

A.F. Garcı́a et al. / Geomorphology 50 (2003) 83–110108



ing exhumed Neogene basins formed as a result of

fluvial denudation driven by regional uplift.

9. Conclusions

Calcrete-cemented gravel (Qpg1) together with

interbedded travertine and clastic sediments (AdA

sequences) denote an oxygen isotope Stage 8 (ois8;

303–245 ka; Imbrie et al., 1984) paleofluvial level in

the eastern Alpujarran Corridor (EAC). Qpg1 deposits

are locally faulted and tilted. The character of faults in

Qpg1 indicate that deformation is caused by left

lateral shear associated with the nearby Trans-Alboran

shear zone of De Larouzière et al. (1988). Faulting is

also related to regional N–S to NNW–SSE compres-

sion in the Internal Zone of the Betic Cordillera.

A range of maximum incision rates since 245 ka is

calculated for the Rı́o Andarax (the EAC axial stream)

from the height of the ois8-time paleofluvial level

above the present-day Andarax channel. These Rı́o

Andarax incision rates are equal to regional rock-

uplift rates in the EAC and are between 0.3 and 0.7 m/

ka. Eustasy, climate and faulting had negligible roles

in Quaternary topographic development of the EAC.

Most of the topographic relief between the EAC

topographic trough and surrounding mountain ranges

formed as a result of fluvial incision driven by

regional uplift.

A model is proposed relating Quaternary tectonism

and topographic development in the Internal Zone of

the Betic Cordillera. Regional uplift affected all of the

Internal Zone, but within the Internal Zone, uplift of

mountain ranges caused by faulting only occurred

near crustal-scale structures. In the Mid to Late

Quaternary Period, topographic relief between Inter-

nal Zone bedrock massifs and surrounding basins

formed largely as a result of fluvial denudation driven

by regional uplift.
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