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Abstract: Karst landscape evolution has been widely studied in recent years on karst

plateaus, but the use of dating methods has not usually been possible owing to a lack of

data. The intensely karstified Garraf Massif, however, presents large solution dolines and

several shafts that contain archaeological and palaentological remains that can be used

for determining the chronological framework of the karstification processes. These sites

have been dated using various techniques, and the resulting data combined with evidence
from previous geomorphological studies. The results allow us to define the pattern and

timing of the evolution of karst morphologies in the northeast of the Iberian Peninsula.

We propose a simple five-stage geomorphological model of the evolution of the Garraf

dolines located on the plateau, between the Middle to Upper Miocene and the Holocene.

The study also provides important information for analyzing landscape history in high

plateaus of karst regions.

INTRODUCTION

Various models of the geomorphological formation and

evolution of dolines have been proposed, based on the study

of sedimentary fills (Sauro et al., 2009), host-rock dissolution

processes (Zambo and Ford, 1997), and deposit morphology

and architecture (Ford and Williams, 2007; Waltham et al.,

2005). Solution dolines are the most commonly studied of the

karst landforms, having been described in detail since the end

of the nineteenth century (Cvijic, 1893), while collapse

sinkholes are perhaps the most spectacular, with the tiankengs

in the karst areas of China providing the best examples (Zhu

and Waltham, 2005). Recently, many studies conducted in

different karst regions have proposed new models for the full

evolutionary sequence of doline development (Gibbard et al.,

1986; Bruxelles et al., 2008, 2012; Luzón et al., 2008; Siart

et al., 2010).

Chronological approaches to the dating of doline and

karst evolution are limited and involve associating these

depressions with the archaeological or palaeontological

record (Ufrecht, 2008). Sediment-filled depressions, mainly

dolines, have been used as promising records for geoarch-

aeological research (Van Andel, 1998; Bruxelles et al.,

2006), especially as part of a multidisciplinary approach

(Siart et al., 2010), and have led to a better understanding

of the chronological framework. Such studies provide

absolute ages of the sediments and the materials preserved

in the dolines, which makes it possible to date the doline

formation. This has been the case, for example, of the

Doline d’Orgnac 3 (Moncel, 2003; Moncel et al., 2005), the

doline of Cantalouette (Bourguignon, 2004), the dolines in

the Causses region (Quilès et al., 2002), and the doline in

Visogliano (Falguères et al., 2008), among others.

More common is the use of these sediment-filled

depressions for archaeological and palaeoenvironmental

reconstruction (Gibbard et al., 1986, Bruxelles et al., 2008;

Siart et al., 2010; Bruxelles et al., 2012). Most of these

reconstructions have been conducted in ancient Mediter-

ranean landscapes (Marriner and Morhange, 2007;

Fouache et al., 2008), where the abundance of karst

regions without running surface water and any associated

sediment accumulations has hindered reconstruction owing

to the absence of corresponding non-karst archives. These

studies emphasize the importance of karst depressions as

highly valuable, unique sources of information. These

depressions act as traps for eroded soils that may

accumulate and be preserved from further erosion, thereby

facilitating the analysis of landscape evolution, chronology,

and associated palaeoenvironmental phases (Hempel,

1991).

More than three hundred shafts are documented in the

central Garraf Massif, and studies of this karst region have

a long geological and speleological tradition dating back to

the end of the nineteenth century (Font, 1897). Work

carried out during the 1940s and 1950s offered an initial

model of the Garraf karst’s origin and development,

providing an initial chronological approach to understand-

ing doline formation (Llopis, 1943, 1947; Montoriol, 1950,
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2 Departament de Ciències de la Terra, Universitat de les Illes Balears. Ctra.

Valldemossa km 7, 5. 07122 Illes Balears, Spain
3 S.E.O. del C.E.V. Secció Espeleològica de l’Ordal del Centre Excursionista de

Vallirana. C/Major, 402. 08759. Vallirana, Barcelona, Spain
4 Institut Ciències de la Terra ‘‘Jaume Almera’’. CSIC. C/Lluı́s Solé Sabarı́s s/n.
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1954; Montoriol and Muntan, 1959, 1961), while more

recent studies have focused their attention on other karst

features (Freixes, 1989; Custodio et al., 1993). However,

the somewhat simplistic and schematic studies undertaken

during the 1950s do not provide any direct dating of the

region’s doline formation. More recently, the Grup de

Recerca del Quaternari of the University of Barcelona

(GRQ-UB) has initiated sedimentological and archaeolog-

ical work aimed at obtaining more precise dates for the

Pleistocene sedimentary fills in the Garraf karst (Daura,

2008).

The findings from these earlier studies, combined with

more recent geomorphological and chronological data,

allow us to initiate development of a chronological model

that can be extrapolated to other karst massifs in the

Iberian Peninsula and the Western Mediterranean and to

establish the chronology of doline sedimentation stages.

Furthermore, we present the karst cavities of the Garraf

Massif as a specific case study that can be used to explain

the apparent hiatus in Pliocene and Pleistocene sedimen-

tary fill on karst plateaus.

GEOLOGICAL SETTING AND STUDY AREA

GARRAF MASSIF

Occupying an area of around 500 km2 (Salas, 1987),

the Garraf Massif is a horst located in the northeast of

the Iberian Peninsula, 30 km southwest of the city of

Barcelona. The massif, composed mainly of Jurassic and

Cretaceous limestone and dolostone (Figs. 1 and 2), is a

low-relief mountain range that rises to a height of less than
600 m as a result of gentle tilting. On the eastern side of the

massif, Palaeozoic (Benet, 1990) and Triassic materials can

be found (Marzo, 1979).

Cretaceous carbonate rocks (Andreu et al., 1987; Salas,

1987; Albich et al., 2006; Moreno, 2007) dominate the

central part of the massif, where most of the karst landforms

have developed (Borràs, 1974; Lloret, 1979; Rubinat, 1981;

Asensio, 1993; Rubinat, 2004). The Cretaceous formations

consist of limestone with dolomitic intercalations from the
Valanginian and Barremian stages. Outcrops of Cretaceous

marls and marly limestone (Salas, 1987) of Aptian age

(Moreno, 2007) are also found in a few areas.

Figure 1. Location of the study area and of the principal dolines and their associated deposits (Source: X. Esteve and ICC,

Institut Cartogràfic de Catalunya).
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Figure 2. A: Geologic map of the central part of the Garraf Massif with the location of its main dolines and their associated

deposits. B: Digital elevation model of the Garraf plateau showing the location of main dolines and shafts.
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Garraf karstification is concentrated in the massif’s

fractured carbonate rocks, and its main karst features

include dolines, shafts, and caves containing Pleistocene

sedimematry fill (Daura et al., 2005, 2010a,b). Structurally,

the limestone massif is an antiform (Bartrina et al., 1992),
resulting from a northeast to southwest compression of the

alpine orogeny, and a series of fractures trending predom-

inantly northeast to southwest run across the entire

complex (Guimerà, 1988). Fractures control almost all

the development of shafts in the massif, including those

beneath the doline perimeters.

GARRAF DOLINES AND PLATEAU

Generally, the Garraf dolines are found in Cretaceous

rocks. The Jurassic strata in the high plains present less

significant karst development and fewer dolines. The

Triassic carbonates comprise strata that only crop out in

the northeast of the Garraf Massif rim. On the Garraf

plateau, several areas (Llopis, 1941) of doline density can
be discerned (Fig. 1). The most significant accumulation

lies between Campgràs, Puig de l’Olla, and Sot de l’Infern,

with a total of thirteen dolines, followed by Coll de l’Ordal-

Lledoner, with twelve depressions, and Pla d’Ardenya with

four preserved dolines (Fig. 2).

According to the models proposed by Waltham et al.

(2005, p. 26 and subseq.) and Ford and Williams (2007,

p. 339 and subseq.), these dolines can be classified into two

main types. The first includes dolines with higher concavity

indices, with no or very scarce sedimentary deposits, and

with well-developed shafts in the center. These dolines, for
example, the Dolina del Sotarro or the dolines in south-

east Campgràs, have previously been described by Mon-

toriol (1950, 1954) and Montoriol and Muntan (1958,

1959) and will not be dealt with here.

The second type includes dolines with low concavity

indices and depressions that are associated with undevel-

oped shafts. These dolines usually present large sedimen-

tary terra-rossa type deposits produced by chemical

weathering within their perimeters. Most dolines in the

Garraf Massif are of this type, and examples include the

dolines in les Alzines, Esquerda de les Alzines, Campgràs,
Pla de Querol, Bassot de l’Arbre, Puig de l’Olla, and Serra

del Mas among others (Fig. 1).

The dolines of low concavity and their associated shafts
in the Garraf plateau present the best morphologies for

studying karst-landscape evolution thanks to their sedi-

mentary fill. This plateau (Fig. 2-B) is an erosional surface

that, following an episode of uplift during the late

Miocene, now lies between 450 and 550 m amsl, as

determined by Llopis (1947), and corresponds to a period

during the Miocene when the sea level (base level here) was

probably stable for a long period. Correlation between the
erosional surface of the limestone massif and sea levels

have been based on marine deposits (Llopis, 1947) located

on the northwest side of the massif. These deposits

correspond to the Middle to Upper Miocene (Machpher-

son, 1994; de Porta and Civis, 1996). During that time most

of the littoral range would have been submerged (Gallart,

1980), and while the emerging part of the Garraf Massif

was developing an erosional surface, the sunken part of the

depression preserved its pre-flooding relief intact, due to its
own fossilization. Some of the highest peaks in the massif

today are evidence of the aforementioned process of

erosion and levelling. Examples such as Morella and

Montau (Fig. 1) have been considered monadnocks, i.e.,

rocky masses that survived the erosion and stand isolated

above the general level of the plateau. After Llopis (1947),

subsequent authors have considered this karst plain to be

a peneplain (Montoriol, 1954; Montoriol and Muntan,
1961).

Today the karst plain is no longer continuous, as

faulting has separated it into different blocks. The main
faults in the Garraf block are arranged in two orthogonal

systems, one aligned with the Garraf Massif (NE-SW) and

the other perpendicular to the range (NW-SE) (Fig. 2).

Some minor faults also follow this pattern. This group of

faults is responsible for the sinking of some blocks and the

elevation of others. The most significant case is the Begues

plain, where a polje subsequently evolved and divides the

two main areas with a high concentration of dolines.

Shafts containing sedimentary fill and located under the

Garraf plateau are especially relevant here because they

preserve records that can be used to understand the
evolution and chronology of the karst plain. These shafts

have developed along vertical tectonic fractures, predom-

inantly at the base of the epikarst zone. These shafts, cone-

or bell-shaped and blind, reach upwards to near the

surface, but many of them have no natural opening to the

surface, and those that do, often owe their development

to surface activity (tree-root action, speleological works,

subsoil corrosion, etc.). None of them has a known
accessible connection to an active horizontal cave system.

This morphology, which is common in the Garraf

Massif, suggests an upward shaft development formed by
ascending erosion (Maucci, 1960; Jennings, 1985; Klim-

chouk, 2000; Baroň, 2002; Jones et al., 2004); however,

neither hypogenetic processes nor up-welling deep waters

have been recorded in the Garraf plateau.

SITE DESCRIPTION

This study focuses on four sites in the Garraf plateau

containing archaeological and palaeontological remains

(Fig. 2). The first two sites, site 1, Esquerda de les Alzines

and site 2, Alzines, were discovered in 2004 by two of the

authors (JD and MS). They are solution dolines (dolina)

excavated between 2004 and 2009 by the Grup de Recerca

del Quaternari, and both contain shafts (avenc) below the
depression. Besides these dolines, two additional karst

formations on the Garraf karst plain, site 3, Avenc Marcel

and site 4, the Cave (Cova) Bonica, were discovered during

speleological work in the twentieth century and are of the
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utmost importance when establishing a chronological

framework for the first Quaternary sediment deposition

at this level of the general erosion surface.

SITE 1: ESQUERDA DE LES ALZINES

Site 1 is the Dolina de Esquerda de les Alzines (DEA)
and its subterranean network of shafts (Fig. 3). It is a

solution doline located at the convergence of two faults (d1

and d2) extending over approximately 2 km. The doline is

located at between 530 and 523.6 m amsl and is elliptical in

shape. The depression is 40-m long by 30-m wide, with a

maximum depth of 11 m. Its central section has been

significantly modified as a consequence of speleological

work (GIRES, 1995) carried out during the 1990s.

The site, delimited by the doline perimeter, includes
four shafts (Avenc de l’Esquerda de les Alzines, Avenc

Gran de l’Esquerda de les Alzines, Avenc dels Arqueòlegs

and Avenc Petit de l’Esquerda de les Alzines) that together

form a subterranean network that has developed along

faults d1 and d2.

Archaeological work undertaken in Layer C and in the

mixed sediments of the DEA by the GRQ-UB recovered 1,067

artifacts (Fig. 4). They are characterized by a predominance of

flakes from the reduction of cores and artifacts of various
morphologies. However, the chronological framework and

technological traits identified do not allow the site to be placed

within a particular one of the Upper or Middle Palaeolithic

tool groups, although the recovery of some artifacts commonly

found in Upper Palaeolithic assemblages suggests a connection

to this period (Daura et al., 2011).

SITE 2: ALZINES

Site 2, or Alzines, corresponds to a solution doline and

its subterranean network of shafts. The doline, known as
Dolina II de les Alzines (DA) (Fig. 3), is located 290 m to

the northeast of Site 1. Located on the same plateau,

between 528.2 and 523.6 m amsl, it is more elliptical in

shape than DEA and has also developed on fault d1. Its

present day surface has been modified by speleological

work carried out in the 1960s by the Grup Exploracions

Subterrànies (Montoriol, 1964) and by subsequent work

by the Grup d’Investigacions, Recerques i Espeleologia
Sesrovires and the Secció Espeleològica Ordal del Centre

Excursionista de Vallirana.

Site 2, delimited by the perimeter of DA, contains a

significant subterranean network, comprising two main

shafts. The first of these, Avenc de les Desil?lusions, also

named Avenc Nou de les Alzines (Valdepeñas, 2012), was

discovered during GRQ-UB excavations (Daura and Sanz,

2010) and does not contain any Pleistocene remains. The

second, Avenc de les Alzines, contains archaeological and
palaeontological remains that appear to have entered the

shaft from Parets dels Ossos (Table 1).

Large mammal bones have been recovered at the base

of the DA in a mass of cemented red breccia. As the site’s

faunal remains are still being restored, palaeontological

analyses are not yet available. Therefore Table 1 only

provides a preliminary assignment of bear remains as Ursus

sp. Collapsed sediments throughout Parets dels Ossos

provide rhinoceros remains (Stephanorhinus etruscus)

corresponding to posterior extremities, isolated hyena teeth

and carpals, and a few stone tools (Daura 2008).

SITE 3: AVENC MARCEL

Located in the Triassic (Upper Muschelkalk) dolostone
and limestone, Avenc Marcel (Fig. 5) is a complex system

of 80 m deep, spindle-shaped shafts, developed as a result

of rock fracturing and cliff regression. It was discovered in

1982 during the erection of a transmission tower and

explored fully for the first time in 1989 by one of the

authors (AA). Palaeontological remains were recovered at

the original collapsed entrance during the first exploration

(Asensio, 1993) (Table 1). In 2002, a palaeontological
excavation by B. Martı́nez-Navarro, J. Agustı́, and M.

Llenas from the Institut Català de Paleontologia Miquel

Crusafont was carried out in the shaft, but no archaeolog-

ical or palaeontological remains were found (Martı́nez-

Navarro et al., 2002).

SITE 4: COVA BONICA

Cova Bonica is a small cave chamber containing a vertical

shaft near a significant fracture, which is also in contact with

the Triassic dolostone and limestone. Sediments have been

displaced through the vertical shaft and fissures from an area
of the plateau with a high density of dolines. The cave was

first explored during the nineteenth century (Font, 1899) and

at various times in the twentieth (Montoriol, 1954; Borràs,

1974) by speleologists and geological groups. Studies have

been conducted on the palaeontological remains (Table 1),

focusing on small mammals (Agustı́, 1988; Blain and Bailón,

2006; Blain, 2009) and primates (Delson, 1971, 1973, 1974;

Delson and Nicolaescu-Plopsor, 1975; Crusafont-Pairó and
Golpe-Posse, 1984).

METHODS

To determine the chronology of doline formation and

evolution, a series of field surveys were conducted at sites 1,

the dolina de Esquerda de les Alzines, and 2, the Dolina II de

les Alzines. Several test pits were dug with a power shovel,

reaching a maximum depth of 6 m below the current floor

level to where the Mesozoic host rock cropped out. Sections

from each test pit were stratigraphically described, and
sediment samples were taken to study the fill.

The samples and cores were bagged, numbered, and

taken to the Earth Sciences Department at the University

of Illes Balears, where they were opened, sectioned

lengthwise, photographed, and sampled at different inter-

vals in stratigraphical order, according to the different
layers observed. The presence of sedimentary structures,

such as laminations, and other general observations were

noted.
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Figure 3. Cross-section (A) and plan (B) of site 1, Esquerda de les Alzines, and Cross-section (C) and plan (D) of site 2,

Dolina II de las Alzines.
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Archaeo-palaeontological remains were subsequently

discovered at sites 1 and 2. At DEA, the excavation

focused on a twenty-square-meter area using standard

archaeological methods, including three-dimensional plot-

ting of finds and their features. Archaeological remains

were mapped in situ prior to removal, and sediments were

dry-sieved using superimposed 5 and 0.5 mm mesh

screens.

Figure 4. Site 1, Esquerda de les Alzines, raw materials (A) and structural categories (B) of stone artifacts based on Daura

et al. (2011).

Table 1. Faunal remains recovered from the bases of dolines and inside of shafts, as well as from other caves that have an

opening to the Garraf plateau.

Plateau Sites

Site 2, Alzines Site 3, Cova Bonica Site 4, Avenc Marcel Coll Sostrell

Perissodactyla Primates Carnivora Unidentifieda

Stephanorhinus etruscusa Macaca cf. sylvanusb Felidae indet.e

Artiodactyla Dolichopithecus arvernensisb Megantereon sp.e

Cervidae sp. Ia Lagomorpha Lynx sp.a

Caprinae indeta Prolagus michauxid Panthera sp.a

Carnivora Insectivora Homotherium sp.e

Ursus sp. Beremendia fissidensd Canis sp.e

Lynx sp. Rodentia Vulpes sp.e

Eliomys intermediusd Martes sp.e

Castillomys crusafontid Perissodactyla

Apodemus mystacinusd Equus sp.e

Apodemus jeantetid Stephanorhinus etruscuse

Allophaiomys sp.?d Artiodactyla

Trilophomys vandeweerdid Cervidae sp. Ie

Stephanomys donnezanid Cervidae sp. IIe

Mimomys medasensisd Ovibovini indet aff. Soergelia sp.e

Sciurus sp.d Caprinae indeta

Pliopetaurista pliocaenicad Proboscidea

Blackia sp.d Elephas sp. ?e

Pteromys sp.d Testudines

Testudo sp.a

Rodentia

Mimomys medasensise

Mimomys aff. tornensise

Apodemus aff. mystacinuse

a Daura (2008).
b Delson (1971; 1973; 1974), Crusafont and Golpe-Posse (1974) and Delson and Plopsor (1975).
c Agustı́ (1988).
d Described here for the first time, following the identification currently listed in the collections of the Museu de Geologia de Barcelona (MGB).
e Asensio (1993).
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At DA, levels presenting palaeontological remains

comprise very compact, hard calcareous breccias that are

cemented at the doline base. According to the methodo-

logical proposals made by Ramos et al. (2008) for sites of
this type, excavation should involve the removal of

sediment in different blocks. Using hammers and chisels,

each recovered block was taken to the archaeological

laboratory of the Grup de Recerca del Quaternari at the

Seminari d’Estudis i Recerques Prehistòriques (la Guixera)

operated by the Castelldefels Town Council, treated, and

excavated with a pneumatic microhammer.

At a later date, a speleological expedition was
undertaken by the GRQ and the Secció Espeleòlogica de

l’Ordal del Centre Excursionista de Vallirana to detect any

new cavities (Avenc de les Desil?lusions at site 2 and Avenc

dels Arqueòlegs at site 1; Fig. 3) and to explore caves

(Cova Bonica and Avenc Marcel; Fig. 2) and shafts under

the Garraf plateau. A topographical and geological study

was also carried out to determine the evolution of the
doline and karst plain and the relationship between the

endokarst and exokarst morphologies.

Sediment dates were analyzed by optically stimulated

luminescence and thermoluminescence at the Radio-

chemistry and Dating Laboratory of the Universidad

Autónoma de Madrid using the additive dose method

and standard procedures (Fleming, 1970; Zimmerman,

1971; Aitken, 1985; Nambi and Aitken, 1986; Arribas et
al., 1990) and by 14C at the Beta Analytic Laboratory,

USA. To determine the age of materials beyond the

radiocarbon and the OSL dating limits, the palaeonto-

Figure 5. Cross-section (A) and plan (B) of site 3, Avenc Marcel.
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logical records from Avenc Marcel, DEA, Coll Sostrell,

and Cova Bonica were also included in the study. The

latter are based on previous studies (Delson, 1971, 1973,

1974; Delson and Nicolaescu-Plopsor, 1975; Crusafont-
Pairó and Golpe-Posse, 1984; Agustı́, 1988; Asensio,

1993; Daura, 2008).

RESULTS

STRATIGRAPHIC SETTING

Sedimentary fill from site 1, the Dolina de l’Esquerda

de les Alzines, is the most significant for stratigraphic

reconstruction. Current fieldwork focused on the excava-

tion of five test pits (Fig. 3), two in sectors I, II and III, and

one in the Avenc dels Arqueòlegs area (Fig. 6). The results

form a single, unified sequence 4.5 m in length, but the

correlations between the pits are merely tentative, given the
discontinuities between them.

The lowest unit corresponds to highly cemented

breccia and conglomerates (layers E, G1 and I), with a
reddish, silty matrix formed by decalcification. The

coarsest fraction is highly weathered and rounded by

dissolution and typically contains sparitic calcite frag-

ments, consisting of large dogtooth spar crystals of

unusually high purity and crystallinity. Layer H, above,

is composed of non-cemented, compact lutites, separated

from the upper part of the sequence by sub-angular

boulders.

At the top of the sequence, layers C, C2, D2, B1, D1, B,

and D, infillings are typically characterized by deposits up

to 2-m thick (Table 2), corresponding to lutites that are
occasionally burned, with almost non-existent host rock

components, indicative of the high degree of solution

activity in the doline formation process. In fact, silt-size

grains of quartz are predominant in the samples analysed

(84.2 to 90.6%) followed by feldspars (4.9 to 10.6%), while

host rock fragments are very scarce (0 to 5.2%). Illite is

present in minor amounts (0 to 4.5%).

The uppermost layer, layer 1, contains 10- to 20-cm

thick superficial, rounded and sub-angular limestone gravel

without lutites and may represent the current soil layer.
The stratigraphy is summarized in Table 2 and illustrated

in Figure 6.

Site 2 was studied via thirteen test pits (Fig. 3). The
idealized schematic profile presented in Figure 6 shows

similarities to DEA. Moreover, three broad episodes of

sedimentation can be identified. The underlying layer E is

composed of cemented breccia and conglomerates with

sparitic calcite fragments adhered to the bedrock, repre-

senting the earliest deposition found in test pit S-11, which

collapsed along Pou de la Revolució into the subterranean

network. This unit contains bones of large mammals from
the Lower Pleistocene that apparently fell from the Paret

dels Ossos. The second package, layer D, is composed

mainly of cemented red clay with iron oxides and without a

coarse fraction. On top, subsequent layers C and B are

dominated by a lutitic matrix without gravels and contain a

few small pieces of rubified sediment and sparse Holocene

faunal remains. The uppermost 10 cm comprise the current

soil layer and contain sub-angular limestone gravels.

Other sites, because they do not present a complete

stratigraphic sequence, are less significant to our under-

standing of the sedimentary fill on the Garraf plateau.

However, these units constitute the oldest stratigraphic levels
exposed. Sedimentary fills that contain fossil remains have

been identified in the subaerial exposure of cemented breccia

in Coll Sostrell (layer K); in very highly cemented breccia

adhered to external cave walls (layer K) and infiltrated from

the Garraf karst plain (layer J) at site 4, Cova Bonica; and in

cemented red breccia (layer K) and compacted lutites with

iron oxides (layer J) at Site 3, the Avenc Marcel.

Sediment collapses into the underlying cavities are

common in the Garraf system. Stratigraphic correlations

between the external and internal sediments are tentative,

given the major discontinuities, including the Big Gallery in
site 1 and the Parets del Ossos in site 2 (Fig. 3).

DATING

Our dating of the doline and shaft fill under the Garraf

plateau indicates a chronology ranging between the

Pliocene and Holocene. Seven radiometric dates were
obtained from test pits, two 14C dates on charcoal and

bone and five optically stimulated luminescence dates on

sediment. These, along with one thermoluminescesence

date, are presented in Table 3 and discussed below. The

dating of the doline deposits is hindered by taphonomic

and geological processes, the absence or scarcity of organic

material, and wildfire disturbance of sediments.

To determine the age of the first sediment accumulation

in the plateau, the chronological range of the mammalian

species present in Cova Bonica (site 4) and Avenc Marcel

(site 3) is clearly diagnostic of Pliocene and Lower Plei-
stocene contexts (Fig. 7). Avenc Marcel (Fig. 5) developed

on this ancient surface, and its sedimentary fill originated

from the ancient plateau base, which contains Lower

Pleistocene faunal remains. The different species of the

genus Mimomys found here suggest a chronology between

MN17 and MQ1 for this site (Asensio, 1993). Similarly, the

Cova Bonica fill originating from the karst plateau includes

a richness of small vertebrate species and Cercopithecidae
remains. The remains recovered present a two-stage

chronology, MN15 and MN17/MQ1 (Delson, 1971, 1973,

1974; Delson and Nicolaescu-Plopsor, 1975; Crusafont-

Pairó and Golpe-Posse, 1984; Agustı́, 1988; Blain, 2009).

Coll Sostrell is a karst fissure associated with the plateau. Its

conglomerate and breccia deposits contain faunal remains

from the Lower Pleistocene (Daura, 2008). Finally, rhinoc-

eros remains assigned preliminarily to Stephanorhinus

etruscus from Pou de la Revolució at site 2 date the site

from MN16 to the beginning of the Middle Pleistocene

(Guérin, 1980; van der Made, 2010; van der Made and

Grube, 2010).
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Figure 6. Site 1, Esquerda de les Alzines: A, stratigraphy of individual locations; B, assembled schematic profile with suggested

chronology. Site 2, Alzines: C, stratigraphic test pits dug; D, assembled schematic profile with suggested chronology. Site 3, Avenc
Marcel: E, shaft geological cross-section of the plateau; F, proposed evolutionary model for the formation of the site during Pliocene

and Lower Pleistocene stages.
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Jö

ri
s,

2
0
0
8
)

w
a
s

u
se

d
to

co
n

v
er

t
co

n
v
en

ti
o

n
a
l

1
4
C

a
g
es

in
to

th
e

ca
le

n
d

a
r

ti
m

e
sc

a
le

.
e

S
ed

im
en

t
d

a
te

s
w

er
e

o
b

ta
in

ed
b

y
O

S
L

a
t

th
e

R
a
d

io
ch

em
is

tr
y

a
n

d
D

a
ti

n
g

L
a
b

o
ra

to
ry

o
f

th
e

U
n

iv
er

si
d

a
d

A
u

tó
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The oldest absolute date for the sediments at the base of the

dolines was found in layer E of the Dolina II de les Alzines (site

2). A multi-grain OSL average date of 9752666542 BP was
obtained. However, the result should be treated with some

caution given, the method used (not single-grain) and the

taphonomy of the sediments.

More recent layers have been Dated using other

techniques. Layers C and C2 at the the Dolina de

l’Esquerda de les Alzines (site 1) contain lithic artifacts
that are chronologically dated to the Middle or Upper

Palaeolithic techno-complex (Daura et al., 2011). A

thermoluminescence date for burnt flint from layer C gives

Figure 7. Vertical distribution of the main taxa identified at site 3, Avenc Marcel (Asensio, 1993; Daura 2008), and site 4,
Cova Bonica. Small mammals from Cova Bonica are described here for the first time, following the identification currently

listed in the collections of the Museu de Geologia de Barcelona and Agustı́, (1988) whereas the Cercopithecidae have been

previously described (Delson, 1971, 1973, 1974; Delson and Nicolaescu-Plopsor, 1975; Crusafont-Pairó and Golpe-Posse,

1984). Age in millions of years (Ma), Mammal Neogene Units (MN) (Agustı́, 2001) and oxygen isotope curve (Shackleton et

al., 1995) on the left. The vertical lines highlight the chronological ranges based on current literature for large mammals

(Pickford and Morales, 1994; van der Made, 2005; Martı́nez-Navarro et al., 2010; Rook and Martı́nez-Navarro, 2010) and

micromammals (Minwer-Barakat et al., 2004; de Marfà, 2009; Furió, 2007; Garcı́a-Alix et al., 2007; Minwer-Barakat et al.,

2008). Gray rectangle indicates the chronostratigraphic range proposed for the site.
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an age of 2274461605 BP, and an OSL date is 1820061689

BP for sediment from the top of layer C2.

The DEA continued to be filled throughout the Upper

Pleistocene and Holocene, from .22.7 ka until the

present. However, several wildfires occurred during this

time, affecting different layers and altering the sediments.

As a result, reliable direct OSL dates are not easily

obtained, as fires can make sediment appear younger,
especially because of burnt tree stumps. Nonetheless, these

dates (Table 3) are indicative of an ante quem age for the

fill that is older than the dates obtained both by OSL (7 ka

to 3 ka) and radiocarbon dating (cal AD 738656 and

196650). The presence of Bronze and Iron Age pottery in

Layers B1 and D1 provide an approximate chronology for

the accumulation of these deposits in accordance with

OSL results.

A MODEL OF LANDSCAPE DEVELOPMENT

AND KARSTIFICATION

Attempts were made to correlate the various dolines

and shafts on the basis of their layers, stratigraphic
position, and chronology. This correlation remains

tentative because of the discontinuities between the

various deposits and the shortcomings presented by each

deposit. Our stratigraphic study identifies five stages or

episodes resulting in the formation of a single unified

sequence (Fig. 8). Its backbone is formed by the sediments

preserved in the Dolina de l’Esquerda de les Alzines and

the Dolina II de les Alzines, while the Cova Bonica, Avenc
Marcel, and Coll Sostrell sites represent significant

deposits for determining the ancient stage of the Garraf

plateau.

Stage 0 corresponds to the formation of the Garraf

plateau during the Upper Miocene that resulted in the

horizontal modelling of the landscape (Llopis, 1943, 1947;

Montoriol, 1950, 1954; Montoriol and Muntan, 1959,

1961). As such, the conditions required to trigger the doline

formation process were present during this stage, despite

the fact that no sediment had yet accumulated. The result

of this stage is the presence of some monadnock-shaped
standing remains.

Stages 1a and 1b correspond to the oldest sediment

accumulations in the plateau, dating from between the
Pliocene and Lower Pleistocene. The process of doline and

shaft fill is confirmed by the presence of the most ancient

deposits located at the base of the dolines and the

sediments collapsed into the shafts. In the earlier part of

the stage (1a), the first layer (G1) of sediments in the DEA

lies at the base of the Avenc dels Arqueòlegs area and has

partially collapsed into the subterranean network. The

lower contact is irregular and overlies the Cretaceous
limestone. In the latter part of the stage (1b), layers are also

found in the Avenc (shaft) de l’Esquerda de les Alzines

(layer I) and in Sector III-W at the base of the doline’s

center (layer E), as well as in the DA, which contains

mammal bones. In this case, deposits are located near Pou

de la Revolució (Fig. 3), and part of the fill collapsed into

the shaft through the Parets dels Ossos.

Infilling of similar material that probably originated

from a collapsed surface deposit is found adhered to the

walls in Via del Ossos of the Avenc Marcel shaft. The

fill contains mammal bones and has been scattered

throughout the subterranean network from which

palaeontological remains were recovered. Finally, the

Cova Bonica fill originates from sediment infiltration

from the plateau through a combination of karst
fissures and karren.

Stages 2 and 3 correspond to the second layers of

deposits to accumulate. After the oldest sediment, those of

stage 1 (layers E, G1, and I) developed, parts of these

sediments were altered by the evolutionary process

undergone by the depression. In some areas, fill from stage
1 was cemented and preserved at the rim of the doline or

inside its shafts, as well as in layer E of the DEA (Fig. 3

and 6) and the base of the DA. In other cases, shafts

received part of the collapsed sediment, as is the case in the

DA (Fig. 6).

Stage 1 sediments found at the doline base are always

capped by stage 2 layers. The most significant examples of

stage 2 are layers C and C2 in the DEA. They contain

Upper Palaeolithic artifacts such as burins, denticulates,

and scrapers, among others.

The final sediment layer (stage 3) is characterized by
highly compact lutites with few pebbles and gravels. These

have been altered by wildfire combustion in sectors I, II,

and III-SW in the DEA, a distortion in this area that is

only limited by a gentle slope. Layers B, B1, and D1 of this

unit contain prehistoric pottery. One layer, composed

mainly of rounded sub-angular limestone gravels, corre-

sponds to the current doline soil.

Stage 4 corresponds to the ongoing erosion process in

which the dolines are being continuously transformed by

agricultural or speleological activities.

DISCUSSION AND CONCLUSIONS

The results obtained from the Garraf case study

coincide with proposals made for other European karst

massifs (Piccini et al., 2003; Ufrecht, 2008) that the primary
karst development appears to have taken place at the end

of the Tertiary and the beginning of the Lower Pleistocene.

The main karst features around the western Mediterranean

were probably inherited from the end of the Miocene

(Messinian period), when the sea level dropped dramati-

cally due to the closing of the Atlantic connection and the

subsequent desiccation of the Mediterranean sea (Krijgs-

man et al., 1999). The depths and altitudes of several
conduits and galleries in karst areas around the western

Mediterranean that do not match known Quaternary

glacio-eustatic sea levels are linked to the erosive features

observed during the Miocene and the Pliocene (Audra et
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al., 2004). These karst paleo-galleries evolved after the

subsequent Pliocene sea level rise and transgression,

flooding the former karst system. Later oscillations of the

water table, forced by the Quaternary eustatic sea-level

changes, favored the evolution of the karst depressions and

the sedimentary infill of the former karst system above the

water table.

Previous research has argued in favor of a general

Miocene age for the Garraf plateau (Llopis, 1943, 1947;

Montoriol, 1950, 1954; Montoriol and Muntan, 1959,

1961). Based on the sediments preserved, we can confirm

that the doline and shaft infill originating from the Garraf

plateau can be dated to the beginning of the Pliocene (stage

1) and, hence, earlier karstification processes must have

taken place during the Miocene (stage 0), when conditions

were suited to triggering the doline-formation process. The

Garraf deep karst system was probably formed during the

Messinian period (25.96 to 25.32 Ma) and was reflooded

during the Pliocene when the Mediterranean salinity crisis

terminated (Audra et al., 2004). In fact, the discharge point

for water draining out of the Garraf massif is La Falconera

shaft, at least 81 m below the present sea level, suggesting

that karstification occurred during this period of lower sea

level (Montoriol, 1966; Custodio, 1975; Cardona, 1990).

Figure 8. Characteristic stages of Garraf doline evolution, according on hypothesis based data obtained at the different

dolines and shafts studied and applied to various parts of site 1, Dolina Esquerda de les Alzines, and site 3, Avenc Marcel. The

labels on the sediment levels are those in Figure 6 and the text.
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Palaeopalynological studies (Suc and Cravatte, 1982; Suc

et al., 1995; Fauquette et al., 1999) emphasize a subtropical

climate for the northwestern Mediterranean during the

Pliocene, and these environmental conditions could have

accelerated karstification.

Palaeontological remains from stage 1 indicate an age

of MN15 and MN17 (Delson, 1971, 1973, 1974; Delson

and Nicolaescu-Plopsor, 1975; Crusafont-Pairó and Golpe-
Posse, 1984; Agustı́, 1988; Asensio, 1993; Daura, 2008).

Today, sediments from this stage are located within the

deepest inner part of the Garraf karst and have been

eroded from their original position in the Garraf plateau.

In this sense, the Canal Negre-1 (Guillén, 2010) assemblage

could represent the earlier sediment accumulation, from

stage 1 to the Upper Miocene (MN13).

The species richness at the paleontological sites Cova

Bonica, Avenc Marcel, and Canal Negre-1 and the results

of the pollen analyses (Suc and Cravatte, 1982; Suc et al.,

1995; Fauquette et al., 1999) point to ecological optima in
the Garraf plateau during the Pliocene, a different scenario

from the current habitability of this area. Thus, dolines and

collapsed cavities under the plateau are a useful record for

Quaternary paleoenvironmental studies.

During the Middle-Upper Pleistocene (stage 2), signif-

icant sediment deposits accumulated in the dolines and

shafts of the Garraf karst plateau. Infill of the same

chronology is common beyond the plateau in other karst

landforms, including the caves of Cova del Gegant (Daura

et al., 2010a), Cova del Rinoceront (Daura et al., 2005),

and Cova del coll Verdaguer (Daura et al., 2010b).
However, in the karst plateau sediment has collapsed

down into the subterranean network, suggesting that

archaeological and paleontological records must be sought

in the deeper levels of the karst system. This conclusion is

supported by a large number of sites in the Iberian

Peninsula, including the Almonda system in the Maciço

Calcário Estremenho (Zilhão et al., 1993; Hoffmann et al.,

2013), El Sidrón in Surco Oviedo-Infiesto (Rosas et al.,
2006), the Sierra de Atapuerca (Rosas et al., 2001), and

Cueva del Ángel in the Sierra de Araceli (Barroso Ruı́z et

al., 2011), among others.

A marked gap should be noted between the Pliocene–

Lower Pleistocene and the Middle-Upper Pleistocene, with

sedimentary deposits from this period being unknown in the

Garraf plateau and in other caves and shafts of the Garraf

Massif. There are three possible explanations for this: the

sediments collapsed into the inner karst system through

vertical shafts, no sedimentary processes occurred, or the

phase has yet to be documented. However, we speculate that
the sediments accumulated at the Big Gallery of Avenc Gran

de les Alzines in site 1 and at the base of Rampa Sediments in

site 2 could be dated to this period.

The Garraf Massif and the five stages identified here in

its evolution point to the importance of karst development

and sediment displacement for archaeological and paleon-

tological studies, especially for the detection and evaluation

of the viability of a karst plateau as an area of hominid

presence (Bourguignon, 2004; Mosquera et al., 2007)

because of its faunal or water resources.

Our results, based on geomorphologic arguments and

sediment dating, are more accurate, we believe, than the

previously proposed estimates of the age of Garraf doline

and karst landforms (Llopis, 1943, 1947; Montoriol, 1950,

1954; Montoriol and Muntan, 1959, 1961). We have been

able to construct a model of the geomorphic evolution of

the Garraf Massif dolines that resulted in a single and

unified sequence (Fig. 8). This sequence spans the Pliocene

to the Holocene and constitutes the first chronological

proposal for the Garraf karst. Our study has provided new

examples and important data regarding the speleogenetic

processes and the chronology of western Mediterranean

dolines, shafts and karst plateaus.
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Valdepeñas, P., 2012, L’Avenc Nou de les Alzines: EspeleoCat, v. 9,
p. 34–36.

Van Andel, T.H., 1998, Paleosols, red sediments, and the Old Stone Age
in Greece: Geoarchaeology, v. 13, no. 4, p. 361–390. doi:10.1002/
(SICI)1520-6548(199804)13:4,361::AID-GEA2.3.0.CO;2-0.

Van der Made, J., 2005, La fauna del Pleistoceno europeo, in Carbonell,
E., coord., Homı́nidos: Las Primeras Ocupaciones de los Continentes:
Barcelona, Ariel, p. 394–432.

Van der Made, J., 2010, The rhinos from the Middle Pleistocene of
Neumark-Nord (Saxony-Anhalt), in Mania, D., and Meller, H., eds.,
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