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!ABSTRACT!

Interdisciplinary studies combining field data (geological and tectonic mapping, lithostratigraphic reconstructions,
lithofacies characterization, correlations and sampling) and laboratory analyses (biostratigraphy, chronostratigraphy,
clay mineralogy and sandstone petrography) of eight Senonian-Paleogene successions from the Sierra de La Pila
and Sierra de El Carche areas (Murcia province, SE Spain) belonging to the External Betic Zone are presented.
Field evidence of tectonic activity (slumps, olistostromes, syn-genetic folds, lateral variability, changes in
thicknesses, para- and unconformity boundaries, stratigraphic gaps, shallowing upward trends to emersion, etc.)
was found in several Paleogene intervals. The results enable a better reconstruction of the stratigraphic architecture
and chronostratigraphy of the Paleogene record, highlighting in particular: facies evolution, discontinuities,
depositional sequences (Middle-Upper Maastrichtian, Upper Paleocene-Middle Eocene, Oligocene-Lower
Aquitanian), environmental evolution (homogeneous conditions during the Late Cretaceous and successive realm
diversification from platform to slope to basin) and correlations, along the Prebetic to Subbetic transition, which is
a key sector to understand the northeastward variations of the South Iberian margin. A conclusive paleogeographic
and geodynamic evolutionary model for the study area is proposed, hypothesizing that Paleogene compressive
tectonics affected the eastern External Betic Zone. In addition, correlations with successions from the western
External Betic Zone evidenced asynchronous deformation from east to west along the internalmost External Betic
Zone. Moreover, a comparison with the external Tunisian Tell enables the recognition of similar sedimentary-
tectonic events, imposing new constraints in the Paleogene geodynamic reconstruction throughout the western
Tethys.
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GEOLOGICAL SETTING AND AIM

The Betic Cordillera (Fig. 1) is classically divided
into Internal and External Betic Zones and the Campo de
Gibraltar Complex represents the interposed Maghrebian
Flysch Basin Zone (Martin-Algarra, 1987; Guerrera et al.,
2005, 2011; Alcald et al., 2013; among others).

The Internal Betic Zone is composed mainly of three
complexes of nappes (from bottom to top: Nevado-Filabride,
Alpujarride and Malaguide), that underwent different alpine and
neo-alpine deformative phases with associated metamorphic
processes (mainly in the Nevado-Filabride and Alpujarride
complexes) during the Cretaceous to Early Miocene. These
internal nappes have a Paleozoic metamorphic basement and
Triassic to Lower Miocene metamorphic and/or sedimentary
alpine cover. This Internal Betic Zone reached its definitive
structure in piles of nappes during the Early Burdigalian when
it collided with the External Betic Zone (Martin-Algarra, 1987),
forming the Internal-External Zone boundary.

The External Betic Zone is classically divided into two
main tectono-paleogeographic domains derived from the
South Iberian margin: i) the Prebetic domain, stratigraphically
continuous with the northern foreland (Iberian Meseta), that
in turn is divided, from SE to NW, into Internal and External
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Prebetic sub-domains; ii) the unrooted Subbetic domain
(southward from the Prebetic), divided, from south to north,
into the Internal, Median, and External Subbetic sub-domains.
Both the Prebetic and Subbetic domains are represented by
Triassic to Tertiary sedimentary successions progressively
structured, from south to north, as a pile of nappes during
the Middle-Late Miocene, after the formation of the Internal-
External Zone boundary (Vera, 2000; Arias et al., 2004; and
references therein), which is indicated in Figure 1.

The general Betic framework is completed with the
Maghrebian Flysch Basin units, outcropping mainly in the
western Betics (Campo de Gibraltar) and sandwiched as
tectonic slices along the contact between Internal-External
Zone boundary mainly in the central and eastern Betic
Cordillera. The units derived from this Maghrebian Basin are
composed of Cretaceous to Lower Miocene deep sedimentary
marine successions (probably deposited on an oceanic and/
or thinned crust) which, in the upper portion, are made up
of thick flysch deposits. These units show a strong tectonic
deformation and are structured in thrust sheets starting from
the Early Burdigalian (Martin-Algarra, 1987; Guerrera et al.,
1993; Guerreraet al.,2005,2011; Alcald et al.,2013). Neogene
basins and Middle-Late Miocene volcanic rocks showing
a post-orogenic character (Arias et al., 2004), complete the
geological framework of the Betic chain Cordillera.
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FIGURE 1. A) Geological map of the Betic Cordillera with the location of the study areas (pinkish boxes); B) Position of the Betic Cordillera in the
framework of the western Mediterranean Alpine belts; C) Geographic sketch of the study area with indication of the main locality and geologic

structures (basin, corridor and depression).
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In the Murcia and Alicante provinces, the External
Betic Zone today appears incomplete, only the Prebetic
and the externalmost Subbetic sub-domains crop out
in contact with the Internal Betic Zone (see Fig 1).
Moreover, in the Alicante sector, gentle Early Paleogene
tectonic activity affecting the eastern External Betics
and linked to the Nevado-Filabride Alpine deformation
was proposed by Guerrera et al. (2006). The latter
region seems to have been a crucial paleogeographic
area because it represents the northeastward transition to
the Iberian Range but in a close position to the Internal
Betic Zone (located eastward). This area could undergo a
Paleogene (Pyrenean-like) deformation also affecting the
sedimentation in the southeastern Iberian margin.

The present study shows the reconstruction of the
Senonian-Paleogene stratigraphic record based on the
study of eight stratigraphic sections, six located in
the Sierra de La Pila sector and two in the Sierra de El
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Carche sector of the Murcia province (Figs. 1; 2). Field
data (geological and tectonic mapping, lithostratigraphy,
lithofacies association, sample collection, etc.) has been
integrated with laboratory analyses (biostratigraphy,
chronostratigraphy, clay mineralogy and sandstone
petrography). The study, with accurate biostratigraphic
control, has enabled the identification of unconformities,
depositional  sequences,  stratigraphic  gaps  and
sedimentary trends, which have been integrated in a
model of tectonic-sedimentary evolution.. In the Betics,
it is accepted that the inversion of the tectonic regime
(from distension to compression) occurred in the latest
Cretaceous (Martin-Algarra, 1987), while the nappe
tectonics started in the Early Miocene in the External
Betic Zone (Arias et al., 2004). Our paper highlights the
effects of the deep tectonics during the sedimentation
(blind thrust and deep growing fold) in the period from
the beginning of the tectonic inversion to the activation
of the nappe tectonics.
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FIGURE 2. Detailed geological maps of the sectors studied: A) Sierra de El Carche; B) Sierra de La Pila. C) Geographic sketch of the Murcia province
with indication of the studied areas. In A and B boxes the location of measured logs and the orientation of the geological sections represented in

Figure 3 are also shown.
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The interdisciplinary data from this study have
been integrated with data on the Oligocene-Miocene
sedimentation of similar successions from the Alicante
region (Guerrera et al., 2006), allowing a better definition
of the Paleogene tectonic phases.

Finally, an evolutionary paleogeographic-geodynamic
model is proposed for the study area. In addition, some
correlations with similar external sectors of the Betic
Cordillera and Tunisian Tell (Maghrebian Chain), previously
analyzed by several authors, allow certain deductions with
implications for the evolution of the western Tethys area.

PREVIOUS STUDIES

The study area is located to the north of Murcia province
(SE Spain), in the Sierra de La Pila and Sierra de El Carche
sectors (Fig. 2). The geological studies in the area started at
the end of the nineteenth century (e.g. Nicklés, 1896a,b) and
continued throughout the twentieth century to the present.

The study area represents the Prebetic-Subbetic domain
transition of the South Iberian margin (eastern External Betic
Zone), as indicated by Azéma (1966a, 1966b, 1977). Two
mountain alignments coinciding with north-verging fold-
thrusting nappes can be recognized (Rodriguez-Estrella, 1977,
1979): the Sierra de Ricote-Sierra de La Pila-Sierra de E1 Reclot,
to the south, and the Sierra de Ascoy-Sierra Larga-Sierra de El
Carche-Sierra de Salinas, to the north. These alignments are
bounded by the Fortuna Basin to the south, the Pinoso Corridor
in the middle, and the Jumilla-Yecla depression to the north. The
area is affected by several recent and active faults (Foucault,
1960; Montenat, 1977; Sanz de Galdeano, 1983; Alfaro-Garcia,
1995) and diapirs (Seyfried, 1978; De Smet, 1984a, 1984b;
Martinez del Olmo et al., 1986).

According to the literature (Azema, 1977; Rodriguez-
Estrella, 1977, 1979), in the area during the Mesozoic (Jurassic
predominantly), the Prebetic domain (externalmost position)
evolved as a distal shallow carbonate platform, while the
Subbetic domain (internalmost position) underwent subsidence,
allowing deposition of marly pelagic to deep-water sediments.
During the Cretaceous a deep pelagic facies (Scaglia-like)
homogenization occurred. During the Tertiary this changed
to detritic sedimentation, where marly or calcareous intervals
alternated with a terrigenous supply (Azema, 1977; Vera,
2000; Chacon and Martin-Chirivel, 2005). The deformational
evolution during the Neogene is thought to have had several
phases (Montenat, 1977): thrusting during the Late Burdigalian,
normal faulting during the Middle Miocene, and strike-slip
faulting and folding during the Late Miocene.

In conclusion, the extensive information from the
numerous previous studies is important to explain the
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different geological aspects of the region. The contradictory
findings reported in the literature will be discussed below,
taking into account our new data. In particular, for the
sedimentary record studied (mainly Paleogene), several
names of formations and ages were assigned in literature.
The correlation between the different formations from the
more recent literature and the ones used in the present
paper is synthesized in Table 1.

The geological and structural framework of the study
area (Table 1) is synthesized in the geological map in
Figure 2, distinguishing the sector of Sierra de El Carche
and Sierra de La Pila, where detailed tectonic elements
have been reported. In this figure, the stratigraphy is
of Vera (2000) updated with ournew data. To complete
the structural context, eight geological sections were
performed in the Sierra de El Carche and Sierra de La
Pila sectors taking into account the eight main cycles
considered by Vera (2000) in the area (Fig. 3).

RESULTS
Field data and lithostratigraphy

The Upper Cretaceous-Paleogene stratigraphic
record was studied in the Sierra de La Pila and Sierra
de El Carche areas (Province of Murcia) by means
of eight stratigraphic sections (Figs. 2; 3; 4; Table 2)
located in the External Betic Zone, along the Prebetic/
Subbetic domains transition. Logs 1, 2, 4, 5, 6, and, 7
were measured in Sierra de La Pila and logs 8 and 9 in
Sierra de El Carche.

The total stratigraphic record studied is more than
2200m in thickness, where 102 samples were collected
for biostratigraphic, mineralogic and petrographic
analyses. The main field data (log number, locality,
UTM coordinates, informal units established in the
field, thickness, samples, main lithofacies and character
of the boundaries) are listed in Table 2.

On the basis of the correlation between the defined
field units and the formations from literature (Table 1),
we summarize the main stratigraphic record studied
in the Prebetic-Subbetic transition along the Eastern
Betic Zone below.

The lowermost El Carche Fm. (Chacén and Martin-
Chirivet, 2005), cropping out in the Sierra de El Carche sector,
corresponds to the Quipar-Jorquera Fm. (Hoedemaeker,
1973; Vera, 2000), in the Sierra de La Pila sector. Only the
upper part (A) of the two formations was studied. The main
lithofacies consist of fossiliferous (Inoceramus) limestones,
marly limestones, and sandy marls in thin beds, being more
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TABLE 1. Correlated formations of the Senonian-Paleogene formations studied in the Prebetic-Subbetic transition of the eastern External Betic Zone

Age of literature Previous stratigraphy This paper
(Durand-Delga and Magné, 1958; Chacoén [Sierra de El Carchel sector [Sierra de La Pilal sector
Hoedemaeker, 1973; Ferriz et al., 1993; and Field . .
Vera, 2000; Chacon and Van Ven (1969) | Hoedemaeker (1973) | Vera (2000) | 1 tin Chirivet Unit Unit Unit F'e(l'g g)”"
Martin-Chirivet, 2005) (2005) (logs) 9
Oligocene-. Murtas Fm. Murtas Fm. G Murtas Fm. G
Lower Aquitanian
Almanillas
Fm. i
Somogil Mifiano Limestones lM|nano
F,J Limestones F
Marls Fm. Not Fm. Fm
in i studied :
Gredero Mifiano Limestones Grupo Cardela
Fm Fm.
Eocene .
Rasa Sandstones Pinoso-Rasa unit E1 Pinoso-Rasa Unit E2
Fm. (Pinoso Marls Fm.)
Pinoso
Fm.
Moro Marls
Fm Alberquilla Garapacha | ¢\
Paleocene Jorquera : . C, K Unit
. Alberquilla Fm. Fm.
Fm. Quipar-
Jorquera Fm. R
ipar- aspa
Quipar-Jorquera Fn‘z Y Raspay Fm. B Raspay Fm. B
Senonian Quipar Fm. - -
Carche Carche Quipar-Jorquera
Fm. A A
Fm. Fm. Fm.
GEOLOGICAL SECTIONS (Located in Fig. 2)
A Sierra de El Carche sector B Sierra de La Pila sector
N Morra de
-1 lz’:ena ?el Morra La Mina V-\V' Alto del
" -
w250 astelar 1250 m Loma de \\\\ Az \\, Pefiasco de NW-SE
" Enmedio Sanjoy Loma de
Planes
750 m 750m
250 m 250m
-1 M%’;f,ge' Cerro de la VI-VI Pico de Cerro del NW-SE
Replana _ La Zorra Boticario Sierra del Casa del
1250 m \\ ‘1 N-S 1250 m } \\ \‘ Barranco Aguila Guarda
I > Rambla del
; 3 T Chorrillo
750 m ) & 750 m & \\
250m som | e T SO0 T TN
- Sierra de las VII-VIIY ﬁgopﬁ:
Pansas Loma de N-S o Barranco de N-S
1250 m Cubeta de j/ Enmedi Lomade  orcer 1250 m Imbria de Aldean
\ Pisana nmedio laMaza ocsn Los Tomasones la Raja Pefia Bermeja Ma La Garapacha
N \ G * 7
750m : 750 m W
= ~
250m 250m
IV-IV' ¥ ael VII-vir Fuente de
1250m orra del La Higuera -
J, Cuervo “ 1250 m L \ Barranco del NW-SE
\\ \ * Infierno La Rauda
750m 750m i X \. Normal fault
250m om . \ Thrust
~ Nappe contact (Subbetic)
Cycles | to V (Vera, 2000 Cycles VI (Vera, 2000 Cycle VIII (Vera, 2000
uipar-Jorquera, Carche and Raspay fms.:| pinoso-Rasa unit | [7:] Rasa Sandstones Fm.: quartzose, Murtas Fm.:conglom: clays, [] Conglomerates, silts and clays (Plioc.-Quaternary)
= sandy and marly limeston. (Senonian p.p.) 7(6‘,,,5, pa‘eose,',e_ and sandstones (Lower-Middle Ypresian) L] limestones and black levels
Upper Lutetian) Pi Marls Fm.: ish-yellowish, cl " (Oligocene-Lower Aquitanian) Cycle Vil (Vera, 2000
Dolostones, orbitoline sandy limestones PP =] Hinoso Var's Fm... greenish-ye - clays, maris . R
and marls (Lower-Middle Cretaceous) and sandstones (Lower Ypresian-Upper Lutetian) Mifiano Fm.:massive limestones == Ta{a Fm.._marliand dll_a(on':}es t‘“m sandst?rnes and
BB Subbetic oolithic limestones (Jurassic p.p.) Alberquilla and Garapacha fms.  marly limestones, marls, with larger foraminifera calcarenites (Lower Langhian-Lowermost Tortonian)
p. [ microcodites, limestones, slumped sandstones and Olisthostromes (Middle-Upper Eocene) = Congost Fm.:conglomerates, calcarenites and
[ Redisch clays with gypsum (Triassic p.p.) (Upper Paleocene-Lower Ypresian) algal limestones (Lower Langhian)

FIGURE 3. Eight geological sections synthesize the structural framework of the study area taking into account the eight main tecto-sedimentary cycles
considered by Vera (2000): A) Sierra de El Carche sector; B) Sierra de La Pila sector. The locations and orientations of the sections are indicated in

Figure 2.
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TABLE 2. Major field data from Sierra de EI Carche (more proximal) and Sierra de La Pila (more distal) sectors including: log numbers, localities,
UTM coordinates, field, thicknesses, samples, main lithofacies and characters of the boundaries

Log Locality C UTM F'e!d Th.";kn' Thickn. Samples Main lithofacies and characters of the boundaries
oordinat.  unit unit(m) log (m)
| >10m P37+P38 Whitish to yellowish marls with turbidite sandstones intercalation
conglomerates (transgression) with less rounded carbonatic clasts coming from Unit E (Eocene
H 42 limestones); well_stratified greyish calcarenites
angular unconformity
Reddish to greenish and whitish to yellowish continental to marshy clays,
G 10 fluvial conglomerates and lacustrine limestones with edaphic levels
- unconformity (paleokarst erosive surface with dikes)
greyish recrystallized micritic limestones with abundant larger foraminifera (nummulites); karst
F 50 P35 structures filled by reddish clays from the overlying level (continental) in the upper part (last 20 m)
NwE 30 - not well exposed
P24+P34; arenites with subordinate sandy pelites, quartzitic conglomerates
E2 330 Pila 21-22 (coming from Meseta?)
- angular unconformity (with downlap)
P18+P23; olisthostrome: chaotic interval prevalently composed by blocs of limestones (from Cretaceous)
D 75 Pila 20 dispersed into a marly matrix
Track of From varicoloured marly pelites, micritic limestones (microcodium), calcified fossilifereous whitish sand
“Barranco  30S 657796E C 10 P6+P17 (marker bed, checked also in the logs1 and 6 and, slump 2 m thick)
el Mulo” 4235274N paraconformity
(Sierra de to B 05 P2+P5 stratified fossiliferous (forams) whitish marly limestones and brownish marls
La Pila, 30S 657157E - paraconformity
1 Murcia) 4235420N A >10 > 560 P1 whitish limestones and marly limestones
» | >10m P51+P52 Whitish to yellowish marls with turbidite sandstones intercalation
“Estacion = - —
Blanca” H 10 well stratified greyish detritic limestones
(Sierrade La  30S 647623E angular unconformity
2 Pila, Murcia) 4233795N F >20 > 40 - not stratified micritic limestones with abundant larger foraminifera (nummulites)
H >30 well stratified greyish detritic limestones
angular unconformity
yellowish sands with rounded quartzitic clasts (up to 5 cm) and pelites; bounded whitish lacustrine
micritic limestones; continental reddish with carbonatic, lignite clasts and chalk; brownish-reddish
continental sands; continental polygenic conglomerates with reddish matrix and rounded carbonatic
G 90 - and quartzitic (from Meseta) clasts. lagoon micritic limestones; edaphic levels.
NwE 20 not well exposed
yellowish sand with rounded quartzitic clasts (up to 5 cm) and pelites; bounded whitish lacustrine
micritic limestones; continental reddish with carbonatic, lignite clasts and chalk; brownish-reddish
“Barranco continental sands; continental polygenic conglomerates with reddish matrix and rounded carbonatic
del Tollo” From G 30 and quartzitic (from Meseta) clasts. lagoon micritic limestones; edaphic levels.
(Sierra de 30S 648288E angular unconformity
La Pila, to >190 recrystallized micritic limestones with larger foraminifera (nummulites up to 3 cm of diameter);
4 Murcia) 4235856N F >20 - quartz grains in the upper part
Subb. >05 Jurassic dolomostones and limestones
- tectonic contact (thrust)
E1 180 P76+P81 sandy pelites and subordinate arenites; slump (8 m thick) in the upper part
P70+P75; alternance of grayish marls and fossiliferous (microcodium) limestones; chert nodules; thin
N 55 Pila 18+19 olisthostrome of cretaceous limestones in the upper part
“La varicoloured marly pelites, prevalently varicoloured marly limestones and marly pelites; rare micritic
Garapacha” P65+P69; limestones and calcified fossilifereous whitish sand (corresponding to the units B and C of the log
(Sierra de M 10 Pila 15+17
5 La Pila, 30S 658193E > 265 angular unconformity
Murcia) 4235393N A >15 - whitish limestones and marly limestones
conglomerates (of transgression) with less rounded carbonatic clasts coming from Unit E
H >20 (Eocene limestones); well stratified greyish calcarenites
angular unconformity
“Barranco NwE >10 not well exposed
Comisario” recrystallized micritic limestones with larger forams (nummulites up to 3 cm); whitish fossilifereous
(Sierra de F 93 - sands at the top
La Pila, 30S 657698E _trans. 17 P84+P85 micritic limestones, sandy pelites and fossiliferous whitish sands
6 Murcia) 4239067N E1 90 > 230 P82+P83 alternance of sandy pelites and subordinate arenites
sandy pelites with “boulgeons” (corresponding to the slump of the log 5), alternance of sandy pelites
E1 40 P86+P93 and subordinate arenites; some intercalation of: conglomerates, micritic limestones (up to 3 m thick)
“Casa NwE 20 — not well exposed
Portillo” alternation of different varicoloured marly limestones
(Sierra de M 70 P94+P97 (corresponding to the units B and C of the log 1)
La Pila, SW 30S649319E - paraconformity
7 side, Murcia) 4234102N A >10 > 140 P98 whitish fossiliferous (Inoceramus) limestones and marly limestones
yellowish sand; bounded whitish micritic limestones; yellowish and greenish clays; polygenic
G 45 C21+C22 conglomerates with reddish matrix and rounded carbonatic and quartzitic (from Meseta) clasts.
- angular unconformity
J 20 C20 brownish, yellowish sands and limestones with alveolines in the upper part
F 60 recrystallized micritic limestones with abundant larger foraminifera (nummulites)
NwE 24 not well exposed
E1 06 prevalently sandy pelites and subordinate arenites with intercalation of: a micro-conglomeratic bed
NwE 20 -— and a recrystallized micritic limestones (marker bed of 3 m thick) with abundant larger foraminifera
E1 210 C11+C19 (nummulites)
K 25 C9+C10 fractured, fossiliferous (algae, bryozoans, etc.) limestones with rounded clasts
varicoloured pelites, whitish and yellowish sandy marls, nodular micritic limestones, fossiliferous
C 20 C7+C8 whitish sand at the top
From araconformit:
305 662006E B -
8 “La Replana” 4254792N 05 C5+C6 whitish _detritic marly limestones, sandy marls in thin beds
(Sierra de to > 445 - paraconformity (mineralized surface: hard ground)
El Carche, 30S 660795E whitish fossiliferous detritic limestones and marly limestones, sandy marls in thin beds, marked
Murcia) 4253362N A >10 C1+C4 cleavage
«Barranco P 40 C23+C25 greenish- yellowish sands; silt-sandy marls
Pardinas» angular unconformity
(Sierra de El
Carche, 30S 659656E Reddish to greenish and whitish to yellowish continental to marshy clays, fluvial conglomerates
9 Murcia) 4252767N G 130 175 - (including quartzitic pebbles) and lacustrine limestones with edaphic levels
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8 -Marls with olisthostromes
-Microcodites, limestones, slumped sandstones

Cycles|toV (Vera, 2000

5 Raspay Fm.:Marly limestones and marls (Middle-Upper
Maastrichtian)

% Quipar-Jorquera and Carche fms.: marly limestones
(Senonian p.p.-Lower Maastrichtian)

- Oolithic Subbetic limestones (Jurassic p.p.)

Cycle VII (Vera, 2000
Alberquilla and Garapacha fms. (Upper Paleocene-Lower Ypresian): E Tap Marls Fm.:marls and sandstones (Lower Langhian-Lowermost Tortonian)
- Congost Limestones Fm.:calcarenites and conglomerates (Lower Langhian)

Cycle VI (Vera, 2000;

- Murtas Fm.:conglomerates, clays and limestones (Oligocene-Lower Aquitanian)
g Mifiano Fm.:massive limestones with larger foraminifera (Middle-Upper Eocene)

Pinoso-Rasa unit:
-Rasa Sandstones Fm.: quartzose conglomerates and sandstones (Lower-Middle Ypresian)
-Pinoso Marl Fm.: greenish-yellowish clays, marls and sandstones (Lower Ypresian-Upper Lutetian)

ans Main unconformity
~ Unconformity
=== Paraconformity
=== Mineralized surface

vvvv  Fine vulcanoclastic
bed

= Thrust

FIGURE 4. Lithostratigraphy of the eight measured logs (located in Figure 2) and correlation with the curves resulting from the [(S+K)/I] ratio: A) Sierra
de El Carche sector; B) Sierra de La Pila sector. The stratigraphic units are grouped according to the cycles of Vera (2000).

detritic in the Sierra de El Carche sector. A transition from
neritic to pelagic environment can be interpreted from Sierra
de El Carche to Sierra de la Pila sector.

Unit B of both sectors corresponds to the Raspay
Fm. (Chacon and Martin-Chivelet, 2005) and consists
of thinly bedded sandy marls and marly limestones,
interpreted as a pelagic environment. A minor
paraconformity has been registered between the Raspay
Fm. and the underlying succession.

Units C and K belong to the Alberquilla Fm. (Chacén
and Martin-Chivelet, 2005) defined in the Sierra de El
Carche sector. This formation can be correlated with
the Garapacha stratigraphic unit (proposed here for the
first time), which includes units C, D, N, and M in the
Sierra de La Pila sector. The lithofacies association
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exposed in Table 2 indicates a carbonate platform in
the El Carche sector with algae, bryozoans, nodular
micritic limestone, and rounded clasts. In the Sierra
de la Pila sector this carbonate platform (ramp-like)
grades eastwards into slope environments, where
numerous slumps and olistostromes have been found.
An unconformity has been registered between the
former and the underlying succession (Fig. 4).

The following Pinoso-Rasa  stratigraphic  unit,
corresponding to different formations in the literature (Table
1) is defined here for the first time (unit E) including the
Pinoso marls Fm. (E1) and Rasa sandstones Fm. (E2) both
from literature. These formations can be differentiated
with the arenitic/pelitic (a/p) ratio, a common criterion to
distinguish turbiditic successions. The Pinoso marl Fm. is a
pelitic unit (a/p < 30%/70%) recognized in most of the logs
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studied, while the Rasa sandstones Fm. is an arenitic unit (a/p
> 70%/30%) exposed only in the Barranco del Mulo (Log
1, Sierra de La Pila sector) indicating an area favorable for
terrigenous supply. An unconformity is registered in the log
1 (Barranco del Mulo) separating the Rasa sandstones Fm.
from the Garapacha stratigraphic unit. and a lateral change
of facies between the Rasa sandstones and Pinoso marls fms.
is also observed. The Pinoso-Rasa stratigraphic unit shows
some features (turbidites, slumps, etc.) that can be related to a
slope environment represented in both constituent formations.

The Mifano Limestones Fm. (Hoedemaeker, 1973),
corresponding to different formations in the literature
(Table 1) and coinciding with units F and J in both sectors,
may represent internal platform conditions, as suggested
by the presence of larger foraminifera (nummulites and
alveolines). Alveolines are more abundant in the Sierra de
El Carche sector, while nummulites are widespread in both
sectors. A gradual passage is observed between Pinoso-
Rasa stratigraphic unit and Miflano limestones Fm. in
the log 6 (Barranco Comisario). A level with slumps and
intraformational folds is recognized in the Barranco del
Mulo area, indicating tectonic instability in the platform.

The top of the sequence corresponds to the Murtas Fm.
of Hoedemaeker (1973). In both sectors, it is equivalent to
unit G, which may represent a transition from a marshy/
beach/lagoon yellow marls and sands to fluvial (continental
red beds with conglomerates, sands, silts, and clays) and
lacustrine (white gastropod limestones) environments. This
formation is clearly unconformable over the underlying
formations, making a discontinuity with a paleokarst
surface well recognized in several outcrops.

The study successions (logs 1, 2, 4, 6 and 9) ended
with the beginning of the overlying Miocene formations:
1) the Congost limestones Fm., consisting of red to white
shallow marine limestones and calcarenites (unit H) and
ii) the Tap marls Fm. consisting of white to yellow marine
marls with intercalation of turbiditic sandstones (unit I).
An unconformity is registered separating the base of this
new sedimentary cycle from the underlying formations.

The vertical and lateral distribution of the lithofacies
associations recognized in the study area indicate a marked
diversification in the paleoenvironments from proximal
(Sierra de El Carche) to distal (Sierra de La Pila) areas from
the source area (Iberian Meseta), where tilted, lowered,
uplifted, and sometimes emerged blocks are present.

Biostratigraphy and Chronostratigraphy
A biostratigraphic study of the Sierra de La Pila and

Sierra de El Carche sectors based on the planktonic
foraminifera assemblages (Table 3) was carried out in
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order to determine the chronostratigraphic and tectono-
sedimentary relationships in the study area (Fig. 5). The
taxonomy and the biostratigraphic zonation used here were
those established by Olsson et al. (1999) for the Paleocene
planktonic foraminifera and by Pearson et al. (2006) for
the Eocene planktonic foraminifera (Table 3).

The upper levels of the unit A (El Carche and
Quipar-Jorquera fms.) show assemblages of Senonian
globotruncanids not younger than Campanian or Early
Maastrichtian. In the Sierra de La Pila sector (log 7 of Casa
Portillo) the assemblages contain G. elevata, restricting the
age of these levels to the Campanian, whereas in Sierra
de EI Carche sector (log 8) the presence of G. subspinosa
suggests that this unit could reach the Early Maastrichtian.
These data agree with those reported in Chacon et al. (2004)
and Chacén and Martin-Chivelet (2005), who assigned to El
Carche Fm. an earliest Campanian-Early Maastrichtian age.

Unit B (Raspay Fm., Sierra de El Carche sector)
contains assemblages characterized by the presence of
R. contusa, pointing to the Middle-Late Maastrichtian.
Chacén and Martin-Chivelet (2005) noticed the existence
of a regional discontinuity between El Carche and Raspay
fms. This discontinuity affects part of the Maastrichtian
with variable grade depending on the sectors. Thus, the
presence of G. calcarata in unit A in the Sierra de La Pila
sector (log 1) indicates that the top of the Quipar-Jorquera
fms. occurs before the end of the Campanian. This
occurrence evidences a more important gap in the Sierra de
La Pila sector (Late Campanian-Early Maastrichtian) than
in the Sierra de El Carche sector (Early Maastrichtian).

It is noteworthy that the microfauna assemblages from units
A and B in the Sierra de La Pila sector are made up almost
entirely of planktonic foraminifera in a pelagic Scaglia-like
facies. On the other hand, the sediments from the Sierra de El
Carche sector contain more neritic biotic assemblages in which
benthic foraminifers and echinoderm fragments predominate.

Unit C (Alberquilla Fm. and Garapacha stratigraphic
unit) can also be Late Maastrichtian (Senonian) in age at
the base because the planktonic foraminifera assemblages
contain R. contusa and A. mayaroensis. Therefore, the
discontinuity between the Raspay Fm. and its overlying
Alberquilla Fm. (in Sierra de El Carche sector) and
Garapacha stratigraphic unit (in Sierra de La Pila sector)
seems to affect also the Maastrichtian. This statement
disagrees with Rodriguez-Estrella (1977) and Chacén and
Martin-Chivelet (2005), who considered all the sediments
above the Raspay Fm. belonging to the Paleogene.

We detected the Cretaceous-Paleogene transition

in the unit K (upper part of the Alberquilla Fm.) and
in the equivalent unit D of the log 1 (upper Garapacha
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TABLE 3. Most significant species comprising the planktonic foraminifera assemblages from different lithostratigraphic units of the Paleogene
succession studied in the Sierra de El Carche and Sierra de La Pila sectors._The biostratigraphic characterization is based on the zonal scales from
Olsson et al. (1999) and Pearson et al. (2006); while the correlation between biostratigraphy and chronology is from Luterbacher et al. (2004)
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stratigraphic unit p.p.) but with different characteristics.
In the Sierra de El Carche sector, the lower level
(sample C9) of unit K still shows assemblages of Late
Maastrichtian age with R. fructicosa, whereas upwards
the level C10 yields an assemblage with M. acuta, M.
occlusa, and M. velascoensis, specifying the zonal
interval P4-P5 of the Late Paleocene. Consequently, a
discontinuity affecting the end of the Cretaceous and
the Early-Middle Paleocene is detected within unit
K. On the other hand, in the Sierra de La Pila sector
(log 1), unit D is composed of a mélange of Senonian
and Paleogene sediments. The younger planktonic
foraminifera, e.g. M. angulata, indicate that deposits
from the Late Paleocene, at least, are involved in the
mélange. In addition, the uppermost levels of unit D in
this sector (samples P22 and P23) contain assemblages
with M. velascoensis, M. aequa, and M. soldadoensis,
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indicating the biostratigraphic interval P4c-E2 of the
Paleocene-Eocene transition. In the La Garapacha
stratigraphic section (log 5) located towards a more
proximal area, units M and N (also Raspay-Alberquilla
Fm. and Garapacha stratigraphic unit) also show a
mélange of Cretaceous and Paleogene sediments.
Frequently, this mélange consists of masses of Senonian
Scaglia-like sediments, intercalated as olistoliths
between levels containing only Paleogene microfauna
in apparently consistent assemblages. In these cases,
a certain chronostratigraphic control is possible. Thus,
the lower bed sampled from unit M (sample P65) and
the level P71 from the unit N contain assemblages with
A. soldadoensis, A. angulosa, and M. velascoensis,
marking an age close to the Paleocene-Eocene boundary
(zonal interval P4c-E2). Levels of the middle part
(sample Pilal8) and upper part (samples P72-P75) of
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unit N show assemblages of the Early Ypresian (zone
E1-2), in which M. subbotinae appears in combination
with the above-mentioned species.

Given that units C, M, K, N, and D are lateral
equivalents and belong to the Alberquilla Fm. and
Garapacha stratigraphic unit, the whole ensemble should
be considered as Late Paleocene to Early Ypresian in age
and related to an olistostrome deposition made of reworked
Senonian material. This implies that a gap affects the Early
Paleocene, which can reach the Late Paleocene (up to Zone
P4 p.p.) towards the proximal sectors.

The input of sediments comprising unit E (Pinoso-Rasa
stratigraphic unit) occurs at different ages, depending on the
sector considered. In the more proximal areas (Sierra de El
Carche sector) the lower levels (C11-C12) of unit E contain
A. soldadoensis, A. angulosa, M. velascoensis, M. occlusa, M.
acuta, M. aequa and M. subbotinae. This assemblage suggests
deposition during the Earliest Ypresian (zone E1-2). However,
the microfauna from the lower beds of unit E coming from
the Sierra de La Pila sector seems to indicate an earlier input
in the distal areas. In log 1, the first level sampled of unit E
(sample Pila21) yields only agglutinated foraminifera without
biostratigraphic interest, but the overlying levels (samples
P24-P25) contain P. pseudobulloides, P. inconstans and P.
uncinata in combination with rare primitive morozovellids
(M. praeangulata). This assemblage characterizes zone P2 of
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FIGURE 5. Late Cretaceous-Eocene Chronostratigraphy based on the
planktonic foraminifera from the study successions in the Sierra de El
Carche and Sierra de La Pila sectors.

Geologica Acta, 12(3), 171-192 (2014)
DOI: 10.1344/GeologicaActa2014.12.3.1

Paleogene evolution of the External Betic Zone

the top of the Early Paleocene. Nevertheless, it is noteworthy
that this age is older than datings provided by some samples
from the underlying unit D. Although a mélange zone is not
clearly visible in this outcrop, it seems probable that the lower
part of unit E in this sector is composed of reworked Paleocene
sediments as a result of another olistostromic interval.

Above, the sedimentation throughout unit E seems to
be stratigraphically well arranged, showing planktonic
foraminifer assemblages (Table 3) indicative of the Late
Paleocene-Early Ypresian (samples P29-P30) and the Middle
Ypresian (samples P32-P33). The highest observable levels of
unit E in the log 1 (sample Pila 22) contain P. inaequispira, A.
bulbrooki, A. cuneicamerata, M. aragonensis, M. caucasica
and P. micra, pointing to zone E7 of the Middle Ypresian.
We have only observed the top of unit E in the Barranco
del Comisario (log 6). In this area, transitional levels (P84)
between unit E and the overl ying Mifiano Limestones Fm.
of unit F provide A. topilensis, A. bulbrooki, M. crassatus,
H. liebusi, G. subconglobata, T. pomeroli, S. corpulenta and
S. eocaena, a characteristic assemblage of the zonal interval
E10-E11 of the Late Lutetian. The level that marks the top of
the transitional interval contains 7. cerroazulensis in addition
to the aforementioned assemblage. This combination limits
the biostratigraphic range to the zone E11 covering the
Lutetian-Bartonian boundary. Above, the limestones of the
Mifiano Fm. are traditionally assigned to the Middle-Late
Eocene (Hoedemaker, 1973; Rodriguez-Estrella et al.,
1980), but do not provide planktonic foraminifera for a more
accurate chronology.

Unit G, described as transitional or continental deposits,
has not provided planktonic foraminifera. The Oligocene-
Early Aquitanian age assigned by Durand Delga and Magné
(1958) and later by Ferriz et al. (1993) is compatible with
the age of the underlying formations.

The study succession is followed after a main
unconformity by units H and I. The beds containing
planktonic foraminifera belong to the basal part of unit
I, both in log 1 of the Sierra de La Pila sector (P37-P38)
and in the most proximal log 2 (P51-P52). These levels
yielded rich assemblages made up mainly of G. woodi,
G. subquadratus, G. trilobus, G. bisphaericus, P. sicana,
P. glomerosa, G. praescitula, G. baroemoenensis, G.
langhiana and G. dehiscens, which characterize a Langhian
age. The absence of Orbulina ssp. and of G. praemenardii
in these assemblages suggests that the unit began to form
during the Lower Langhian.

Mineralogy and Petrography
A total of 28 samples were selected for XRD

analysis (using for the analysis a Philips X’Pert -
MPD Systempert), and 14 samples were analyzed
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TABLE 4. Quantitative mineralogical composition of the bulk samples from Sierra de El Carche and Sierra de La Pila successions. Abbreviations:
Cte=calcite; Dol=dolomite; Qtz=quartz; Gy=gypsum; K-Fs=K-feldspar; Plg=plagioclase

Carbonates Phyllosilicates Feldspars Carbonates
Sample Qtz Gy a + Unit (Age)
Cte Dol Total 14A 10A 7A  Total K-Fs Plg  Total Phyliosilicate
c3 77 - 77 9 5 - 14 4 - 3 2 5 91 A B
c5 75 - 75 10 5 - 15 5 - 3 2 5 90 (Senonian-
C6 87 - 87 - 6 - 6 7 - - - 93 Maastrichtian)
c7 40 - 40 - 15 7 22 15 7 10 6 16 66
R S S s
C9 70 - 70 8 4 4 16 4 2 6 2 8 86 Ypresian)
C10 64 4 68 13 8 21 2 5 4 9 89 P
C11 55 - 55 19 5 3 27 7 3 5 3 8 82
c12 59 - 59 14 - - 14 7 5 9 6 15 73
Cc14 70 - 70 10 - - 10 7 3 4 6 10 80 E
C15 69 - 69 8 6 - 14 3 4 4 6 10 83 (Lower Ypresian-
C16 12 6 18 24 15 7 46 21 - 9 6 15 64 Upper Lutetian)
c17 18 3 21 12 19 6 37 14 5 14 9 23 58
Cc18 10 2 12 10 34 7 51 15 4 11 7 18 63
G
Cc21 15 10 25 8 20 10 38 12 6 10 9 19 63 (Upper Oligocene-
Lower Aquitanian)
c23 2 62 64 - 14 - 14 10 2 5 5 10 78 LH P
Cc24 37 7 44 13 14 - 27 4 6 9 10 19 71 T
c25 55 6 61 10 10 - 20 5 6 8 14 81 (Lower Langhian)
P10 75 - 75 24 - - 24 1 - - - - 99
P12 86 - 86 13 - - 13 1 - - - - 99
P4 71 4 77 15 7 -2 1 - - - - 99 C, D, K, M, N (Upper
P17 77 - 7 22 - -2 1 - - - - 99 Paleocene- Lower
Ypresian)
P20 61 - 61 20 5 - 25 9 - 5 - 5 86
P22 71 - 71 26 - - 26 3 - - - - 97
P24 21 4 25 7 12 6 25 28 - 22 - 22 50
P27 20 - 20 8 15 4 27 35 - 18 - 18 47 E
P32 21 - 21 13 8 8 29 32 - 18 - 18 50 (Lower Ypresian -
P33 11 - 1 12 9 8 29 34 - 20 6 26 40 Upper Lutetian)
P34 15 13 28 12 17 8 37 25 - 10 - 10 65
P38 80 - 80 10 6 16 4 - - - - 96 L H, P

(Lower Langhian)

TABLE 5. Quantitative mineralogy (weight %) of the clay fraction from Sierra de El Carche (C) and Sierra de La Pila (P) successions. Values of the
(S+K)/I = relation according to Daoudi et al. (1995)

Sierra de El Carche Sector Sierra de La Pila Sector

Sample Smectite lllite  Kaolinite (S+K)/ Unit (Age) Sample Smectite lllite  Kaolinite (S+K)/ Unit (Age)
C25 56 35 9 1.86 L H P P34 23 44 33 1.27
C24 60 40 - 1.50 (Lowe; Le;nghian) P33 11 52 37 0.92 E
C23 27 61 12 0.64 P32 18 44 38 1.27 (Lower
c21 20 44 36 127 & (Upper Oligocene p27 14 48 38 108  YPresian

-Lower Aquitanian) -Upper
Cc18 42 35 23 1.86 P25 17 47 36 1.13 Lutetian)
c17 78 31 21 3.19 P24 27 49 24 1.04
C16 43 39 18 1.56 E P22 53 36 11 1.78 C,D, K,
C15 59 27 14 2.70 (Lower Ypresian P20 40 37 - 1.70 M, N
C14 76 24 - 3.17 -Upper Lutetian) P17 75 - 25 - (Upper
C12 36 52 12 0.92 P14 64 - 36 - Paleocene
C11 67 26 7 2.85 P12 64 - 36 - - Lower
Cc10 64 36 - 1.78 P10 64 - 36 - Ypresian)
C,D,K,M,N
co 9 21 ) 3.76 (Upper Paleocene
Cc8 55 35 10 1.86 ;
-Lower Ypresian)
c7 37 47 16 1.13
Cc6 43 27 30 2.70 A B
C5 43 33 25 2.06 (Senonian-
C3 50 25 25 3.00 Maastrichtian)
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petrographically. Quantitative mineralogical analyses
were performed on the bulk of samples (Table 4) and
on the clay fraction (<2um; Table 5). For clay-minerals
studies, standard procedures (Schultz, 1964; Biscaye,
1965; Alcald et al., 2001, 2012) were followed. The
petrographic analysis indicate both carbonate and
siliciclastic petrofacies. Three samples (C22, P26,
P31) of the latter (terrigenous arenites) were studied
with modal analysis by counting grains with standard
procedures (Gazzi, 1966; Dickinson, 1970), while two
samples (C19 and P87) were too fine-grained to be
studied with a point-count.

The bulk mineralogy of the samples (Table 4)
shows high percentages of carbonates, ranging from
87 to 11%, and phillosilicates (51 to 6%). The Sierra
de La Pila succession is generally less carbonated than

Paleogene evolution of the External Betic Zone

the Sierra de El Charche. The carbonate is calcite and,
from the medium to the upper part of the succession,
dolomite. Minor components are quartz, feldspars, and
gypsum. Quartz and feldspars increase in percentage
upwards in the succession, reaching their maximum
in unit E (Lower Ypresian-Upper Lutetian) when the
calcite decreases.

The clay mineralogy of both successions is
characterized by smectite-illite-kaolinite (Table 5). Table
5 also shows the (S+K)/I ratio to provide information on
the relative sea-level variations according to Daoudi et
al. (1995).

The petrographic analysis of 14 samples (C1, C2,
C4, C13, C19, C20, C22 from Sierra de El Carche;
P13, P15, P26, P31, P87, P93, P35 from Sierra de La

FIGURE 6. Photomicrographs of representative lithofacies of the Sierra de El Carche (A and B) and Sierra de La Pila (C and D) successions. A)
Calcarenite with larger foraminifera (Alveolinae), pellets, planktonic and benthic foraminifera (miliolids), and small crystals of quartz (sample C20,
cross-polarized light); B) coarse-grained quartz-arenite with dominant monocrystalline quartz, rare mica flakes and feldspars cemented by patches of
sparry cement (Sample C22, cross-polarized light); C) quartz-arenite with nummulites, quartz, mica flakes, feldspars and opaque minerals (Sample
P31, cross-polarized light); D) wackestone very rich in planktonic foraminifera, with rare crystals of quartz (Sample P93, plane-polarized light).
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Pila) indicate the presence of biomicritic limestones
(wackestone, Fig. 6D), packstones/grainstones,
calcarenites (Fig. 6A), and quartz-arenites (Fig. 6B,
C). Units A, B, C, D, K, M, and N (Senonian to Lower
Ypresian) are made up of biomicritic limestones
(wackestone). Unit E (Lower Ypresian-Upper
Lutetian) is characterized by fine-grained calcarenites
and  quartz-arenites (QysF,L+C,, QysF;L+C,)
composed mainly of mono- and polycrystalline
quartz, mica flakes (both muscovite and biotite),
feldspars (with plagioclase as the dominant phase)
and opaque minerals. Units F and J are made up of
calcarenites with larger foraminifera (nummulites and
alveolines; Fig. 6A, C) and very small rounded and
elongated micritic grains (pellets), sparitic fragments,

Paleogene evolution of the External Betic Zone

and minor amounts of planktonic and benthic
foraminifera (miliolids). Unit G (Upper Oligocene-
Lower Miocene) is characterized by coarse-grained
quartz-arenite (QyF,L+C,) composed of dominant
monocrystalline  quartz  (rare  polycrystalline),
subordinate mica (mainly muscovite) and feldspars.

DISCUSSION

The main characteristics of the stratigraphic record,
a modern definition of the chronostratigraphy of the
formations, and a better knowledge of the prevailing
mineralogical-petrographic rocks found in the study area
support the following considerations.

Sierra de El Carche Sierra de La Pila

P S West East R .

Epoch Log 9 Log 4 Log 7 Log 1 This paper
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FIGURE 7. Interpretative stratigraphic architecture of the study area, showing depositional sequences and lateral facies variation. The stratigraphic
gaps associated to the unconformities are interpreted as depositional or erosive. The depositional trends deduced from the facies evolution are
compared with the synthetic marine curve for the whole area drawn with the [(S+K)/I] ratio and with the global eustatic curve from Haq et al. (1987).
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Unconformities, depositional sequences and evolutionary trends

The sedimentary record shows four main unconformity
boundaries (SB-1 to SB-4) identified, in most cases, by the
existence of biostratigraphic gaps and erosive surfaces.
The stratigraphic discontinuities can be arranged into
two sedimentary cycle boundaries (SB-1 and SB-4) and
depositional sequence boundaries (SB-2 and SB-3). Thus,
the Upper Cretaceous-Lower Miocene sedimentary record
can be divided by the following discontinuities (Fig. 7):

SB-1: This intra-Maastrichtian unconformity boundary
coincides with an intra-Campanian to intra-Maastrichtian
biostratigraphic gap registered in log 1 (Sierra de La Pila)
and log 8 (Sierra de El Carche), separating the unit A
(Carche and Quipar-Jorquera fms.) from the unit B (Raspay
Fm.). This unconformity divides the post Lower Liassic-
Senonian p.p. sedimentary cycle from the Maastrichtian
p.p. to Lower Miocene p.p. sedimentary cycle.

SB-2: This intra-Paleocene unconformity boundary,
formed by a major Early-Middle Paleocene biostratigraphic
gap, is registered in the logs 1, 5 and 7 (Sierra de La Pila), and
log 8 (Sierra de El Carche). This unconformity bounds unit
B (Raspay Fm.) from the units C and K (Alberquilla Fm.)
and C, D, M, and N (Garapacha stratigraphic unit). SB-1 and
SB-2 delimit a depositional sequence with a sedimentary
record from the Middle-Upper Maastrichtian p.p.

SB-3: This unconformity is considered intra-Oligocene
in age even if the vertical extension of the biostratigraphic
gap comprises from the latest Eocene-Early Oligocene p.p.
checked in logs 1 and 4 (Sierra de La Pila) and logs 8 and
9 (Sierra de El Carche). SB-2 and SB-3 are, respectively,
the lower and the upper boundaries of a sedimentary
depositional sequence Upper Paleocene to Lutetian/
Bartonian boundary in age. This includes different units
(C, D, M, N, K, E and F) and formations (see Table 1).
SB-3 upwardly separates unit F (Mifiano Limestone Fm.)
from unit G (Murtas Fm.).

SB-4: This last unconformity boundary has been dated
as intra-Langhian and it would be related to a compressive
or strike-slip pre-paroxysmal deformative phase of the end
of the Early Burdigalian (Arias et al., 2004). Thus, after
this deformation phase, the sedimentation could have been
reestablished during the Early Langhian. This unconformity
marks the beginning of the Lower Langhian-Upper Miocene
p-p. sedimentary cycle occurring at the base by units H and I as
reported in Figure 7, but not examined in this paper. These units
unconformably overlie unit G (Murtas Fm.), as recognized in
logs 1, 2, 4, and 6 (Sierra de La Pila) and in the log 9 (Sierra
de El Carche). SB-3 and SB-4 delimit an Oligocene to Early
Aquitanian depositional sequence (unit G), according to
Durand-Delga and Magné (1958) and Ferriz et al. (1993).
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In addition, a local angular unconformity surface (Sb in
the Fig. 7), mapped (Fig. 2) and observed in log 1 (Sierra de
La Pila; Fig. 4), separates unit D (Garapacha stratigraphic
unit) from unit E2 (Rasa Sandstones Mbr). This minor
unconformity Early Ypresian in age seems to correspond
to an erosive channelized environment which favored the
terrigenous supply along the slope of the basin and is not
considered a sequence boundary.

In summary, the recognition of unconformity
boundaries allows the division of the study succession
into five depositional sequences: 1) pre-intra-Maastrichtian
(Senonian); ii) Middle-Upper Maastrichtian p.p.; iii) Upper
Paleocene to Lutetian/Bartonian boundary; iv) Oligocene
to Lower Aquitanian and v) Lower Langhian to Upper
Miocene p.p.

The intra-Maastrichtian and the Aquitanian p.p.-Earliest
Langhian unconformities are considered sedimentary-cycle
boundaries. The first is correlated (see below) with the
positive inversion of the tectonic regime (from distension
to compression), which in general marks the end of the
expansion of the Tethyan Ocean. The second is related
to the beginning of compressional tectonics when blind
thrusts (which probably started in the Paleogene) emerge,
determining the final orogenic phase. This last Miocene
evolution will be examined in a forthcoming paper (study
still in progress).

The entire study succession (Senonian p.p. to Middle
Miocene p.p.) evidences a clearly regressive general trend
from hemipelagic to continental conditions, followed by a
transgression during the beginning of the Middle Miocene
(Fig. 7). The two older depositional sequences (Senonian,
pre-Lower Maastrichtian; Middle-Upper Maastrichtian
p.p.; respectively) evidence a hemipelagic and deep
marine sedimentation (marly limestones, Scaglia-like)
with a moderate terrigenous supply and neritic influence
found only in the Sierra de El Carche sector. In these two
sequences, no sedimentary trend is discerned from the
evolution of the lithofacies. Nevertheless, the existence
of unconformity surfaces suggests regressive phenomena
during Campanian and Early Paleocene times, followed by
rapid transgressions after the unconformities.

The Upper Paleocene to Lutetian/Bartonian boundary
depositional sequence shows, after an initial transgression,
a regressive trend deduced from a progressive shallowing
upward (Fig. 7). This gradually passes from slope deposits
characterized by olistostrome and slump levels (Fig. 8A)
observed in many units (C, M, K, D and N) and also in the
lower part of unit E (interpreted as a channelized area; log 1)
to a characteristic carbonate platform, as demonstrated by
the presence of typical limestones with larger foraminifera
(alveolines and nummulites) from unit F.
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FIGURE 8. Some examples of the syn-sedimentary folds associated with structures interpreted as mega-slumps in the Paleogene succession from the
Sierra de La Pila sector (located in Figure 2): A) Late Paleocene of the Barranco del Mulo area; B to D) Middle Eocene from the Sierra de La Pila
succession.

The third main unconformity boundary is located
at the Early Oligocene being coupled with a gap latest
Eocene-Early Oligocene p.p. in age. This unconformity
is marked by the presence of a widespread paleokarst
structures with pronounced erosive surfaces, indicating
an emersion phase at the end of the former depositional
sequence (unit F). This period of emersion was
followed by a new transgression at the beginning of
the Oligocene-Early Aquitanian depositional sequence
(unit G) indicated by the development of marshy and
beach facies. This appears to be followed by a new
shallowing upward trending characterized by the
lacustrine and fluvial deposits of unit G. The thickness
and cartographic distribution of the lithofacies of
this unit indicate a more pronounced subsidence in
the western Sierra de La Pila (log 4) and Sierra de
El Carche (logs 8 and 9) areas and, on the contrary, a
relative rising area in the east Sierra de La Pila (logs 1
and 6). This interpretation agrees with the presence of
a thick deposition of transitional environment (marshy

Geologica Acta, 12(3), 171-192 (2014)
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and beach facies) usually followed by continental
lacustrine and fluvial deposits (invariably in the relative
subsidence areas) while the rising areas evidence
paleokarst surfaces and a thin continental cover.

The fourth sequence boundary should be considered
the main unconformity surface separating two depositional
cycles and giving way to the Middle Miocene transgressive
deposition (units H and I).

Evidence of Paleogene tectonic activity

Some evidence of Paleogene deep (blind thrust and
folding) tectonic activity in the study area can be deduced
from the above observations (Figs. 8; 9):

i) The oldest unconformity separating units A and B can
be considered the first sign of a possible tectonic inversion
regime (from distension to compression) affecting the
western plates (Africa, Mesomediterranean microplate
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FIGURE 9. A) Early Miocene paleogeographic sketch reconstruction of the whole South Iberian margin with indication of the study area; B to E)
paleogeographic evolutionary sketch-models of the Murcia External Betic Zone (Prebetic-Subbetic transition). B) Triassic-Senonian; C) Late

Paleocene-Earliest Ypresian; D) Early Ypresian-Late Lutetian; E) Oligocene-Early Aquitanian.

and Iberia) of the Tethyan domain owing to the opening
of the Atlantic Ocean and the counter-clockwise rotation
of African Plate (Williams et al., 1989). During this period
a slight difference in the neritic and Iberian terrigenous
influence occurred from north to south (more neritic and
terrigenous in Sierra de El Carche sector).

ii) The intra-Paleocene unconformity (biostratigraphic
gap affecting the PO to P4 p.p. biostratigraphic zones) linked
with an onlap of the units C, M, N, K, and D, from south to
north (Fig. 5), indicate some paleogeographic reorganization
consisting of the beginning of the environmental and basin
paleotopography diversification in clear contrast to the
substantial Cretaceous uniformity shown by the monotonous
facies (Fig. 9). Moreover, the presence of olistostrome and
slump levels (Fig. 8) during the Late Paleocene indicates
a slope deposition in the southern part (Sierra de La Pila
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sector, Fig. 9) suggesting a close rising area (southward
and probably the External Subbetic) with a clear tectonic
instability of its margin. This rising area is thought to be
related to reactivation of former normal faults as blind
reverse faults at the latest Cretaceous.

iii) Paleogeographic changes during the Early-
Middle Eocene are detectable by the: i) variability of the
thicknesses of the facies, ii) existence of local unconformity
(channelized sandstones in unit E2), iii) occurrence of
slumps in the unit E1. These characters may be also point
to a moderate tectonic folding progression (probably owing
to blind thrusts) during the Early-Middle Eocene (Fig. 9).

iv) There is a noteworthy basal level of unit F (Fig. 4)

cropping out in the Barranco del Mulo (Fig. 8B, C) and
Collado de las Yeguas (Fig. 8D). This consists of a marker-
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slump-bed registered in the Middle Eocene carbonate
platform. This level evidences the tendency toward the
installation of an external platform (unit F) affected by
tectonic instability and producing variability in thickness
at its base (Figs. 5; 7; 9). This nummulitic platform is more
developed in the shallow areas (Sierra de El Carche and
southern Sierra de La Pila) and less in the deep ones (west
Sierra de La Pila and probably the Pinoso Corridor) where
the unit E is younger. In the Sierra de El Carche sector
among the nummulites, alveolines also appear, indicating
a more internal platform in comparison with the Sierra de
La Pila sector.

v) The distribution of the unit G from the Oligocene-
Lower Aquitanian appears today in synclines or on the
flanks of the large anticlinal structures of the Sierra de La
Pila and Sierra de El Carche areas. Unit G is unconformably
sealed by the Middle Miocene deposits in some areas.
This unit shows variability in facies (from marshy to clear
continental: fluvial and lacustrine) and thicknesses. Both
features appear to indicate a folding prior to the deposition
of unit G. This folding allowed subsidence areas where
the Oligocene to Lower Aquitanian depositions were
preferably sedimented and later preserved during Middle
Miocene erosion.

Paleoenvironmental and paleoclimatic evolution

The minero-petrographic analyses provided information
on paleoenvironmental and paleoclimatic evolution.
Moreover, the application of the [(S+K)/I] ratio (Daoudi
et al., 1995) is indicative of the relative sea-level changes
(Fig. 4), especially when correlated with the global eustatic
curve (Fig. 7) from Haq et al. (1987).

The Late Cretaceous succession shows a high content
in calcite and a low percentage of quartz related to the
deposition on a carbonate platform. The presence of
siliciclastic material (though a low percentage) may
indicate deposition in the relative proximity of the seashore
more evident in the Sierra de El Carche. Since the [(S+K)/I]
ratio indicates a relative sea-level rise in concordance with
the global eustatic curve (Fig. 7), a tectonic influence could
explain the terrigenous input.

During the Late Paleocene-Early Ypresian, the amount
of calcite and smectite significantly increased while quartz,
feldspar, and kaolinite decreased, signaling the beginning
of a relative sea-level rise with more pelagic conditions in
the Sierra de La Pila sector. The [(S+K)/I] ratio showed
a relative sea-level rise followed at the end by a fall, in
accordance with the global curve.

In the Early Ypresian-Late Lutetian the [(S+K)/I] ratio
indicates several relative sea-level changes consistent with
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the global curve (Fig. 7). Nevertheless, the compositional
data indicates a transition from fine-grained lithotypes into
medium- to coarse-grained rocks evidencing a transition to
a basinal environment with an event of terrigenous input
of erosive material from rising areas (possible anticlines).
At the same time, a climatic wetting is indicated by the
increase in quartz, illite, and kaolinite as well as the
decrease in calcite and smectite. The relatively greater
abundance of smectite in the Sierra de La Pila succession
is probably linked to a more distal environment than the
Sierra de El Carche sector.

In the Middle-Late Eocene a relative sea-level fall took
place as the coarse-grained (calcarenite and packstone-
grainstone) petrofacies suggest. Furthermore, the
biological associations provide information regarding the
features of the depositional environment and paleoclimate.
The presence of red algae (Amphiroa) in the Sierra de
La Pila succession denotes an internal platform/platform
margin with shallow and warm water. The presence of
larger foraminifera (nummulites and alveolines), miliolids,
and fecal pellets indicate an internal shallow platform with
warm waters.

During the Late Oligocene-Early Miocene the presence
of dolomite can be considered to have been inherited from
the erosion of soils under subtropical climatic conditions
(Adatte and Bolle, 2001; Alcald et al., 2001) confirming a
relative sea-level fall and indicating greater proximity for
the deposits of the Sierra de El Carche sector. This is also
confirmed by the higher content of illite in this succession
since illite is considered detrital, suggesting the proximity
to a source area subjected to physical erosion (Chamley,
1989).

In the Langhian, a new increase in calcite and smectite
as well as the sharp decrease in all the detritic minerals
are indicative of a new episode of relative sea-level rise.
This is also confirmed by the [(S+K)/I] ratio, and is also
consistent with the global curve (Fig. 7).

Correlations and geodynamic implications

Correlations with other synthetic successions
belonging to the External Betic Zone and the Tunisian Tell
were made to place the new data in a regional framework
and, more generally, in the context of the western Tethyan
domain (Fig. 10B). In fact, in addition to the northern
Murcia successions (Sierra de La Pila and Sierra de El
Carche analyzed here), the following sectors are taken
into account: i) North Alicante successions (Guerrera
et al., 20006); ii) High Chain and Tajo Almarado, both
Internal Subbetic from the Malaga province, previously
studied by Alcald ef al. (1998, 2001, 2012, and references
therein). In addition, some correlations are also possible
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FIGURE 10. A) Paleogeographic-geodynamic framework of the eastern External Betic Zone considered in its regional context of the westernmost
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Zone): (1) Pila-Carche (Murcia) sector, (2) North Alicante sectors, (3) High Chain (Malaga) sector, (4) Tajo Aimarado (Méalaga) sector and (5) Zahret

area (Tabarka) of the Tunisian Tell (External Zone).

with successions belonging to the external Tunisian Tell
(Tabarka area) especially concerning the early Paleogene
tectonic activity indicators (Belayouni et al., 2012).

First, it is important to note that the External Betic
Zone shows fewer subdomains in the eastern area than in
the western one (see Fig. 1). A progressive reduction of the
sedimentation areas corresponding to the subdomains of the
Subbetic towards the Meseta is clearly visible in the field,
to the almost total disappearance of the Subbetic domain
in the Alicante region. The cause of these reductions in the
subdomains may also be linked with incipient Paleogene
tectonics evidenced by some changes in the paleogeographic
evolution. This idea is illustrated in Figure 10A, which
represents the western Tethyan geodynamic-paleogeographic
framework at the Eocene modified from Alcald et al. (2013;
Fig. 7). In Figure 10 the Iberian and African plates with their
margins are separated by two other domains the Maghrebian
Flysch Basin (MFB, toward the African margin) and the
Mesomediterranean microplate (future Internal Betic-Rifian
Zones), which constitutes the northern margin of the MFB.

The correlated successions (Fig. 10B) show more
Paleogene unconformities in the eastern sectors of the External
Betic Zone than in the western one, where practically no
major unconformities are recognized after the Late Oligocene
(High Chain succession) or the Early Burdigalian (Tajo
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Almarado succession). Moreover, olistostromic and slumped
deposition is clearly present in the eastern successions at
several stratigraphic levels (Upper Paleocene, Eocene and
Oligocene), while in the western area, similar features are
found only in the High Chain succession and Late Oligocene.

This tectonic evidence is interpreted here as being due
to an east to west asynchronism under the influence of
the Mesomediterranean microplate moving westward and
pushing the internalmost External Betic Zone. This idea
has been partially supported by Alcald et al. (2012) for the
evolution in the western internalmost External Betic Zone
(Malaga area) where differences between the High Chain and
Tajo Almarado successions (among others) appear. In fact,
the differentiations of these successions are probably related
to the progressive westward Internal Betic Zone movement.
The deformation registered in the eastern External Betics
is contemporaneous with the Iberian Range and Pyrenean
deformation, suggesting a connected deformative context
for the western Tethyan domain. Moreover, the eastern
Prebetic seems to undergo a transition northwards to the
Iberian Range, as Figure 10 indicates.

Similar evidence of Paleogene tectonics has recently
been proposed for the External Tunisian Tell by Belayouni
et al. (2012), which are correlated with the events described
in this paper. In a detailed study of several successions in the
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area of Tabarka, Belayouni et al. (2012) recognized a cycle
boundary at the Cretaceous-Paleocene and several sequence
boundaries with associated stratigraphic gaps during the
Early Oligocene, Early Aquitanian, and Late Burdigalian.
Moreover, during the Paleocene-Eocene, lateral changes of
facies from a limestone platform (marked by growing folds)
to more distal hemipelagic deposits (pelites) containing
evident slump levels. For Belayouni ez al. (2012) a tectonic
event took place in the Pyrenean age (Paleogene).

Also, with geodynamic-paleogeographic models
differing from the one used here, similar Paleogene ages
of deformation have been proposed for the Atlas (Frizon
de Lamotte et al., 2000) related to the closing of the
Maghrebian Tethyan branch, as well as for the Betics
(Vergés and Fernandez, 2012) related to the closing of the

Paleogene evolution of the External Betic Zone

Ligurian Tethyan branch. In our interpretation of the data,
these tectonic events are probably due to the activation
of the main transform fault (Fig. 10) when the Atlantic
Ocean opened. This opening caused a counter-clockwise
rotation of the Africa Plate, leading to the closing of the
Nevado-Filabrides-Ligure-Piemontese ~ oceanic  space
(Alpine phase of the middle-late Cretaceous) and, during
the Maastrichtian, the inversion (from distension to
compression) of the general tectonic regime in the MFB
area. During the Paleogene, while the space of the MFB was
progressively reduced, the tectonic structures were limited
to the basement, creating only incipient, deep and blind
structures. At the same time, the system was reactivated by
the neo-Alpine phase, caused by the dextral transform fault
movement, causing the westward migration of the MM, and
the beginning of the deep compressive deformation in the

TABLE 6. Main tectonic sedimentary events reconstructed in the Sierra de El Carche and Sierra de La Pila sectors

“Sierra de El Carche” “Sierra de La Pila”

Chrono-statigraphy

(more proximal sector) (more distal sector) and depositional seAc?ilranZLt Tectonic/sedimentary
Formation Depositional Formations Depositional sequences cvoles events
(field unit) environment  (field units)  environment (this paper) Y
Platform Congost platform "
C.OHQOSt transition Limestone and  transition Lower Langhian to Middle- .
Limestone and " Upper Transgression
to shallow  Tap Marls fms. to shallow Upper Miocene -
Tap Marls fms. . ; ; Miocene
. basin (Units Hand | basin
(Units H and 1) p.p.
Stratigraphic gap SB-4: Aquitanian p.p. - Earliest Langhian Major unconformity Lowstand with
: - regression
Maastrichtian
Marshy to Marshy to . p.p Marine regression:
Murtas Fm. continental  Murtas Fm. continental Upper Oligocene emersion with
N . . - to Lower .
(Unit G) (lacustrine  (Unit G) (lacustrine Aquitanian Lower erosion, enrasement
/ lagoon to / lagoon to a Miocene and paleo-
fluvial) fluvial) p.p. karstification
Stratigraphic gap SB-3: Latest Eocene — Lower Oligocene p.p. Unconformity Lowstand with
. - regression
Mifiano Internal Mifano External Upper Lutetian to Regressive trend;
Limestones Fm.  Platform Limestones Platform Lutetian/Bartonian deep folding
(Units F and J) Fm. (Unit F) boundary continuation and
starting of blind thrust
Pinoso-Rasa Pinoso-Rasa Fm. Slope Lower Ypresianp.p. Regressive
: Slope (Rasa " A o
Fm. (Pinoso . Middle Lutetian trend with intra-
. to Sandstones Mbr; . "
Marls Mbr; basin Unit E2) basin basinal
Unit E1) olisthostromes
caused by
a vertical tectonics
Upper Paleocene (highs and low
Alberquilla Fm  Carbonate Garapacha Fm. External to Lower Eocene structural areas:
(Units C, K) Platform (Units C,D N,M) platformto  (Lower Ypresian) folding beginning)
slope
Fast transgression
Stratigraphic gap SB-2: Stratigraphic gap SB-2: Paraconformity Lowstand with
Lower-Upper Paleocene p.p.  Lower Paleocene regression
Raspay Fm. Carbonate  Raspay Fm. Pelagic Middle-Upper ﬂ:n;g)seslﬁlgel)cwhiﬂstand
(Unit B) Platform (Unit B) Platform Maastrichtian p.p. gres
beginning of
compressive
conditions
Stratigraphic gap'SB-1: Stratigraphic gap SB-1: Major unconformity Lowstarjd with
Lower Maastrichtian Upper Campanian-Lower regression
Maastrichtian
Quipar- Earliest Pre intra- Hemipelagic higstand
Carche Fm. Carbonate p Pelagic Campanian A (regressive) with
. Jorquera Fm. Maastrichtian B
(Unit A) Platform (Unit A) Platform to Lower (Senonian ) stable tectonic
Maastrichtian P-B-) conditions (end of

extensive conditions)
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eastermost South Iberian margin (Pila-Carche and Alicante
sectors). This last tectonic phase was contemporary with
the birth of Pyrenees and Iberian Range.

CONCLUSIONS

The data collected in this interdisciplinary study
support the following conclusions (Table 6):

A regressive trend of the Paleogene sedimentation is
registered and the stratigraphic record has been divided
into three depositional sequences: i) Middle-Upper
Maastrichtian, ii) Upper Paleocene-Middle Eocene and iii)
Oligocene-Lower Aquitanian. Some minor transgressive-
regressive cycles have also been found.

The depositional sequences and the relative
evolutionary trends recognized show a substantial
correspondence with the cycles of Vera (2000). Three main
sedimentary cycles (Pre-intra-Maastrichtian, Maastrichtian
p-p-—Lower Miocene p.p, Middle-Upper Miocene p.p.);
and five depositional sequences (l-earliest Campanian
to Lower Maastrichtian, 2-Middle-Upper Maastrichtian
p-p.-, 3-Upper Paleocene to Lutetian/Bartonian boundary,
4-Upper Oligocene to Lower Aquitanian, S5-Lower
Langhian to Upper Miocene p.p.) have also been recorded.

The Middle Maastrichtian unconformity seems to be
related to the inversion of the tectonic regime from distension
to compression of the margin/basin system. The Paleogene
stratigraphic record shows the effect of tectonic instability
recorded during the sedimentation. This is interpreted as being
due to compressive deformation in depth, at the basement
level, generating blind thrusts and folding structures (Fig. 9).

The main environmental variations are: i) the Middle-
Late Maastrichtian period is marked by a terrigenous input
during a relative sea-level rise in accord with the global
eustatic curve. ii) The Late Paleocene-Early Ypresian
period shows a significant increase in calcite and smectite
with a decrease in quartz, feldspar, and kaolinite during
a relative sea-level rise followed at the end by a fall, in
accord with the global curve. iii) In the Early Ypresian-
Late Lutetian [(S+K)/I], several relative sea-level changes
took place also in accord with the global curve, while the
compositional data indicates terrigenous input, a climatic
wetting and tectonic rising areas near of the Sierra de La
Pila sector (formerly the distal area). iv) During the Middle-
Late Eocene and the Oligocene shallowing and a climatic
warming reaching subtropical conditions occurred, while
during the Langhian a relative sea-level rise began.

The environmental evolution starts from hemipelagic
and homogeneous conditions for the Late Cretaceous
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interval, a diversification in realms varying from platform
to slope and basin during the Paleocene together with a
significant tectonic activity reflected by the presence of
olistostromes and slumps. This tectonic activity appears
to continue during the Eocene, Oligocene, and Early
Miocene, as indicated by the increased terrigenous supply
and the shallowing upward trend, giving marine-platform
conditions at the Middle-Late Eocene and continental
deposits at the Late Oligocene-Early Aquitanian.

The proposed evolution concerning the External Zone
of the Betic Cordillera was also found in the Paleogene
of the Tunisian Tell where an early and deep tectonic
deformation occurs. Moreover, during the Paleogene, the
External Betic domain represented the paleogeographic
transition between the Iberian Range and the Internal
Betic Zone and the two domains were very close. This
paleogeography represents a crucial area to understand the
marginal (lateral) evolution of the chain, also given that a
cylindrical perspective is not possible. Thus, a paleogene
deformation (Iberian or Pyrenean-like) could affect the
sedimentation of the eastern South Iberian margin related to
the general western Tethyan geodynamic framework. This
young (early) tectonic activity appears not to affect other
western sectors of the External Betic Zone, supporting the
proposal of an asynchronism in the deformation related
to the western migration of the Mesomediterranean
microplate (the future Internal Betic-Rifian Zone). In all
successions belonging to the Maghrebian Flysch Basin,
this (early) tectonic activity was not previously detected.
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