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Abstract
The Lower–Middle Miocene Lagos-Portimão Formation at Portimão, southern Portugal, consists of three main heterozoan
carbonate facies: mollusc-rich rudstone in a matrix of skeletal packstone/grainstone (MR), fine-to-medium skeletal packstone/grainstone (SPG), and quartz-rich skeletal packstone (QSP). These facies occur in different arrangements and indicate
deposition on a wave-dominated open shelf with a well-established heterozoan fauna, most likely related to increased trophic
resources where continent supply and upwelling contributed nutrients. These facies form belts inferred to have lain roughly
parallel to the strike lines of the shelf, with the MR occupying the more landward, shallower areas and the SPG and QSP
extending progressively offshore on the open shelf. Bryozoan abundance in the QSP facies indicates a deep setting on the
middle/outer shelf, whereas the absence of rhodalgal components is attributed to a combination of temperature decrease and
seafloor eutrophication during the late Langhian and Serravallian, coeval with the “Middle Miocene climatic cooling”. The
large photosymbiont-bearing foraminifers and the absence of calcareous algae and zooxanthellate corals point to deposition
under warm-temperate conditions. Two main orders of cyclicity are present. Small-scale sequences, 40–60 cm thick, may
represent minor sea-level changes related to fifth-order sequences modulated by (~ 100-kyr) eccentricity forcing. Six largescale sequences, 3–9 m in thickness, are recognized. Based on LAD and FAD of planktic foraminifers and the occurrence of
two erosive surfaces related to major sea-level falls (Lang2/Ser1 and Ser4/Tor1), five Miocene sequences (Bu, L1, S1, S2,
and S3) are correlated with third-order eustatic cycles.
Keywords Heterozoan carbonates · Warm-temperate waters · Open shelf · Cyclicity · Burdigalian · Langhian ·
Serravallian · Lagos-Portimão Formation

Introduction
The Lower–Middle Miocene succession of the Lagos-Portimão Formation (LPF) (Antunes et al. 1990) in southern
Portugal is a beautifully exposed example of sedimentation on an open shelf dominated by heterozoan carbonates.

The study of neritic carbonates characterized by heterozoan
assemblages (James 1997) has received increasing interest around the world since the pioneer papers were published in the late 1980s (Scoffin 1987; Nelson 1988; Simone
and Carannante 1988) until the research that has progressively increased nowadays (James and Clarke 1997; Pomar

* I. Armenteros
ilde@usal.es

G. Alonso‑Gavilán
gavilan@usal.es

C. J. Dabrio
dabrio@geo.ucm.es

1

P. Legoinha
pal@fct.unl.pt

Departamento de Geología, Facultad de Ciencias,
Universidad de Salamanca, 37008 Salamanca, Spain

2

Departamento de Estratigrafía, Facultad de Ciencias
Geológicas‑UCM e Instituto de Geología Económica CSIC,
Universidad Complutense, 28040 Madrid, Spain

3

GeoBioTec, Departamento de Ciências da Terra, Faculdade
de Ciências e Tecnologia, Universidade Nova de Lisboa,
2829‑516 Caparica, Portugal

J. A. González‑Delgado
angel@usal.es
A. Martínez‑Graña
amgranna@usal.es

13

Vol.:(0123456789)

33

Page 2 of 24

et al. 2004, 2012; Pedley and Carannante 2006; James and
Lukasik 2010).
The sedimentology, cyclicity, chronobiostratigraphy, and
chemostratigraphy (87Sr/86Sr) of the Burdigalian–Langhian
succession (Early to Middle Miocene) of the LPF are well
known (Antunes et al. 1981a, b; Brachert et al. 2003; Forst
2003; Kroeger et al. 2007). In contrast, only stratigraphic
and biostratigraphic general studies have dealt with the Serravallian (Middle Miocene) upper part of the LPF (Antunes
et al. 1990, 1997; Pais et al. 2000; Legoinha 2001; Pais et al.
2012), although their deposits are well exposed in some
cliffs along the Algarve coast. The skeletal components of
the upper LPF facies (foraminifers, molluscs, echinoids,
barnacles, bryozoans, serpulids, and other minor components) indicate that during the late Langhian, Serravallian,
and early Tortonian, the Algarve shelf hosted organisms that
lived on a heterozoan platform (Dabrio et al. 2008). Besides
the relative inaccuracy of dating, the lack of a detailed interpretation of the sedimentary environment and geological
meaning of the vertical arrangement of facies in terms of
sequence stratigraphy have greatly hampered a full understanding of these rock successions.
Just to focus on the problem, it is generally accepted that
temperature and latitude exert a certain control on the biotic
associations that produce neritic carbonates and impress a
“certain paleoclimatic connotation” on them (Mutti and
Hallock 2003, and references therein). The foramol-like
association (≈ heterozoan association of James 1997) has
been considered as a proxy of cool-water carbonates, which
accumulated in marine environments with mean annual temperatures < 20 °C (James 1997). James and Lukasik (2010)
distinguished two carbonate depositional provinces within
the cool-water realm: warm-temperate (15–20 °C) and cooltemperate (5–15 °C) on the basis of minor photozoan components and a characteristic “rhodalgal” facies. The rhodalgal term was introduced as a transitional facies between the
classic foramol (heterozoan) and chlorozoan (≈ photozoan)
associations (Carannante et al. 1988; James 1997).
However, the occurrence of heterozoan carbonates does
not necessarily imply cool-water settings, as other variables
such as oceanographic setting, water energy, turbidity, depth
of deposition, light penetration, chemical composition of
water and trophic resources also play a major role in determining the environments where “foramol-like assemblages”
can live (Mutti and Hallock 2003; Pomar et al. 2004; Halfar
et al. 2006a) and heterozoan factories can be active even in
tropical settings (Wilson 2008). In other words, the wide
spectrum of environmental variables that control the evolution of modern carbonate depositional systems can make
it difficult to decipher their imprint in ancient carbonate
platforms (Mutti and Hallock 2003). Some studies have
established domains for different assemblages (heterozoan,
photozoan, and the transition between them) on the basis of
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the relationships between trophic resources and minimum
sea-surface temperature (Lukasik et al. 2000; Halfar et al.
2006a). One of the keys to deducing the trophic resource
type of a neritic carbonate record is based on the biotic,
sedimentological, and ecological factors coming from an
integrated study of the facies and a comparison with modern
environments (James and Lukasik 2010).
On the other hand, direct comparison of the well-studied
Cenozoic carbonate platforms of the Mediterranean microtidal enclosed basins (Braga et al. 2006; Pedley and Carannante 2006; Pedley and Grasso 2006; Nalin et al. 2006;
Pomar et al. 2012; and references therein) and those found
in open-ocean settings such as the Great Australian Bight
(James et al. 1994, 2001) is, at the least, risky. The high
hydrodynamic energy on the ocean floor and its changes
from fair to stormy weather can move sediments to depths of
60 m and, episodically, to 120 m, and can reach up to 250 m
during severe storms (Collins 1988; James 1997).
The main focus of this paper is to contribute to filling this
gap in the detailed knowledge of the upper part (most of it
Serravallian in age) of the LPF, with particular emphasis
on: (1) the depositional model; (2) biota composition and
distribution; (3) paleobiological indicators on water depth,
light, temperature, trophic and productivity resources), and
(4) sedimentary sequences and cyclostratigraphy in correlation with eustatic sea-level changes.

Geological setting
The Neogene units of Algarve (from the Arabic “al-Gharb”,
“the west”) region in south Portugal are well exposed along
the coastal cliffs of this region (Fig. 1). They are mostly of
Miocene age and marine in origin (Pais et al. 2012). The Neogene series unconformably lie on Carboniferous, Jurassic, and
Cretaceous deposits as well as on the Paleogene (?) Guia conglomerates and mudstones. The overlying Pliocene units are
represented by the Falésia sands (Ludo Formation) and those
of Morgadinho (Pais et al. 2012 and references therein). Tectonic events during the Neogene are marked by N–S and E–W
strain in early and Middle Miocene, N–S Tortonian compression, and E–W post-Messinian compression (Terrinha 1998;
Kullberg et al. 1992; Lopes and Cunha 2000). Stratigraphic
correlation of the Miocene series along the Algarve poses
some challenges, although there is a consensus for dividing the
Miocene succession into two major units: Lower and Middle
Miocene series, grouped into the Lagos-Portimão Formation
(LPF) and the Upper Miocene series that includes the Fine
Sands and Sandstones, the Cacela Formation, the Mem Moniz
Spongioliths and Galvana Conglomerates (Fig. 2; Legoinha
2003; Pais et al. 2012). The LPF, the unit studied in this work,
is a 60-m-thick succession of quartz-rich biopack-grainstones
and biorudstones (Antunes et al. 1990; Antunes and Pais 1992;
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Fig. 1  Geological setting and situation of the outcrops and studied profiles

Pais et al. 2000, 2012; Legoinha 2001; Forst 2003; Brachert
et al. 2003; Kroeger et al. 2007). The LPF is dated between
early Burdigalian and the late Serravallian according to the
87
Sr/86Sr age determinations (Pais et al. 2000; Forst 2003).
Four reference marker beds have been recognized, listed as I,
II, III, and IV (Forst 2003), the last three of them corresponding to the marker beds I, II, and III of Kroeger et al. (2007).
These marker beds, ranging from 15.5 to 17.75 Ma in age
(Forst 2003; Pais et al. 2000), have not been identified in the
sector of Portimão. The LPF is unconformably overlain by the
so-called ‘laminated sands’ unit, up to 20 m thick, and Tortonian in age (Antunes et al. 1997). The LPF was deposited on
a narrow shelf influenced by eustatic cycles (Pais et al. 2000;
Brachert et al. 2003; Forst 2003). In earlier work on the LPF

of this area, Dabrio et al. (2008) recognized five subunits and
three types of sequence. Larger-scale sequences beginning
with a basal yellow sandstone are interpreted as corresponding to rises of sea level (Dabrio et al. 2008). New data on foraminifer distribution have provided new biostratigraphic and
paleoecological interpretations that are presented in this paper.

Methods
Two sections (Praia Vau and Praia Rocha) and six other
small sections have been measured and investigated at
Portimão along 1 km of the Miocene coastal cliffs, which
allowed a complete study of the outcropping carbonate
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(QSP), distinguished by texture, microfacies, sedimentary
structures and relative percentages of skeletal particles and
quartz grains (Figs. 3, 4). Table 1 summarizes the main characteristics of these facies. Their diagenetic features are a
topic that would require a more explicit detail and dedication that is outside the objective of this work. However, it
has been deemed convenient an abridged description and
interpretation (see Table 2) of the main diagenetic effects
that somehow mask the original textures (v.g., dissolution of
aragonitic components of bivalves, gastropods, scaphopods,
and green algae).

Mollusc‑rich rudstones (MR)
Description

Fig. 2  Simplified succession of the Miocene Algarve Basin of South
Portugal and time span of the studied section of the Lagos-Portimão
Formation. Numerical age from Cohen et al. (2013)

succession of LPF. The field methodology is focused on a
detailed record of the stratigraphic-sedimentological features, and on the paleontological identification and distribution of major macroinvertebrate taxa. Systematic sampling
of the stratigraphic sections included preparing 32 thin-sections (colored by Dickson’s staining method, Dickson 1965)
and over 40 extractions to study the microfaunal components, especially foraminifers. For the textural definitions
of lithofacies in thin-sections, the Dunham classification has
been applied. The compositional characterization of facies
has been accomplished by means of the proper terminology coming from the burgeoning literature on heterozoan
carbonate facies (especially from the following syntheses:
Nelson 1988; James 1997; Pedley and Carannante 2006;
James and Jones 2016).

Facies analysis
The Vau-Rocha succession of Lagos-Portimão Formation
includes three main facies: Mollusc-rich rudstone in a matrix
of skeletal pack-grainstone (MR), fine to medium, skeletal
pack-grainstones (SPG), and quartz-rich skeletal packstones

13

The shell-rich facies occurs as layers a few centimeters up
to 1 or even 2 m thick (e.g., Praia da Rocha). The lower
boundaries of beds are gradational to SPG, whereas the
upper ones are usually sharp. Some protruding shell beds in
the cliff are commonly associated with horizontally elongate
dissolution cavities up to 0.5 m high. Layers of MR facies
usually occur interbedded with other of SPG facies, in beds
5–15 cm thick. Outcrops show a crude sub-horizontal layering caused by the commissural plane position of bivalves
and horizontality of the scutellids (Figs. 3a, c, 4c, 5a, h). In
the Praia da Rocha section, shallow concave-up erosive surfaces a few meters across (Fig. 5a) and, more locally, hummocky cross-stratification are seen. Most bioclasts are moderate to highly abraded bivalve shells (pectinids and some
oysters and localized levels rich in Glycymeris) (Fig. 5b),
and abundant echinoids (whole tests of Scutella and some
of Clypeaster plates and spines) (Fig. 5c); locally gastropod
moulds abound. There are also scattered bryozoan colonies
(Adeoniform-type, sensu Moissette 2000), balanids, serpulid
worm tubes (Ditrupa, Fig. 5e) and large benthic foraminifers (LBF: Amphistegina, Heterostegina, Operculina). Some
millimeter-sized elliptical moulds found in some layers very
much resemble plate moulds of aragonitic green algae. Bioturbation is moderate to extensive and mainly consists of
nodular to tubular (up to 15 × 5 cm) burrows, some of them
with internal meniscate structure (Fig. 5c).
These coarse-grained facies show a floatstone fabric
(sensu Embry and Klovan 1972). Except for some specific
levels, a few centimeters thick, with densely packed fabric, this facies shows a close-packing dominated by loosely
packed fabrics (sensu Kidwell and Holland 1991) within a
fine to medium-grained packstone/grainstone matrix made
up of small skeletal components such as abraded benthic
(Nonion, Ammonia, Textularia) and rare planktic foraminifers, and skeletal fragments derived from abraded coarser
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Fig. 3  Detailed section of the Praia de Vau section with the lithological, sedimentological, and paleontological characteristics

shells (Fig. 5d). The sand-sized fraction of this bimodal
deposit is moderate to well sorted.

Interpretation
The dominance of moderate to high abrasion and fragmentation of macrofossil shells, their horizontal concave-down
arrangement with a different ratio of right to left valves of
inequivalve bivalves, and coarse size of the bioclasts indicate
high-energy selective transport. However, in some levels, the

sorting is poor (to which the composite nature of bioclasts
and bioturbation effects would be added), and articulated
bivalves and whole test of echinoids occur, which is favored
by lower energy current conditions. The bioturbation is similar to that produced by echinoids (probably spatangoids (de
Gibert and Goldring 2008). The recurrence of these variable
conditions resulted in the genesis of an induced-hydraulic,
multispecific and composite shell-concentration type (Kidwell 1991) due to amalgamation-accretion of multiple
events. The centimeter-scale densely packed layers may
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Fig. 3  (continued)

represent discrete events produced by brief taphonomic
episodes of shell concentration (event-concentration of
Kidwell 1991). The attribution to high-energy conditions
is supported by diffuse horizontal stratification, low-angle
cross-stratification and scoured surfaces, locally similar to
channels. These scours can be produced in the shoreface
by storm-surge ebb currents (Plint 2010) that could winnow the finer particles offshore. We infer that sedimentation
took place above wave abrasion depth (WAD ≈ 15 m depth),
which caused intense abrasion and accumulation of macrofossil shells and skeletal fragments with a crudely horizontal
layering. Brachert et al. (2003) invoked a similar environment for “the condensed shell beds (sensu Kidwell 1991)”
in the Burdigalian and Langhian stretches of the LPF. The
occurrence of discrete beds with concentrations of articulated valves of Glycymeris points to shallow shelf conditions
and significant trophic resources. There was at least episodic

13

(but repeated) intense wave action as demonstrated by the
occurrence of hummocky cross-stratification (HCS) (Dabrio
et al. 2008). Thick mollusc-rich floatstone occurrences may
represent amalgamation of beds under repeated storm conditions during relatively long sea-level stability.

Skeletal packstones/grainstones (SPG)
Description
Quartz content is low to moderate (2–15%). Metasedimentary grains are rare. Glauconite is subordinate (≤ 2%) both
as detrital grains and an authigenic precipitate (commonly
in foraminifer chambers). Matrix in packstone is undifferentiated calcite, difficult to distinguish from the ubiquitous fine crystalline masses due to carbonate alteration by
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Fig. 4  Detailed section of the Praia de Rocha section with the lithological, sedimentological, and paleontological characteristics. Symbols as in
Fig. 3

karstification which has affected the succession in recent
times (Table 2). This facies passes gradually to QSP and is
interbedded with thin (< 10 cm) beds of MR with gravelsized bioclasts. Pellets and peloids may reach up to 10%.
Sorting is moderate to good (Fig. 5e; Table 1).
This facies occurs as structureless, massive beds mostly
due to intense burrowing, with irregular amoeboid galleries
within the strata (endichnia). Bioturbation obliterates most
internal primary structures, among which cross lamination

and stratification (Fig. 5f), planar lamination, symmetrical
ripples (Fig. 5g), and swaley to hummocky cross-stratification are recognized (Fig. 5h). The limits of layers are poorly
defined and grade into other facies. Some hardened tops
(firmgrounds) show tubular vertical burrows similar to Ophiomorpha that cross-cut a blurred softground assemblage
(Fig. 6a). Trace-fossils consisting of mainly horizontally
elliptic burrows without internal structural differentiation,
although similar to external morphologies of Bichordites
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Crude horizontal stratification, channel-like surfaces, HCS
Inner shelf within the WAD

Physical structures

Middle shelf, below FWB, affected by common
storms and storm-induced currents

Ditrupa, balanids, brachiopods, bryozoan, gastropods, and planktic foraminifera (Globigerina,
Globigerinoides, Orbulina),
b
Pinna
Quartz (2–15%); silt-to medium sand-sized quartz
grains (Glauconite (≤ 2%) as detrital grains and
authigenic precipitates (commonly in foraminifer
chambers)
Abundant tubular burrows, bedding boundaries
mostly blurred. Densely packed vertical funneledshaped tubes in some layers
CL and CS, HCS; wave-like ripples

a

Middle to outer shelf with sporadic storms around the
SWB

(CL); wave-like ripples

Very abundant ellipsoidal to ball-shaped bioturbation
burrows. Bedding boundaries mostly blurred

Quartz (coarse silt to very fine sand) (5–25%)
Glauconite (2–3%)

Fine to lower medium sand
Micrite to silt-sized bioclastic interparticle matrix
Benthic foraminifera (Nonion, Ammonia, Textularia,
Heterolepa, Lobatula, Lenticulina,..), > ostracods (Aurilia, Falunia, Cushmanidea), plates
and spines of echinoids (Clypeaster scutellids,
spatangoids), = Planktic foraminifers (Globigerina,
Globigerinoides, Orbulina)
a
Palmate bryozoans (Adeoniform type),
Ditrupa, bivalves fragments (possible of oysters? and
pectinids?)

Quartz-rich skeletal packstone (QSP)

b

a

Facies

Present locally

Locally abundant
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LBF large benthic foraminifera (Amphistegina, Heterostegina, Operculina), CL cross-lamination, CS cross-stratification, HCS hummocky cross-stratification, SWB storm wave base, WAD wave
abrasion depth

Environments

Moderate to high nodular to tubular burrows

Bioturbation

Scarce fossils

Gastropods (turritelids). > balanids > aDitrupa,
bryozoans
a
LBF > planktic foramin.
(moulds of aragonitic green algae?)
Siliciclastic grains, –%, size Quartz
≈ 5%, 50–250 µm

Dominant fossils

Gravel (up to 7–8 cm) and fine to coarse sand in the Fine to medium sand
matrix
Bivalves (pectinids, oysters), > echinoids (scutellids, Echinoids (plates and spines), bivalves (pectinids
spatangoids)
and oysters), ostracods (Cyprideis) and benthic
foraminifers (Nonion Ammonia, Textularia,
Elphidium, miliolids, LBF)

Size-texture

Skeletal pack-grain-stones (SPG) (molechfor)

Mollusc-rich rudstone in a matrix of skeletal packgrain-stone (MR) (molechfor)

Facies

Table 1  Main characteristics of carbonate facies
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Widespread, drusy to granular, interparticle cement, in MR facies. In the SPG and
QSP facies, uneven and patchy mosaics of microsparite cement. Locally, thin
(< 20 µm thick) palisades of stubby prismatic crystals surrounding the skeletal
particles
Intraparticle, granular to drusy cement filling the interior of skeleton chambers and
the moldic porosity left by dissolution of aragonitic shells (Fig. 6f)
Common syntaxial growths due to the abundance of echinoid plates and spines in
shallow burial conditions.
Primary porosity: inner and intraparticle pore spaces
Mouldic porosity by dissolution of aragonitic shells (gastropods, some bivalves,
and the inner layer of circular sections of Ditrupa) (Fig. 5d)
Non-selective secondary porosity: small vuggy cavities (a few µm up to ≈ 1 mm in
diameter), very often interconnected, giving rise to elongated, widened channels. In layers of MR shell-rich facies, small secondary pores (vugs) evolved into
centimeter to metric caverns parallelly elongated to bedding
At microscopic scale, some degree of interparticle cement corrosion
Present in the three facies, as reworked particles, precipitates filling small chambers, mainly of foraminifera (Fig. 6f) and diffuse irregular patches
Abundant (up to 3%) in the quartz-rich skeletal packstone (QSP) and, especially, in
the Tortonian coarse conglomeratic facies overlying the erosional surface on the
Serravallian deposits with sand-sized glauconite particles

Original conditions of formation of glauconite indicate nonsulphidic postoxic (suboxic) environment in the early diagenesis, with partial microbial reduction of iron
oxyhydroxides
Both allochthonous (as resedimented particles) and authigenic origin
Difficult to link this presence to cyclic sea level changes
Greater abundance in the distal QSP facies comparable to the increase towards distal
areas in modern shelves.
This secondary fine crystalline texture occurred during meteoric telodiagenesis
linked to the Neogene strata exhumation
Formed by dissolution–precipitation (acting separate or simultaneously) in a
meteoric environment within unconfined flow changing from diffuse to free flow
conditions as the micropores became enlarged and interconnected
Coarse-grained shell-rich beds favor the development of dolines (‘algares’) and
horizontally aligned mesocaverns
Dissolution was favored in the upper part of the exhumed deposits, near meteoric
recharge zones (with high values of P
 CO2); cementation (and/or replacement)
occurred in the lower parts of the exhumed formation, and discharge zones in the
cliffs

The absence of paleo-subaerial exposure features (e.g., paleokarstic surfaces, root
casts, hydromorphic mottles, ferruginous crusts, brecciation, vertical trend of dissolution pores below sequence boundaries, bird’s eyes) points to secondary porosity caused by subaerial exposure following exhumation of the marine platform
after the Miocene
Development of caverns enhanced in the MR facies (Fig. 3) by weathering during
the exhumation of the Miocene succession

Early cementation, directly influenced by marine water composition, was limited to
intraparticle pores, overgrowths on some skeletons and as epitaxial overgrowths on
echinoid grains, and is scarce in interparticle pores, that suggests its formation in
platforms and ramps with temperate water
Some cementation could be formed out of the direct marine influence, under shallow burial conditions.

Interpretation

(2019) 65:33

Telogenetic alteration Apart from the secondary porosity (vugs and caverns), the main alteration texture
consists of a patchy to continuous micrite-fine microsparite mass blurring the
primitive pack- grain- stone texture and primary structures, making diffuse the
interlayer surfaces
Textural features: (1) inequigranular dirty microsparite mosaic contrasting with
clear intraparticle cement; (2) the boundary between skeletal particles and
mosaic is corrosive and/or gradational; (3) carbonate particles and quartz grains
can be partially replaced (i.e., concave contours of quartz grains) by this mosaic;
(4) close links to the irregular micro/meso-vug porosity filled with an orange
mosaic
Associated with rich-carbonate beds, where it progresses from the overlying discontinuity (Fig. 6e, under arrows)

Glauconite

Porosity

Cementation

Description

Table 2  Diagenetic features
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◂Fig. 5  a Crude sub-horizontal layering of MR facies caused by hori-

zontal disposition of echinoid and bivalves shells; note irregular concave-up surfaces outlined by dotted lines. Praia Rocha section from 5
to 11 m. b Massive MR facies (composite fabric, after Kidwell 1991)
rich in Glycymeris moulds (Gy) that are variably oriented likely due
mainly to bioturbation; note a specimen with the ligamental area and
the hinge (arrow). Some disperse pectinid clasts appear (Pc). Point 2,
westernmost end of Praia do Vau. c Massive MR facies rich in horizontally oriented shells of the echinoid, Scutella. (Sc). Also abound
Glycymeris moulds (Gl); bioclasts of pectinids (Pc) are scattered.
Nodular structure is partially due to the moulds of Glycymeris. Widespread nodular and cylindrical (Bw) burrows. Point 2, westernmost
end of Praia do Vau. d Coarse fragments of bivalves (Bi), ellipsoidal
worm sections (W) and a gastropod mould (G) included in a biopackstone matrix with scarce very fine sand-sized quartz (2–3%). PPL
(plane polarized light). (Sample 14 of Praia Vau section, Fig. 3a). e
Packstone rich in echinoid plates (Ep) and spines (S). Ditrupa section (Di) and abundant (≈ 0.9%) fine sand-sized quartz grains (white
grains). Inset of Ditrupa section in the lower left corner. Micritemicrosparite patches are principally due to karstic alteration. PPL
(Sample 9 of Praia Vau section, Fig. 3a). f Diffuse cross-stratification
in a highly bioturbated coarse skeletal pack-grainstone (SPG) that
passes upward to MR facies. Vau section (S2 sequence, Fig. 3). g
Wavy ripples in skeletal pack-grainstone facies (SPG) rich in bryozoan plates. Lower part of S3 in Praia Vau section, Fig. 3. h Hummocky cross-stratification in very coarse pack-grainstone (SPG) that
alternates upward with QSP. Lower stretch of Praia Rocha section
(Fig. 4)

burrows attributed to spatangoids (de Gibert and Goldring
2008) are common in full relief position. These burrows
have diffuse boundaries and commonly overlap each other
reflecting a high bioturbation index, so the bedding boundaries and the expected current primary structures are blurred
(Fig. 6b). Some well-localized layers (Fig. 3a, from 10 to
13 m) show a vertical arrangement, up to 1 m in thickness,
of densely packed, in some cases, funnel-shaped tubes, a
few centimeters in diameter. One single or two stacked beds
have been seen a few tens of meters separated from each
other in a correlated level. These can be attributed to burrowers moving upwards to keep pace with sedimentation
(Rosselia? Fig. 6c).
Dominant skeletal fractions are echinoids (plates and
spines), calcitic bivalves (pectinids and oysters), and benthic
foraminifers (Nonion, Ammonia, Textularia are the dominant
genera); other taxa present are Elphidium, Quinqueloculina,
Heterostegina (Fig. 6d), and more sporadically, Lobatula
and Globulina. Other components present are: planktic foraminifers, Cyprideis (ostracod), circular sections of Ditrupa,
balanids, brachiopods, palmate bryozoan (Adeoniform-type,
sensu Moissette 2000) and gastropod moulds.

Interpretation
The occurrence of planktic foraminifers, common benthic
foraminifers (among them LBF), and the scattered bryozoans points to deposition in more distal areas within the oligophotic zone below wave base, as interpreted from similar
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characteristics in Mediterranean Cainozoic basins (Pomar
2001b; Pomar et al. 2004, 2012; Mateu-Vicens et al. 2009).
Additional criteria are the more scattered and smaller shell
fragments, and the intense bioturbation by worms/crustaceans (?) and infaunal echinoids as compared with MR
facies. The planktic/benthic ratio and the benthic foraminifer
assemblage suggest depths shallower than 50 m (Murray
1991).
Cross-lamination and small to medium cross-stratification
record migration of current ripples and megaripples, respectively, related to fair-weather longshore and onshore flows
(Plint 2010). On the other hand, the hummocky cross-stratification (HCS) and associated planar lamination suggest
the action of combined flows with a strong oscillatory component and a faint unidirectional offshore current above and
near storm wave base (Dumas and Arnott 2006; Plint 2010).
Lateral presence of wave ripple forms can be explained by
the action of waning oscillatory flows.
According to this, we infer deposition on the distal middle
shelf where storm waves reworked the seafloor and surge
ebbs winnowed the finer-grained sediments towards the
deeper shelf. This means a deeper location, more to the basin
than the mollusc-rich rudstone (MR), in transition to the
quartz-rich skeletal packstone (QSP), following a decreasing
trend in grain-size, which records a parallel decrease of the
hydrodynamic energy in the same direction.

Quartz‑rich skeletal packstones (QSP)
Description
These facies are equivalent to the ‘Sandy allochemic limestones’ (sensu Mount’s 1985 classification). They have a
similar field appearance to the SPG facies. Beds stand out on
their orange/yellow color and easier weathering that results
in a marked recess in the section profile (Fig. 6e). They are
generally structureless due to poorly defined ellipsoidal to
ball-shaped bioturbation, although cross-lamination, crossstratification, and hummocky-like cross-stratification, are
observed in some localities (Fig. 6e). The main differences
with the previously described SPG facies (Table 1) are a
higher content of quartz grains, more abundant bryozoan
remains, planktic foraminifers and small bioclasts difficult
to identify. QSP is an accumulation of silt- to fine/lower
medium sand-sized particles including recognizable skeletal particles (small foraminifers), undifferentiated skeletal
debris, quartz grains (10–25%) (Fig. 6f) and rock fragments
of metasedimentary rocks (≈ 5%) with quartz and mica.
Many of the silt-sized carbonate particles (including bioclasts) are difficult to identify because of their small size
and early neomorphism and/or telodiagenetic alteration
processes.
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◂Fig. 6  a Firmground in the interior of S2 sequence. It is characterized

by a sharp surface laterally recognizable at least along 600 m. Vertical to oblique burrows, similar to Psilonichnus/Skolithos ichnofabrics,
show sharp contours and cross-cutting relationships attributable to
Glossifungites ichnofacies. Vau Section. b Concretionary-like structure of an intensely bioturbated pack-grainstone bed with pectinid
bioclasts (Pc). Concretions represent differential cementation of globular burrowing likely due to echinoid bioturbation. Close to the Vau
section in S3 sequence. c Tubular vertical structure at the top of the
sequence below the SB-L/S in the area of Vau section. This densely
packed tubes are attributed to vertical deep galleries that come from
the discontinuity that underlies the QSP facies of S1 sequence. The
lateral continuity of this bed and the high penetration of these burrows are indicative of a firmground at the seafloor. The QSP facies
shows abundant horizontal burrows in the lower part (also seen in e).
d Fine to medium skeletal sand-sized packstone rich in pellets, planktic (Pf) and benthic foraminifers (Bf), among which a large Heterostegina stands out (Hg). PPL. Sample Pr-15A in Praia Vau section.
e This conspicuous orange bed is the best lithological marker in the
Serravallian succession in the study area of Portimão (see e). It consists of fine sand-sized skeletal packstone rich in quartz and shows a
channel-like erosive lower boundary and large-scale cross stratification. Note the prismatic structure of the underlying bed shown in c.
It forms the S1 sequence of the Vau section (Fig. 8). f Quartz-rich
skeletal packstone (QSP) with abundant benthic foraminifers (T, textulariids; R, rotalids: Heterolepa), echinoid plates (E), quartz grains
(≈ 15%; white subangular grains), and irregular brown masses of
oxidized glauconite (G). PPL. Sample Pr-15A in Praia Vau section.
Taken at the base of the orange bed seen in e. Black-circled circles
are artifacts. g Concentration of palmate bryozoans in a fine sandsized packstone. Polished slab in lower left corner. Sample 17, lower
bed of S3 in Vau section. h Microscopic view of the level shown in
g with a bilaminar bryozoan fragment, small lenticular benthic foraminifers (Nonion, No), and a balanid bioclast (Ba) within a very fine
sand-sized packstone consisting of pellets, small bioclasts, and quartz
grains (≈ 15%). Planktic foraminifers are difficult to see due to its
greater alteration

The most characteristic skeletal components are flat
branching colonies, a few centimeters in length, of bryozoan arranged in two rows of zooecia that, in hand samples, are slabs of palmate bryozoans (Adeoniform-type,
sensu Moissette 2000) (Fig. 6g, h). Among the benthic
foraminifers Nonion, Ammonia, Textularia, Lobatula, Heterolepa and Lenticulina dominate. Common planktic foraminifers are Globigerina sp, Globigerinoides, Orbulina,
Globoquadrina and scarce Globorotalia. Common ostracods are represented by Aurila and probable Falunia and
Cushmanidea. Other bioclasts are plates and spines of
echinoids, serpulids (Ditrupa) and scarce bivalves (oysters, pectinids, Pinna, and others). Glauconite reaches
2–3%, both detrital and authigenic (generally within foraminifers chambers, Fig. 6f; Table 2). The rock is poorly
cemented by a discontinuous fine sparite mosaic that partially fills the small interparticle spaces, biomoulds and
chambers of foraminifers and bryozoans; furthermore, the
echinoid fragments are usually associated with syntaxial
cement.
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Interpretation
The intensely burrowed, fine-grained textures and lowabraded well-preserved bryozoan remains are interpreted as
the result of being deposited under deeper and low energy
conditions, most likely below the wave abrasion depth
(WAD), as suggested in similar LPF facies of Langhian age
(Brachert et al. 2003). In the recent cool-water Lacepede
Shelf, South Australia, similar bryozoan forms (flat robust
branching) are abundant between depths of 90 and 130 m,
where the variably abraded bryozoan remains are part of
symmetrical straight-crests ripples and megaripples (Bone
and James 1993). This assumption is also supported by a
significant increase in the planktic/benthic foraminifer ratio.
The poor preservation of physical sedimentary structures
is largely the result of burrowing (Fig. 6c), but carbonate
weathering during recent uplift and exposure has also played
a significant role in obliterating structures. Many of the finegrained carbonate particles probably come from abrasion of
larger skeletal particles, although a precedent from pellets
and/or peloids cannot be ruled out/excluded. The genesis of
similar carbonate muds in temperate shallow-marine carbonate settings has been interpreted as breakdown of larger
skeletal fragments (O’Connell and James 2015).
Based on the layer concentrations of fragmented palmate
colonies of bryozoans in this facies, and in their sub-horizontal disposition (Fig. 6g), it is suggested that they represent events of higher environmental energy in the middleouter shelf, probably related to severe storms which reached
the seafloor, supported by the occurrence of hummocky
cross-stratification (Fig. 4, m 3) In modern open platforms,
bryozoan-rich facies are more abundant toward the outer
shelf as found in the cool-carbonate deposits of the Lincoln
shelf, South Australia (James et al. 1997).

Controls of deposition
The accumulation of the described heterozoan carbonate
sediments was controlled by a set of interrelated variables.
Precipitation of cool-water neritic carbonates is controlled
by terrigenous input, depth, light, trophic resources, temperature, hydrodynamics, and oceanographic setting (James
and Lukasik 2010). In the following sections, the terrigenous
influx and the paleobiological indicators that control the
depositional system will be assessed.

Terrigenous influx
The influx of terrigenous sediment (principally silt- to fine
sand-sized quartz grains) is moderate with concentrations up
to 25%. Assuming that an excessive supply of terrigenous
particles is counterproductive to the biogenic production

13

33

Page 14 of 24

of carbonate in cool- and cold-water settings (James and
Lukasik 2010), we suggest that the increase in quartz content in QSP should indicate conditions of maximum terrigenous supply to the shelf (Brachert et al. 2003). These
authors infer humid conditions in the adjacent hinterland
during sea-level highstands, favorable to deposition of fossiliferous sandstone, and accumulation of skeletal rudstone
beds during lowstands. However, the idea of cyclic “high
siliciclastic influx”, coincident with the deposition of fossiliferous sandstone is controversial. Given the relatively abundant quartz content in the shallower facies (MR and SPG:
up to 15%), it is suggested here that the observed basinward
increase in quartz is a result of a more or less continuous
export of silt- to fine sand-sized grains (siliciclastic and carbonate) to deeper areas of the shelf (outer shelf). Therefore,
the increase in quartz content in this facies is due to the
differential accumulation during the winnowing toward the
offshore of the finer-grained sedimentary fraction. Nevertheless, an increasing quartz content is observed from the Langhian sequences (≈ 7%) to the Serravallian ones (≈ 15–25%),
which is likely to be related to an increase in erosion due to
the Langhian–Serravallian global sea-level fall.

Depth and light control
Bryozoans are characteristic components of heterozoan carbonates whose depth constraints have been discussed above
and that are not dependent on light (James, 1997), and usually live in subtidal areas along the shelf, away from turbid, muddy environments (James et al. 1997; Taylor 2005).
On the recent Lacepede Shelf in South Australia, similar
branching robust bryozoans reach their optimum environment of growth at depths between 80 and 110 m (James et al.
1992). The occurrence of these erect forms in fine-grained
facies suggests low-energy in relatively a deep environment
(Nalin and Braga 2007; Nalin and Massari 2009).
The presence of LBF in the Vau-Rocha succession
(Figs. 3, 4, 6g, h) allows an assessment of the light conditions on the seafloor, since bryozoans thrive within the
photic zone due to the presence of algal symbionts in their
protoplasm. Their occurrence indicates a wide range of water
depths (0–90 m) with a maximum around 40–70 m under
mesophotic and oligophotic conditions (Pomar 2001b, from
diverse sources), which would indicate moderate depths
coinciding with their accumulation below the FWWB (fair
weather wave base) in the distal middle-outer shelf region.
However, depths calculated in other basins are difficult to
extrapolate to the LPF, as they are strongly influenced by
temperature and trophic resources (Brachert et al. 2003,
from other sources, Mutti and Hallock 2003; Pomar et al.
2004). The distribution of ostracods shows differences: in
the SPG facies Cyprideis dominates indicating euryaline and
shallow-water environments, whereas in QSP facies Aurila,
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Falunia, and Cushmanidea are abundant and indicative of
mixed sediments in epi-neritic infra- to circa-littoral environments at a depth less 80 m (Toth et al. 2010).

Trophic resources and temperature
As far as temperature is concerned, bryozoans live in a
temperature range of 7 to 16 °C (Taylor and Allison 1998)
and are major skeletal contributors to carbonate sediments
in temperate regions (Nelson et al. 1988). Furthermore,
their abundance in cool-water carbonates is reinforced by
the absence of competitors, such as phototrophic calcifiers
as suggested by Halfar et al. (2006b). Similarly, branching
bryozoans are common in mid-to outer shelf depths with
high nutrient supply (Nelson et al. 1988) and, in the Gulf of
California, with minimum surficial temperatures between 14
and 16 °C, the population of branching bryozoans is favored
below 70-m depth under eutrophic conditions (Halfar et al.
2006b). On the southern Australian shelf, branching robust
forms thrive below the thermocline (30–80 m) at temperatures reaching 13 °C (Bone and James 1993). The QSP
facies of the Vau-Rocha section include common similar
robust branching bryozoans, that grow as “flattened, straplike branches” (terminology of Taylor and James 2013), a
fact that allows us to suggest living conditions in deeperwater settings (middle-outer shelf) under moderate energy
conditions.
A most-striking feature in the succession of Vau-Rocha
is the absence of algal rhodoliths, because rhodalgal
facies (with isolated colonies of zooxanthellate corals) are
widely represented in the Burdigalian-Langhian part of
the LPF (Antunes et al. 1997; Pais et al. 2000; Legoinha
2001; Brachert et al. 2003; Forst 2003). In this latter
case, the rhodolith facies occur in the innermost parts of
the shelf (Forst 2003), within the photic zone at surface
water temperatures close to 20 °C (Brachert et al. 2003).
Red algae are the most significant autotroph organisms
of the heterozoan factories of many Cainozoic subtropical (22–18 °C) and temperate (18°–10°) shelves (Scoffin
1987; Carannante et al. 1988; Nelson 1988; Hayton et al.
1995; Betzler et al. 1997; James 1997; Mutti and Hallock
2003; Schlager 2003; Pomar et al. 2004; Nalin et al. 2006;
Braga et al. 2006; among others). Modern rhodolith facies
are found in a wide latitudinal range (from the poles to
the tropics) and between the intertidal zone to a maximum
depth of around 80 m (Bosence 1983; James and Jones
2016); in protected areas of the Great Australian Bight
they occur along the inner shelf zone (at ≈ 35–50 m water
depth) (James et al. 2001). Hydrodynamically, they are
favored by relatively strong currents and low wave action,
where terrigenous input is low (Scoffin 1987). Therefore,
the absence of rhodolith facies in the upper Langhian and
Serravallian succession of LPF needs some explanation.
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Possible interpretations are: (1) erosion of these shallowwater facies by the sea-level falls that caused the discontinuities recognized in the succession, (2) their position
inland, relative to the present sea-cliff exposures, where
there are few outcrops, (3) adverse paleoclimatic (middle
Miocene cold event?), paleoecological and/or hydrodynamic conditions during this time on the shelf, or (4)
increased terrestrial sediment input during this time (discussed above), since rhodolith factories are less tolerant
to this influx (cf. Halfar et al. 2006a) and/or to eutrophic
conditions due to reduced seafloor illumination by flourishing phytoplankton (James and Lukasik 2010). Interpretations (1) and (2) are unlikely because of the absence
of any coralgal remains in the proximal facies (MR) of
the studied succession. It has been argued that optimal
temperatures could have allowed rhodalgal carbonate
factories to thrive despite relatively high clastic inputs
(Bassant et al. 2005), and thus the general temperature
fall after the Langhian (Abreu and Anderson 1998) could
have inhibited the rhodalgal carbonate factory during
deposition of the upper Langhian-Serravallian Vau-Rocha
successions. Therefore, we propose that a combination
of decrease in temperature, increased terrigenous influx,
and seafloor eutrophication could explain the rhodalgal
absence in this part of the succession.
The comparison of the Vau-Rocha facies to those of the
Neogene Mediterranean ramps where rhodalgal and coralline facies occur together (Pomar et al. 2012), and to modern examples such as the Balearic platform characterized
by a red algal-bryozoan association in the middle ramp
(30–90 m) (Fornós and Ahr 2006) shows differences in
the heterozoan facies that may be explained by the direct
Atlantic influence, non-comparable terrigenous continental supply, regional climatic signal, and the ensuing
consequences on the trophic resources and hydrodynamic
conditions that dominated on the open south Portuguese
shelf during the middle Miocene.
On the other hand, the occurrence of Heterostegina,
Clypeaster, and other LBF in modern environments indicates water temperatures above 17–20 °C (Brachert et al.
1993, 1995). The occurrence of LBF and the absence of
calcareous algae and zooxanthellate corals point to deposition under warm-temperate conditions with surfacewater temperatures below c. 20 °C in the LPF, following Lukasik et al. (2000). Minimum water temperatures
around 16–17 °C have been indicated by the presence
of LBF (in Braga et al. 2006 and references therein).
A present-day possible analogue in the Great Australian Bight is represented by bryozoan-dominated facies
and Heterostegina covering the middle and outer shelf at
water depths between 60 and 210 m (James et al. 2001).
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Productivity sources
Temperate carbonates are more abundant on the western
sides of continents affected by cool waters directed to the
equator, which are nutrient-rich waters that reach the shelf
by upwelling, increasing the benthic productivity (James and
Jones 2016). The Miocene platform in south Portugal occupied a location relative to the paleo-Iberian Peninsula that
was likely subjected to the influence of upwelling associated
with westerly winds.
At least from Langhian to Tortonian, before the closure
of the north Betic gateway, a connection existed between the
Atlantic and the Mediterranean that could have allowed the
interchange of currents between both seas (Sierro and Flores
1992), running parallel to the coast of southern Portugal
during this time. Assuming a similar model of superficial
marine currents to modern times, the south Portugal coast
could have been dominated by eastward flows (Barton 2001)
that seasonally could induce upwelling on the shelf. This is
supported by the singular outcrop of spongoliths (the only
one found in Portugal so far) in the nearby area of Mem
Moniz, whose age is not well constrained (from Serravallian
to Tortonian; Legoinha 2003; Pais et al. 2012, and references
therein, including the age discussion). The sponge association is typical of moderate depths below SWB (storm wave
base; Pisera et al. 2006). Whereas the abundance of Nonium
and Ammonia among the benthic foraminifers, together with
the presence of Buliminids, Bolivinids, and Uvegirenids,
suggest a poorly oxygenated, shallow-water environment
rich in organic matter (Antunes et al. 1990). This circumstance may have favored the upwelling of nutrient-rich
currents during deposition of the south Portuguese Middle
Miocene succession.
Similarly, the proved terrigenous supply from the hinterland also supports a concomitant nutrient influx that was
favored by the prevalence of humid conditions (Brachert
et al. 2003). These two supply lines of trophic resources,
together with the inferred temperature, depth, and light penetration, can explain the heterozoan association of the late
Langhian–Serravallian succession of Vau-Rocha.

Depositional model
According to previous studies of the Miocene succession in
southern Portugal, the described facies were deposited on a
shallow-marine open shelf with active wave action on the
seafloor, episodic storms and currents (Brachert et al. 2003;
Forst 2003; Dabrio et al. 2008).
Facies analysis and the assessment of the various controls
under which the facies were deposited, treated in previous
sections, are the basis for the depositional model. The correlation of a gradual basin-ward decrease in grain size with
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the biota associations and their distribution influenced by
temperature, nutrients/trophic resources, depth, light penetration, and terrigenous influx suggest the deposition of
the studied mixed terrigenous-carbonates on an open-ocean
shelf [after James and Lukasik (2010); cf. a ramp-like open
shelf, Pomar (2001a)].
The facies record analyzed extends between the lower
inner shelf severely affected by WAD and areas below the
SWB within the upper outer shelf, that was repeatedly subjected to the action of storms (Fig. 7). On the inner shelf,
relatively large-shelled invertebrates lived on the seafloor
during fair-weather conditions to be remobilized, slightly
transported, abraded and, finally, accumulated, by storm
swell and surges, resulting in deposition of the MR facies.
These processes produced shell concentrations by winnowing out of finer sediments (silt and fine sand). Internal wavegenerated sedimentary structures were almost completely
destroyed by frequent episodes of erosion of the inner shelf,
probably within the middle-lower shoreface (following
Plint’s division 2010).
Offshore, the coarser bioclasts disappeared progressively nearly at and just below the WAD and only dispersed
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pebble-sized bioclasts occurred where the SPG facies was
deposited. The presence in this facies of cross-lamination
and cross-stratification may be explained by distal-rip and/
or storm-induced currents. The deduced effects of storm in
the SPG come from the occurrence of hummocky crossstratification (HCS) that, together with wave ripple crosslamination, indicate the action of storms below fair-weather
wave base and lead to the inference of deposition in the
middle shelf (Fig. 6g, h). Gradual basin-ward change from
SPG to QSP facies is evidenced by a progressive grain-size
decrease and the differential increase in silt- to very fine
sand-sized quartz grains. These compositional and grainsize trends record wave winnowing that moved the finer
fractions towards deeper, more distal areas. The occurrence
of well-preserved (i.e., without signs of high abrasion) colonies of bryozoans, planktic foraminifers, the scarcity of
molluscs, the occurrence of the ostracod Aurila, the rare
preservation of current structures, and the intense spatangoid
infaunal bioturbation support the deposition of QSP facies
in a moderate- to low-energy environment, well below the
WAD, basinwards of the SPG facies, in a transition from
the middle to the outer shelf, with reduced light penetration

Fig. 7  Depositional model for the Miocene succession of the area of Portimão in the Algarve (south/South Portugal). Symbols as in Figs. 3 and
4
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(oligophotic zone). The evidence of cross-stratification filling channel-type scours and diffuse cross-lamination and
hummocky cross-stratification may reflect the sweeping by
deep swells with storm-induced currents on the middle-outer
shelf seafloor.
Further evidence of water depths below the WAD for the
SPG and QSP facies comes from the abundance of infaunal
burrows that blur the physical sedimentary (current) structures, suggesting a setting in the middle- to outer-shelf under
low- to moderate-energy conditions.

Biostratigraphy and chronology
The Miocene exposed in Lagos region and Rocha beach
cliffs was originally attributed to the Helvetian and correlated with the divisions Vb and VIc of the Lisboa region
(Cotter in Dollfus et al. 1903–1904), nowadays well-dated
as Langhian and late Serravallian (Legoinha 2001; Pais
et al. 2012). Ferreira (1951) reviewed pectinids from the
Lagos (Helvetian Vb) and Rocha beach (Helvetian VIc)
units. Antunes et al. (1981a) studied vertebrates from karstic
deposits of the carbonate series of the Albufeira region
(Marinha-Praia Grande-Arrifão). Thousands of teeth of
more than 50 species of fish (selaceans and teleosteans) and
a crocodile (Tomistoma sp.) have been collected, the fauna
suggesting a Burdigalian (possibly late) to Langhian age,
and shallow waters warmer than the present. Rare planktic
foraminifers were identified by Bizon (Antunes et al. 1981b),
among them Globigerinoides trilobus, Globigerinoides
subquadratus, Praeorbulina (dubious), Globigerinoides
bisphericus(?), and Praeorbulina transitoria, indicating the
late Burdigalian (N7, Blow 1967) or, perhaps, early Langhian (N8).
In the Praia da Rocha section, Antunes et al. (1997)
and Pais et al. (2000, 2012) recognized the occurrence of
Orbulina universa indicating a post-Langhian age, implying that this section is stratigraphically above that of the
Marinha-Praia Grande-Arrifão sector. The available Sr isotopic ages indicate the Serravallian (11.5, + 0.8 − 0.5 Ma;
12.2, + 1.2 − 1.3 Ma). In the upper part, the Serravallian is
overlain by early Tortonian deposits, through an erosive discontinuity and a basal conglomerate with phosphatic nodules
and glauconite, yielding Globigerina concina and cf. Neogloboquadrina acostaensis, and an oyster shell Sr isotopic
age of 10.7 (+ 0.8, − 1.2) Ma.
In this study, new samples from Vau and Rocha sections have allowed an improvement in the biostratigraphy
and chronology (Figs. 8, 9). In spite of poor preservation,
scarcity, and low diversity of foraminiferal assemblages,
a succession of bio-events (first and last occurrence) was
recognized, making it possible to correlate accurately the
Vau and Rocha outcrops, previously attempted (Dabrio et al.
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2008), and dating some sequence boundaries using FAD
(first appearance datum)/LAD (last appearance datum) chronology (Berggren et al. 1995). Globigerinoides altiaperturus
is present in the lower sequence (Bu3). This is the marker for
the Burdigalian (N5–N7 biozones of Blow; 16.4–17.5 Ma)
and became extinct in the top of N7. In the next sequence
(L1), the occurrence of Praeorbulina sicana, P. transitoria,
P. glomerosa, and Orbulina suturalis (FAD 15.1 Ma) characterizes the Langhian biostratigraphic interval N8–N9. The
FAD of Praeorbulina sicana (16.4 Ma) marks the base of
N8 (Blow). Orbulina universa only occurs above the L1/S1
boundary, which FAD (14.7 Ma) marks the base of N10. It
was an important key biostratigraphic marker for the correlation between Vau and Rocha (Fig. 9).
For the S3 sequence, Orbulina universa, Globigerinoides
subquadratus, Globorotalia mayeri indicate N12–N13
(Blow). The limit N13/N14 is close to the Serravallian-Tortonian boundary (11.6 Ma). This sequence correlates with
TB 2.6 (Haq et al. 1987): ~ 12.8 to 11.6 Ma.

Sequence stratigraphic interpretation
Two orders of sequence have been identified, the smaller
ones are around 0.5 m thick, and the thicker ones around a
few meters.
(a) Small scale sequences 40–60 cm thick, are well displayed between meters 23 and 28 m of Vau section
(Fig. 3; S3 in Fig. 9), and consist of a dominantly
sandy, yellow lower part (QSP and/or SPG facies) with
bryozoans and abundant horizontal elliptical burrows
without internal structural differentiation (≈ Bichordites
ichnofabric). This lower part passes to shell-rich thinner beds (transition from SPG to MR facies) with large
specimens of Pecten, Ostrea, echinoids (Scutellids)
and partial preservation of wavy lamination, mainly of
the HCS type (Dabrio et al. 2008) (Fig. 3b, c). These
sequences were initially assigned to a Milankovitch
forcing mechanism, where the lower part of the cycle
could correspond to more humid, stormier conditions,
with a larger supply of sand, whereas the upper part
of the cycle could represent more arid periods, when
reduced terrigenous input would have favored accumulation of shells (Dabrio et al. 2008). Furthermore, as
interpreted in previous sections, the increase in finergrained siliciclastic material is better explained as the
result of a differential winnowing out offshore of the
finer sediment particles that are richer in silt and very
fine sand-sized grains of quartz. Therefore, we interpret
these cycles as the result of minor sea-level changes
that induced back and forth (landwards and seawards)
shifts of facies related to the capacity of waves for win-
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Fig. 8  Biostratigraphy and chronology of the LPF from the FO and
LO (first and last occurrence) of key biostratigraphic markers. Eustatic curve, sequence boundaries, and the isotopic δ18O as in Fig. 9.
a Based on sampling from this study and results from Antunes et al.

13

Facies

(2019) 65:33

(1997) and Pais et al. (2000, 2012). b FAD, LAD of planktic foraminifers (Berggren et al. 1995). (13.7): ages of relative sea-level changes
(Snedden and Liu 2010)
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Fig. 9  Sequence stratigraphy and correlation between western (Praia
de Vau section) and eastern (Praia de Rocha section) areas. Time
scale is from Berggren et al. (1995). Eustatic curve and sequence
boundaries are from Haq et al. (1987) and Hardenbol et al. (1998),

respectively. Correlation between the eustatic curve and the isotopic δ18O curve for Cenozoic is from Abreu and Anderson (1998).
87
Sr/86Sr data from Pais et al. (2000). Symbols as in Figs. 3 and 4

nowing and reworking the seafloor along the middle
shelf, which would have resulted in progradational
coarsening-upward sequences.
(b) Large-scale sequences The vertical distribution of
facies, together with intervening discontinuities,
allow the recognition of sequences 3–9 m in thickness

(Figs. 3, 4, 8). These sequences commonly consist of
a sharp basal boundary, overlain by quartz-rich, skeletal packstone (QSP) or skeletal packstone/grainstone
(SPG). In general, the SPG pass progressively upward
to MR facies that are more compact (Figs. 7, 9). The
MR beds are thicker in the sequences below the L1/
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S1 boundary than those above this boundary (Fig. 8).
Sequences are generally asymmetrical, beginning by
QSP, except for S2 that begins and ends with MR. This
symmetrical sequence (a bi-sequence) incorporates
fine to medium sand-sized packstone (SPG) in the
middle part (Figs. 3, 6a) that includes a sharp surface
below which there are well-defined, vertically to subvertically oriented cylindrical burrows (Fig. 6a). These
structures show cross-cutting relationships with previous softground infaunal burrows, features indicating a
stable and cohesive substratum (firmground). The situation of such a firmground on a SPG level with bryozoan
bioclasts, planktics and LBF, suggests a discontinuity
presumably related to a maximum flooding surface.
Substrate-controlled ichnofacies such as these are commonly linked to transgressive events (MacEachern et al.
2010).
At the top of the Langhian sequence (below the L1/S1
boundary, Figs. 3, 4, 9) densely packed, vertical burrows,
up to 1 m long, occur (Fig. 6c, e), tentatively attributed to
a substrate-controlled ichnofacies (following MacEachern
et al. 2010). It could be an omission suite associated with
the regressive surface of erosion that represents the L1/S1
boundary.
The basal erosional surfaces at the base of QSP (/SPG)
beds of these large-scale sequences have been interpreted as
regressive surfaces of erosion (RSE, Fig. 9). These regressive events are evidenced by the change of facies and WAD
toward a maximum regressive surface (MRS) (James and
Lukasik 2010). In our case, the RSE are capped by different
facies (QSP, SPG or even MR) depending on the degree of
sea-level fall and the ensuing rise. Thus, the S2 sequence
begins with a transgressive interval ending in a maximum
transgressive surface, followed by a regressive interval
resulting in a symmetrical cycle (Figs. 3, 9). On the other
hand, the S1 consists only of the culmination of a transgressive interval assuming that the basal stretch and the regressive interval have been reworked by the ensuing regression
and/or transgression. In this latter case, an overlapping of
regressive and transgressive surfaces of erosion could have
taken place (RSE, TSE, Fig. 8). This fact could have been
caused by low sedimentary supply (and/or) low sedimentation rate (James and Lukasik 2010).
The transition MR → SPG → QSP may have been induced
by a gradual return to the niche of the carbonate factory
depth for molluscs, as the relative sea-level rise began to
slow-down and the wave abrasion area shifted offshore. The
basal erosional surface of the sequences cannot be considered a drowning unconformity (sensu Schlager 1991) as it is
not covered by facies indicative of a drastic change in sedimentation depth, as suggested by the absence of terrigenous
siliciclastic, pelagic, or hemipelagic deposits.
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Correlation with eustatic sea‑level changes
Without discarding the possible influence of regional subsidence, the variable sedimentary input from the hinterland
and the local movements of Triassic evaporites during alpine
diapirism (Davison et al. 2016), the studied successions
show a eustatic control (Forst et al. 2000; Kroeger et al.
2007; Dabrio et al. 2008), as expressed by the medium- and
large-scale sequences. Whereas the small-scale sequences
have been associated with minor fluctuations of sea levels,
with an uncertain connection to Milankovitch forcing, the
larger-scale sequences, a few meters thick, show erosive
boundaries interpreted to record major sea-level rises. Similar sequences have been recognized in older (Burdigalian
to lower Serravallian) sequences of the LPF that “strongly
suggest a third-order eustatic control” (Brachert et al. 2003;
Kroeger et al. 2007) as well as in the study area (Dabrio et al.
2008). Kroeger et al. (2007) recognized four discontinuities
and three third-order sequences within the LPF, between the
top of Burdigalian (about 16.3 Ma, scale of Berggren et al.
1995; 15.97 Ma after Gradstein et al. 2004) and Serravallian
(just below the − 13 Ma, same time scale). These authors
correlated the variations of the Sr-isotope ratio through the
LPF with glaciations and eustasy, deducing a coincidence
of the three sedimentary sequences with periods of high sea
level in the Miller et al.’s (2005) [see details in Kroeger et al.
(2007)] curve with low δ18O values.
A similar order of discontinuities has been recognized in
the study area (Figs. 8, 9). Taking into account the discussed
age relationships within the studied Miocene succession
(biostratigraphy and chronology), the first two sequences
(Bu2, Bu3) may be assigned to the Burdigalian, the third
one (L1) to Langhian and the three overlying sequences (S1,
S2, S3) to the Serravallian. Correlation of the three Serravallian sequences with third-order sequences and sequence
boundaries of Hardenbol et al. (1998), based on the time
scale of Berggren et al. (1995), and the eustatic curve of
Haq et al. (1987) is tantalizing. The lower boundary surfaces
of the three Serravallian (and the same for the BurdigalianLanghian) sequences are sharply overlain by deeper-water
facies (QSP) and may correspond to TSE (Hardenbol et al.
1998). It has been proposed for the Burdigalian and Langhian succession of the LPF in other areas that the alternation
of two characteristic facies, namely fossiliferous sandstone
(QSP here) and shell-rich beds (MR here), indicates respectively sea-level highstand and lowstand, corresponding to
TST (/early HST) and LST (Forst et al. 2000; Brachert et al.
2003; Kroeger et al. 2007). The ‘fossiliferous sandstone’ of
these authors has the same environmental signature as the
QSP (outer shelf), and their ‘shell beds’ are equivalent to
the MR in this present study. This model for the Serravallian
succession helps us to interpret the QSP, with the deepening facies corresponding to periods of maximum flooding
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(TST). On the other hand, the MR facies that commonly tops
the sequences, represents periods of relative sea-level fall
when the descending wave abrasion depth (WAD) reaches
the seafloor. The sharp contacts with the overlying QSP
facies are the sequence boundaries that can be correlated
with the basal unconformities of the third-order sequences
recognized in the Serravallian succession (Hardenbol et al.
1998) (Fig. 9). The Langhian age of sequence L1 is well
supported by the occurrence of Praeorbulina sl, and absence
of Orbulina universa allowing a good correlation with the
eustatic cycle TB2.3 Langh (Hardenbol et al. 1998). Furthermore, this correlation is framed by two significant erosion
surfaces (Fig. 9) that match well with the surfaces of major
relative sea-level change dated as the base of the Lang2/Ser1
(intra-Langhian) sequence, and with the sequence boundary
Ser4/Tor1 after Hardenbol et al. (1998) (Fig. 9). Between
these two sequence boundaries, these authors recognize
three sequences (Lang2/Ser1, Ser2, and Ser3) separated by
surfaces of minor relative sea-level change. The S1, S2, and
S3 sequences of the present study show a good correlation
with these three globally recognized sequences. The inversion point of the bi-sequence S2 can be considered a temporal marker and be correlated with the maximum flooding
surface (≈ 13 Ma) of the cycle TB2.5 of Hardenbol et al.
(1998) (Fig. 9).
These three eustatic sequences keep a close parallelism
with the curve of isotope events (MSi-1, MSi-2, and MSi-3)
of Abreu and Anderson (1998) (Fig. 9). The three maximum
sea-level falls, correlated with the maximum δ18O values
for the Serravallian events (Abreu and Anderson 1998), can
be correlated with the lower limit of the three sequences
recognized in the Serravallian Vau-Rocha succession. This
circumstance would support the accumulation of carbonaterich facies on shallow shelves during episodes of maximum
sea-level fall. In the upper part of the Serravallian succession
(S3 sequence), rhythmic thinner mollusc-rich beds occur,
suggesting a higher frequency of sea-level falls and their
effects on the shelf seafloor. This fact is likely related to the
progressive increase of ice-volume in Antarctica during the
middle Miocene (Abreu and Anderson 1998).
Recent studies show that stratigraphic cyclicity (sedimentation, sea-level, and climate) is commonly controlled
by astronomical forcing. Third-order eustatic cycles and
depositional sequences have been related to 1.2 myr obliquity forcing during icehouse times. Fourth-order sequences
may be linked to the 405-kyr eccentricity cycles and possibly to the ~ 160 to 200-kyr obliquity modulation, and
fifth-order sequences to the short ~ 100 kyr eccentricity
cycles (Lourens and Hilgen 1997; Hinnov and Ogg 2007;
Boulila et al. 2011). The sequence analysis of the Middle
Miocene of the LPF suggests that the long-period (1.2 myr)
obliquity modulation may be the main astronomical factor
controlling the change and package of facies (third-order
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depositional sequences: L1, S1, S2, and S3). The thinnest
cycles (SPQG → MR facies) recognized in the S3 sequence,
appear to correspond to fifth-order sequences related to the
short (~ 100-kyr) eccentricity forcing that has been shown to
be enhanced during the middle Miocene (Mil-Mi6) cooling
periods (Lourens and Hilgen 1997).

Conclusions
1. The Portimão succession displays three main carbonate facies: (1) Mollusc-rich rudstone with a matrix of
skeletal packstone-grainstone (MR), (2) fine to medium,
skeletal packstone/grainstone (SPG), and (3) quartz-rich
skeletal packstone (QSP). These facies show a progressive enrichment in silt-to fine sand-sized quartz grains
up to 25% from (1) to (3).
2. The absence of non-skeletal particles, carbonate mud,
hermatypic corals and calcareous green algae in these
shallow-water deposits suggests cool surface water temperatures (< 20 °C mean annual) during deposition.
3. Main skeletal components are bivalves (pectinids), echinoids, and benthic and planktic foraminifers, the latter
being scarce in facies MR. This heterozoan composition
of carbonate facies is characterized by the dominance
of filter and sediment feeders (heterotrophs). The abundance of infaunal echinoids (e.g., Spatangus), intense
bioturbation and the occurrence of suspension and sediment feeders in SPG and QSP are related to increased
trophic resources. These resources were probably controlled both by nutrient supply from the continent and
seasonal upwelling along the shelf.
4. The presence of LBF (Amphistegina, Heterostegina,
Operculina) and the absence of calcareous algae and
zooxanthellate corals point to deposition under warmtemperate conditions (ca. < 20 °C). Abundance of epiphyte foraminifers in MR and SPG suggests the presence
of sea-grass meadows in the innermost part of the shelf.
Palmate-like bryozoans principally occur in association
with the QSP facies, reflecting distal settings (middle
to outer shelf). The absence of rhodalgal facies in this
upper Langhian-Serravallian succession could be due
to a combination of temperature decrease, terrigenous
supply and/or seafloor eutrophication.
5. Terrigenous influx from the hinterland was maintained
during deposition of the succession and the greater content in the QSP facies is mainly a consequence of the
differential export of silt- to sand-sized quartz grains
offshore. Quartz grain supply underwent an increase
from the Langhian to Serravallian sequences of the VauRocha succession.
6. The studied Miocene succession was deposited on a
shallow-marine open shelf with wave action on the sea-
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floor, episodic storms, and currents; the nearshore and
outermost shelf facies are not exposed. The facies association represents subtidal environments ranging from
inner to proximal outer shelf domains. MR facies characterizes the inner areas of the shelf within the WAD
(≈ 15 m), whereas SPG and QSP contain wave ripple
cross-lamination and HCS indicative of deposition in
the middle (15–50 m) to proximal outer shelf (> 50 m)
settings below the SWB.
7. Biostratigraphy and chronology of the LPF is improved
by the identification of FO and LO (first and last occurrence) of key biostratigraphic markers (Globigerinoides
altiapertura, Globigerinoides subquadratus, Praeobulina s.l., Orbulina suturalis, Orbulina universa and
Globorotalia mayeri) under and above the main disconformities bounding the recognized sequences: Bu3-Late
Burdigalian (N7; > 16.4 Ma), L1-Langhian (N8–N9;
16.4–14.7 Ma), S1 and S2-Serravalian (N10–N11), and
S3-Serravalian (N12–N13; 12.8–11.6 Ma).
8. Two main sequence scales are developed. The smallscale sequences, 40–60 cm thick, may represent
minor sea-level changes that correspond to fifth order
sequences related to short (~ 100-kyr) eccentricity forcing. Six large-scale sequences, 3–9 m in thickness, are
recognized that begin with a sharp basal boundary, usually are overlain by QSP and end in coarser MR facies.
Based on LAD and FAD of planktic foraminifers and the
recognition of two significant erosion surfaces (Lang2/
Ser1 and Ser4/Tor1), originated by major sea-level falls,
the upper five sequences (Bu3, L1, S1, S2 and S3) are
well correlated with third-order eustatic cycles modulated by long-period (1.2 myr) obliquity astronomical
cycles.
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