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multi-specific and demonstrate robust growth forms with 
a lumpy morphology. Moreover, taphonomical analyses 
show the succession of several destructive events during 
rhodolith growth, suggesting life under a highly dynamic 
system prior to stabilization and burial. The rhodoliths 
therefore tell a story of an eventful life, with multiple trans-
port and growth stages, owing to the environment in which 
they lived. Transport and deposition to their final resting 
place was storm-associated, as supported by the general 
sedimentary sequence. In particular, the sequence features 
an amalgamation of tempestites deposited under increas-
ing water depths, sediment aggradation, and before burial 
by volcanic activity. This transgressive trend is also attested 
by the overall characteristics of the volcano-sedimentary 

Abstract  Rhodoliths are a common producer of carbon-
ates on modern and ancient shelves worldwide, and there 
is growing evidence that they thrive on volcanic insular 
shelves. However, little is still known on how rhodoliths 
cope with the demands of this particularly dynamic envi-
ronment. In this study, the focus is placed on fossil rho-
doliths from a Pliocene sequence at Santa Maria Island, 
Azores, in order to gain further insight into the life cycle 
(and death) of rhodoliths living within a mid-ocean active 
volcanic setting. These rhodoliths occur as a massive accu-
mulation within a larger submarine volcano-sedimentary 
sequence that was studied from the macro- to the micro-
scale in order to reconstruct the paleoenvironmental condi-
tions under which the rhodolith accumulation was depos-
ited and buried. All fossil rhodoliths from this setting are 
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succession, which exhibits the transition to subaerial envi-
ronment in excess of 100 m above the rhodolith bed.

Keywords  Coralline red algae · Peyssonneliacean algae · 
Early Pliocene · Paleoenvironment · Azores Archipelago

Introduction

Rhodoliths are carbonate nodules built by free-living coral-
line red algae (Rhodophyta) around a central core, often a 
pebble or shell fragment. These structures are unattached 
and roll around the sea floor under the influence of waves, 
currents and/or bioturbation, which promotes a more-or-
less equitable exposure to sunlight, essential for photo-
synthesis. In general, rhodoliths are widespread among 
non-tropical and tropical marine environments where they 
can live in various water depths, from tidal pools down to 
greater water depths within the photic zone (Bourrouilh-Le 
Jan and Hottinger 1988; Checconi et al. 2010). Rhodoliths 
have been widely reported from continental shelves and 
continental island shelves (Bosence 1983; Checconi et  al. 
2010; Basso et al. 2009), but growing evidence shows that 
these organisms also thrive on oceanic island shelves, both 
volcanically inactive and active (Johnson et  al. 2014 and 
references therein).

Reefless island shelves are particularly dynamic marine 
environments due to their exposure to strung surf, storms, 
volcanism, and mass wasting; additionally, reefless island 
shelves are also narrower and steeper than continental 
shelves, a condition that facilitates sediment transport and 
greatly contributes to environmental instability. How rho-
doliths cope with environmental pressures of this dynamic 
environment is, however, relatively unknown, and therefore 
the focus of this study.

The Malbusca section on Santa Maria Island (Azores, 
NE Atlantic) essentially corresponds to a volcano-sedimen-
tary sequence comprising submarine effusive products and 
beds of clastic sediments. The sediments consist of mixed 
carbonate-volcaniclastic packages with significant rhodo-
lith accumulations. The aim of this study is to reconstruct 
the paleoenvironmental conditions under which the rho-
dolith accumulation was deposited and buried within an 
active volcanic setting.

Location and geological setting

The Azores Archipelago (Fig.  1) is located in the north-
east Atlantic Ocean about 1400  km off the Portuguese 
mainland. The archipelago comprises a group of volcanic 
islands straddling the junction between three tectonic 
plates: the North American, the African (Nubian) and the 

Eurasian plates (França et  al. 2003). Santa Maria is the 
oldest and the easternmost island, dating back to the late 
Miocene (Serralheiro et al. 1987; Serralheiro and Madeira 
1990; Serralheiro 2003; Ramalho et al. 2014; Sibrant et al. 
2015). It is the only island in the archipelago that preserves 
a rich fossiliferous sequence of Neogene sediments (Fer-
reira 1955; Zbyszewski and Ferreira 1962; Ávila et  al. 
2009, 2015b; Madeira et al. 2007), due to a fortuitous com-
bination of volcanism, sedimentation, uplift and coastal 
erosion.

The volcanostratigraphic sequence of Santa Maria was 
described in detail by Serralheiro et al. (1987), Serralheiro 
and Madeira (1990) and Serralheiro (2003). The island first 
emerged during the late Miocene at around 6 Ma (Ramalho 
et al. 2014), during which time the Cabrestantes and Porto 
formations were deposited. Subsequently, an island formed 
as a shield (Anjos Complex), was largely eroded again 
during the latest Miocene and early Pliocene. During this 
phase, the existing island disappeared and became a guyot 
(Ávila et  al. 2012), possibly with just a few islets emerg-
ing above water; contemporaneously, a large amount of 
volcaniclastic and bioclastic sediments, interfingering with 
synchronous low-volume submarine lava flows, was depos-
ited (Touril Complex). During the early Pliocene, volcanic 
activity increased again, gradually raising the island again 
above sea level (Facho-Pico Alto Complex). In the late Pli-
ocene and Pleistocene, erosion and uplift again prevailed, 
combined with low-volume volcanism during the late Plio-
cene (Feteiras Formation).

The Malbusca locality features a ~150-m plunging cliff 
that exposes the edifice’s volcanostratigraphic sequence at 
its southernmost point. The sequence corresponds to a sub-
horizontal stack of basaltic submarine lava flows interbed-
ded with less voluminous fossiliferous marine sediments, 
capped by subaerial lava flows and a small cinder cone 
(Fig. 1). The base of the sequence, comprising the first set 
of submarine flows and the first (thicker) package of marine 
sediments was considered as part of the Touril Complex 
by Serralheiro et al. (1987), which can be traced intermit-
tently along the south and western side of the island to the 
north shore. Therefore, within this context, the sedimen-
tary sequence reflects a period in which the island edifice 
resembled a shallow, sandy bank where marine life thrived. 
The overlying submarine products, minor marine sedimen-
tary layers, and capping subaerial products were considered 
as part of the Facho-Pico Alto Complex. A recent work by 
Sibrant et al. (2015) dated the lava flows below and above 
the main (lower) sedimentary package—the focus of this 
study—yielding 4.32 ± 0.06 and 4.02 ± 0.06 Ma, respec-
tively; Sibrant et al. (2015), however, erroneously described 
the upper flow as subaerial when in fact it is a submarine 
sheet flow. Their study nevertheless provides a well-con-
strained age for the sedimentary sequence that is the focus 
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Fig. 1   Location of the Azores Archipelago with respect to Santa 
Maria Island and the outcrop studied: A–G location of the logs stud-
ied; white dashed line marks the passage zone between submarine 
units and subaerial units; and model of the spatial relationship of 
the sedimentary units exposed at the Malbusca section, based on the 

correlation of the individual logs and field data. Note strong relief of 
underlying pillow lavas, hyaloclastite foresets in the east, and thick-
ening of the sedimentary succession towards the north. Height of sec-
tions exaggerated by a factor of five
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of this study, safely placing it in the early Pliocene and not 
the late Miocene, as it has been previously suggested.

Methods

To capture the full diversity of the laterally rapidly chang-
ing facies, five stratigraphic logs were compiled at various 
intervals along the studied outcrop. These are, from west to 
east: Malbusca A–D and F (Fig. 1). Two other sites (Mal-
busca E, G; Fig. 1) were used to complement facies lateral 
variation, but were not studied in detail. The rhodolith layer 
was separated into different units according to the recog-
nized beddings.

Growth forms of rhodoliths, additional biological 
encrustations and borings were registered in the field. 
Whole rhodolith specimens from stratigraphic levels near 
the base of the succession above the unconformity were 
collected at two localities and measured (to the nearest mil-
limeter) across three principal axes (long, intermediate, and 
short). Data from these measurements were divided into 
spherical, ellipsoidal, and discoidal shapes according to the 
triangular diagram applied to rhodoliths by Bosence (1976, 
1983). In addition, the rhodoliths from these collections 
were mechanically broken apart in order to determine the 
nature of their nuclei. Growth-form terminology follows 
Woelkerling et al. (1993).

A bulk sample (1–2  kg) containing several rhodoliths 
was taken from each bed (logs A–D) in order to study the 
taxonomy and sediment composition. Microfacies analy-
sis and species relative abundance were appraised on the 
basis of 16 rhodolith thin-sections of 4.8 × 9.6 cm and 8 
of 4.8 × 4.8 cm from the bulk samples. The quantification 
of thin-section components was conducted using estimation 
charts as described by Flügel (2004). All rhodolith sam-
ples are stored in the Fossil Collection of the Department 
of Biology at the University of Azores, under the acronym 
DBUA-F1084 to 1106.

Invertebrates were identified in the field or later in the 
laboratory. Sets of three samples (triplets) for calcareous 
nannofossil screening were collected at three distinct lev-
els of Malbusca B and at five levels of Malbusca D of the 
described stratigraphic sections. The aim was to study the 
variability and the main overall parameters (quantity and 
diversity) of the coccolith assemblages. Due to the coarse-
ness of the samples subsequent laboratorial preparation 
followed procedures described in Johnson et  al. (2012). 
Calcareous nannofossils were identified by polarizing light 
microscopy at 1250× magnification.

Results

Stratigraphic logs

The location of the five stratigraphic logs performed during 
the course of this study, A–D and F, is shown in an aerial 
view of the Malbusca cliffs (Fig. 1). In this section, pillow 
lavas (facies 1; cf. Fig. 2) are overlain by sediments com-
posed of rhodoliths in rock-forming quantities, as well as 
local patches with conglomerates and breccias formed by 
volcaniclastics. The sedimentary deposits are more or less 
continuously exposed for a lateral distance of 400  m and 
are situated about 20  m above present sea level. To the 
east, the outcrop can be traced along a ledge formed by the 
underlying volcanic rock, across a steep, inaccessible slope 
(E in Fig. 1) partly covered by fallen blocks and vegetation. 
Further east the strata are exposed again for a short stretch 
(F in Fig. 1), before onlapping against prograding foresets 
of hyaloclastites, preserved as part of an old lava delta (G 
in Figs. 1, 3a). There are no further outcrops at this level 
towards the east. In the west, in contrast, the Neogene sedi-
ments can be traced for approximately 2 km, but cropping 
out high up in the cliffs (rising up to more than 50 m above 
present sea level), being either inaccessible or completely 
covered by debris and vegetation.

The Neogene sediments rest on an eroded surface 
formed by pillow lavas with a topographic relief that var-
ies laterally from 0 to 8 m. Locally, small volcanic pebbles 
are encrusted by biota and trapped within depressions (log 
A, Fig. 2). The topographic relief is filled up by a rhodo-
lith rudstone that is laterally consistent through logs A to 
D. In some places, the rhodolith rudstone penetrates deeply 
in the underlying rock, filling fissures and crevices 1–2 
m below the surface. Locally (logs A, C, E, and F) large 
basalt boulders lie at the base of the sedimentary succes-
sion. Sandstone follows unconformably above the rhodolith 
beds, containing local accumulations of shells and litho-
clasts (both of volcanic and bioclastic origin) at the base. 
Unconformably above the sandstone follows a thicker 
unit of sandstones with hummocky cross-stratification and 
again larger bio- and lithoclasts at the base. The top part of 
the sedimentary succession is heavily bioturbated. The sec-
tion is capped by a laterally extensive submarine sheet lava 
flow followed by a succession of more massive submarine 
sheet flows and pillow lavas. In the easternmost part of the 
outcrop, where the lava flow capping the underlying sedi-
ments is thicker, another layer of sediment that pinches out 
towards the west is intercalated within the lava (Fig. 2, log 
F) (for a summary of the different facies see Table 1).
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Fig. 2   Detailed stratigraphic logs from the Neogene sequence at Malbusca, with correlation of the different lithofacies across the different logs. 
Star and circle symbols indicate respectively the collecting location for calcareous nannofossils and rhodoliths
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Malbusca log A

Malbusca log A starts with a 2-m-thick sandstone unit 
(facies 2a in Figs. 2, 3b) rich in bioclasts, including shells 
of Spondylus gaederopus, Ostrea spp., various pectinids, 
other bivalve shell debris, subordinate echinoid tests of 
Eucidaris tribuloides and Clypeaster altus as well as frag-
ments of the balanid Zullobalanus santamariaensis. At the 
base, basalt cobbles of up to 20 cm occur. Basalt pebbles 
(2–4 cm in diameter) and rhodoliths are common within the 

whole unit. In the upper part, some of the rhodoliths show 
volcanogenic nuclei. The transition to the following unit is 
gradual and mainly related to an increase in rhodolith abun-
dance and vanishing of lithoclasts.

Above follows a ca. 2-m-thick dense rhodolith accu-
mulation (rhodolith rudstone, facies 2b, Fig. 2), composed 
mainly of rhodoliths ranging from 2 to 3  cm in diameter. 
Rhodolith nuclei, when visible, are represented by bivalve 
shell fragments; growth forms range from encrusting to 
lumpy, with some warty rhodoliths in the top part of the 

Table 1   Summary description of distinguished facies and their interpretation

Description Interpretation

Facies 1 Pillow lava In situ pillow lava forming 
topographic relief

Facies 2a Sandstone, mainly 
calcarenitic

M
ul

tip
ha

se
 te

m
pe

st
ite

(s
)

Finer-grained sediment 
trapped within the relief

Facies 2b Rhodolith rudstone Mixture of in-situ and 
transported rhodoliths

Facies 3 Shell rudstone or shell 
breccia

Reworked shells after storms

Facies 4 Bioturbated volcaniclastic 
calcarenite/sandstone

Decrease of hydrodynamic 
energy compared to facies 3

Facies 5a + b Coarse 
bioclastic/volcaniclastic 

sandstones with 
bioturbation on top

Filling of accommodation 
space with shallow subtidal

traces at the top

Facies 5c Coarse 
bioclastic/volcaniclastic 

sandstones with hummocky 
cross-stratification

Storm deposit after time of 
quiescence represented by 

burrowing on top of 5b

Facies 6 Sandstone bioturbated to 
varying degrees

Shallow subtidal

Facies 7 Pillow lava Lava flow terminating the 
sedimentary succession

Facies 8 Cross-bedded sandstone High-energetic intercalation within 
submarine lava flows

Facies 9 Breccia slope deposit
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bed. Rhodoliths are mostly spheroidal and ellipsoidal in 
outline. Again, bivalve debris is abundant, while echino-
derm fragments occur less commonly.

Facies 3 is a shell rudstone or shell breccia with a thick-
ness of 80  cm (Fig.  3c). Shells are mostly fragmented, 

disarticulated and do not show preferred orientation. 
Bivalve shells belong to oysters, pectinids and spondylids 
(see “Appendix”). Most shells and some rhodoliths are bio-
eroded (mostly Entobia isp. produced by clionid sponges 
and Gastrochaenolites isp. produced by the endolithic 

Fig. 3   a Hyaloclastite foresets (position G in Fig. 1). b–g Views of 
Malbusca A with details of the different units. b Overview of Mal-
busca A. c Shell rudstone (log A; scale bar equals 1  cm). d Detail 
of the basal rhodolith rudstone with magmatic intrusion. e Rhodo-
lith overgrown by barnacles from top of the rhodolith rudstone (log 

A; scale bar equals 1 cm). f Bioturbated sandstone unit (facies 5c). g 
Detail of facies 5c, where it is possible to see trace fossils of different 
sizes (smaller Macaronichnus segregatis and larger Thalassinoides 
isp.)
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Fig. 4   Views of Malbusca B and C with details of the different units. 
a Overview of Malbusca B. b Detail of the basal rhodolith rudstone 
unit. c Detail of the multiphase filling channel unit. d Overview of 

Malbusca C. e Detail of the basal rhodolith rudstone unit. f Detail of 
the sandstone with patches of rhodoliths and shells
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bivalve Myoforceps aristatus). A magmatic layer seems to 
be intruding into the sediment (Fig. 3d). This facies type is 
present in Malbusca A, B, and C.

Above, 1.5  m of volcaniclastic calcarenites follow 
(facies 4). These sediments are strongly bioturbated, 
but locally remnants of cross lamination and bedding is 

present. Centimeter-sized shell and echinoid fragments 
are accumulated in patches. Rhodoliths of 4–8  cm diam-
eter occur, some of which are encrusted by the barnacle Z. 
santamariaensis (Fig. 3e). The calcarenites are partly bio-
turbated. Trace fossils are represented by large, variably 
oriented, branched, tubular burrows, mostly 1.5–3  cm in 

Fig. 5   Views of Malbusca D with details of the different units. a 
Overview of Malbusca D (person for scale). b Detail of the basal rho-
dolith rudstone and bedded sandstone. c Detail of the bioturbational 
structures (?Bichordites isp.) on top of the 20-cm bedded sandstone. d 

Transition from facies 5 to 6, with onset of abundant Macaronichnus 
isp. (log D; scale is 10 cm long). e Succession of log D, note planar 
top of bioturbated calcarenites (facies 6) overlain by a submarine lava 
flow
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diameter, including unlined Thalassinoides isp. and lined 
Ophiomorpha isp. (Fig. 3f, g), small, mostly vertical bur-
rows, 2–3 mm in diameter, lined with darker, volcaniclastic 
grains (Macaronichnus segregatis) and variably oriented, 
slightly winding, smooth tubes, 7–10 mm in diameter (Pal-
aeophycus isp.). Less common trace fossils are represented 
by (1) a large oblique cylinder without wall, 40–45 mm in 
diameter (?Psilonichnus isp.), which occurs in the lowest 
part of this facies; (2) vertical tubes, 30  mm in diameter, 
lined with shell fragments (Diopatrichnus isp.); and (3) 
bowl-like depressions, about 20  cm wide and 5  cm deep 
(Piscichnus isp.).

Facies 4 is overlain by 5c in log A, while 5a and 5b are 
missing here. It is ~20 m thick and incompletely exposed 
in log A, the upper part of which is covered by vegeta-
tion and rockfall. The lower 3–4 m of this unit consist of 
coarse bioclastic/volcaniclastic sandstones with hum-
mocky cross-stratification. Bioclasts are scarce, but trace 
fossils are abundant, involving large branching, tubular 
burrows (Ophiomorpha isp.), smaller (7–10  mm in diam-
eter), unbranched, horizontal ones (Palaeophycus isp.), and 
irregular, small, tubular burrows lined with dark grains (M. 
segregatis). A horizon with horizontal, winding, tubular, 
back-filled structures, 20–25 mm wide (Bichordites isp.) is 
present about 5  m from the base of this facies. The sedi-
ments are totally bioturbated except for local remnants of 
small-scale cross bedding.

Malbusca log B

In contrast to log A, the succession starts with 1.7 m of 
rhodolith rudstone (facies 2b) lying directly on top of the 
eroded pillow lavas (Fig. 4a). Facies 3, the shell rudstone, 
reaches only 60 cm in log B. Owing to its increased con-
tent of volcaniclastic material it is darker than the under-
lying rhodolith rudstone (Fig.  4b). Again bioturbated 
sandstones (facies 4) follow above, but cross bedding 
is even less distinct than in log A. The thickness of this 
bed varies from 3.8 in the west to 2.0 m in the east, due 
to the existence of a palaeo-channel (Fig. 4c). The chan-
nel is 1.8 m deep and shows a multiphase filling (facies 
5b) of coarse bioclasts (mainly bivalve shell fragments 
encrusted by bryozoans), rip-up clasts at the base, and 
a mixture of shell debris and basalt lithoclasts. The lat-
ter include both angular (up to 7 cm) and rounded litho-
clasts (1–5 cm). Large oyster and pectinid shells, mostly 
fragmented and bioeroded, occur. The matrix between 
the larger clasts is a coarse sandstone similar to the unit 
above (facies 5c, 3 m thick), which here is less strongly 
bioturbated than in log A. On top of this follows another 
sandstone bed, ca. 1  m in thickness, that is intensively 
bioturbated (facies 6) with Ophiomorpha isp. and Pis-
cichnus isp. (in the upper part), and Macaronichnus isp. 

(throughout the bed). The top of the sequence is covered 
by modern slope deposits.

Malbusca log C

Only the lowermost three units are exposed in log C 
(Fig.  4d). At the base, 1.4  m of rhodolith rudstone with 
basalt lithoclasts ranging from 5  cm to 1  m in diameter 
(usually well rounded) is exposed (Fig. 4e). The boulders 
are never encrusted, neither by coralline algae, nor by bar-
nacles. Here facies 2a and 2b, which are quite distinct in 
log A, are amalgamated and cannot be well differentiated. 
Above follows 1.2 m of shell rudstone (facies 3) as in logs 
A and B, with abundant disarticulated bivalve shells (see 
“Appendix”), many of them encrusted by the barnacle Z. 
santamariaensis. Remains of the large echinoid C. altus are 
also visible. Thereafter, ca. 90 cm of bioturbated, volcani-
clastic sandstones (facies 4) are exposed. Horizontal bur-
rows dominate (?Thalassinoides isp.) and patches of rho-
doliths and shells occur (Fig.  4f). Further to the east, the 
sandstones display M. segregatis, Ophiomorpha isp. and 
Piscichnus isp. The top of the section is covered by modern 
slope deposits.

Malbusca log D

Unlike the three more westerly logs, log D encompasses 
most of the sedimentary sequence of the Malbusca outcrop 
(Fig. 5a). The succession starts with up to 3 m of rhodolith 
rudstone (facies 2) filling the underlying relief. Locally, the 
unit penetrates 2 m into crevices in the basement. The matrix 
consists mainly of silt- to sand-sized bioclasts, whereas vol-
caniclastic material is subordinate (10–20  %). Rhodoliths 
are highly abundant, locally forming a grain-supported rud-
stone. In the middle of facies 2, the rhodoliths are preserved 
in 5-cm-thick layers that are distinctly cross-bedded. Higher 
up in facies 2, bivalve shells (pectinids, oysters, spondylids) 
appear usually in horizontal layers with a slight preference 
for convex-up orientation. Rhodolith size ranges from 2 to 
6 cm in diameter (Fig. 5b) and nuclei, where visible, include 
shell fragments and rare basaltic lithoclasts. Some rhodo-
liths show incrustations by balanids (Z. santamariaensis), 
but these are restricted to the outer surface. Moulds of dis-
solved large gastropods (strombids) occur occasionally, but 
as a rule, most aragonitic molluscs are completely dissolved. 
Likewise, echinoid remains (Eucidaris spines, C. altus frag-
ments) commonly occur. The uppermost 30 cm of the unit 
contain fewer rhodoliths and shells, but M. segregatis and 
poorly preserved Ophiomorpha isp. are present. Above 
these, a 1.5-m-thick unit of heavily bioturbated volcaniclas-
tic packstones follows (facies 4). Locally, a laminated layer, 
15 cm thick (Fig. 5b) cuts erosively into the upper part of the 
rudstone (facies 2). It is covered by a thin (20 cm), laterally 
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discontinuous layer of coarse sandstone. It is intensively 
bioturbated with Bichordites isp. (Fig. 5c). Above, the sand-
stones (facies 5b) are intensively bioturbated (M. segregatis, 
Ophiomorpha isp., Piscichnus waitemata), and contain one 
80 cm in thick horizon with Bichordites isp. in the center).

The overlying unit (facies 5c) again erosively cuts into 
the underlying one. It is a 0.5–6-m-thick bed of sand-
stone, similar in grain size to the unit below, but with much 
higher content of volcaniclastic material (close to 80 %). It 
is weakly cross-stratified and contains numerous basaltic 
lithoclasts (up to 6 cm in diameter, both rounded and angu-
lar ones) and intraclasts (up to 18 cm) at its base. Originally 
aragonitic bivalves seem to have been very abundant, but 
they are completely leached, leaving indistinct moulds. On 
top of this, a rich fossiliferous layer (up to 1.2 m thick) that 
contains mollusc shells (oysters and pectinids) and echinoid 
fragments (tests of Clypeaster and Echinocyamus, Eucidaris 
spines), as well as moulds of large gastropods (strombids) 

and intraclasts (up to 10  cm), occurs embedded within a 
volcaniclastic sandstone. The top part of the bed contains 
M. segregatis which is usually concentrated in proximity of 
sparse, branched Ophiomorpha isp. (it descends up to 1.5 m 
down from the top), and Palaeophycus isp.

Above, a 1.6–2-m-thick series of hummocky cross-strat-
ification or planar sandy calcarenite beds occur (facies 6; 
Fig. 5d). Bases of the beds are locally channelized. The beds 
do not contain macrofossils and are partly bioturbated. The 
top of the series of beds is planar and capped by a layer of 
basalt with the typical entablature jointing of submarine sheet 
flows, exhibiting small-scale peperites at the base (Fig. 5e).

Malbusca log E

Approximately 40 m to the ESE of log D, the cliff forms 
a point with near-vertical sides that exposes a sedimen-
tary sequence. While the upper cliffs are not accessible for 

Fig. 6   Complete sedimentary succession about 7  m thick exposed 
in the vertical walls of a narrow rock spur projecting from the cliffs 
at position “E” in Fig.  1. a The rhodolith rudstone is poorly devel-
oped on the western side. b Large cobbles at the base of the sequence 
encrusted by platy coralline algae (arrows). c the rhodolith rudstone 
fills the deeper relief on the eastern side; Towards the north (right 

in c) the rhodolith rudstone pinches out. d Detail of rhodolith rud-
stone infilling relief of basement (log E). Towards the south (left in c) 
a layer of hyaloclastites is wedged between the top sedimentary bed 
(bioturbated calcarenite, facies 6) and the overlying lava flow. Note 
the different thickness of the individual beds on the western (a) and 
eastern (c) side of this cliff
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Fig. 7   Sedimentary features 
of the Malbusca succession. 
a Top surface of basalt pil-
lows encrusted by barnacles. 
b Cross-bedding in facies 5c 
(log F, meter 12). c Onlap of 
sedimentary units on basement 
protrusion (top of log F)
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detailed logging, the section provides excellent insights into 
the spatial relationship of the different sedimentary units 
from the distance. The topographic relief of the underlying 
pillow-basalt is very pronounced (Fig.  6a). Large cobbles 
deposited within the topographic saddles are encrusted by 
platy coralline red algae (Fig.  6b). On the southernmost 
point, a wedge of hyaloclastites with occasional pillows 
is interspersed between the topmost sediment layer (facies 
6) and the overlying submarine sheet flow, which becomes 
thicker towards the south (Fig.  6c). In addition, it shows 
that the rhodolith accumulation pinches out towards the 
north (Fig. 6d), and that the sandstone units of facies 4 and 
5 rest directly on basement rocks.

Malbusca log F

The eastern- and northernmost outcrop of the Malbusca sec-
tion exposes a ca. 50-m-wide depression within the base-
ment filled by a thick sedimentary package. At the eastern 
end of the outcrop, where the basement rises high up, the 
top surfaces of some basalt pillows are encrusted by barna-
cles (Fig. 7a). In the center of the depression, a 2.5-m-thick 
basal conglomerate is exposed, containing well-rounded 
cobbles and boulders between 5  cm and 2.5  m in diam-
eter. The matrix in between is a fine-grained volcaniclas-
tic packstone with poorly preserved moulds of aragonitic 
molluscs, pectinids, oysters, Eucidaris spines and few rho-
doliths (facies 2a). Above, a ~2.9-m-thick lithic packstone 
to bioclastic sandstone follows, locally with indistinct bed-
ding and traces of mollusc moulds (facies 5a). The next unit 
comprises 4  m of lithic coarse sandstone containing well-
rounded basalt pebbles (5 mm to 10 cm in diameter) at the 
base. Indistinct bedding caused by repetitive cycles of nor-
mal grading can be observed, which seem to be the result 
of successive events. Towards the top, the content of bio-
genic material increases and indistinct mollusc moulds and 
cross-bedding occur. Laterally, the beds show onlap onto 
the basaltic basement (facies 5b). At the top, another unit 
of coarse lithic sandstone follows (3.8 m thick), being char-
acterized by cm-size bedding or grading revealed by differ-
ential weathering. It is extremely rich in mollusc shells and 
their shell fragments, most of which are completely leached 
and preserved as moulds. Locally, lamination is visible and 
internal bedding is common (facies 5c; Fig. 7b). The top of 
this unit is truncated albeit being more or less planar, and 
is followed by ca. 6 m of lithic sandstones with 20–50 cm 
foresets propagating in a westerly direction. Fossils are 
rare and restricted to small shell fragments floating in the 
matrix. The uppermost 2 m of the unit are strongly biotur-
bated. The top of the bed is planar, slightly inclined towards 
the NW and covered by a massive (ca. 10 m) basaltic sub-
marine sheet flow (facies 7) (Fig. 7c). Above this lava flow, 
another bed of cross-bedded lithic sandstone is visible. It is 

thickest in the east (3 m) and pinches out towards the west. 
Fossils are common, consisting mainly of molluscs (pecti-
nids, oysters, spondylids) and Eucidaris spines. Rhodoliths 
and rounded basalt pebbles (5–10 cm in diameter) are rare 
(facies 8). This bed is again overlain by basaltic submarine 
sheet flows, which, in alternation with pillow lavas, continue 
to the top of the cliffs, where the sequence is overlapped by 
subaerial volcanic products.

Sedimentary components and bioclasts

Bulk samples collected from the rhodolith rudstone in logs 
A to D were studied through thin-sections. The biogenic 
components are dominated by coralline red algae, peysson-
neliacean algae, foraminifera, bryozoans (both erect and 
encrusting forms), bivalves, barnacles and fragments of 
echinoderms. The distribution of the different taxa in the 
studied facies and logs is listed in the “Appendix”.

Volcaniclastic component

The volcaniclastic sediment component is dominated by 
basaltic lithoclasts and mineroclasts of diverse nature (oli-
vine, clinopyroxene, plagioclase). Secondary magnetite can 
be found widespread both in the biogenic component and 
the basaltic lithoclasts. Sparitic cement fills the pores.

Basaltic lithoclasts are rounded with a variable degree 
of weathering. The largest grains (1.5 mm) are less weath-
ered. The texture of these clasts is porphyritic with a seriate 
matrix. The mineral assemblage is typical of basalts, being 
formed by acicular plagioclase, olivine and clinopyroxenes. 
The smaller lithoclasts are completely weathered and oxi-
dized. Loose crystals are either subangular or rounded frag-
ments of mafic phases with typical sizes ranging between 
150 and 700 µm. In order of rank abundance, they occur as 
clinopyroxenes and olivines, followed by plagioclases.

Coralline algae

Coralline algae are represented by encrusting non-genicu-
late taxa forming unattached nodules known as rhodoliths. 
These compose up to 33 % of the sediments, whereas their 
fragments compose up to 11  % (Table  2). The rhodoliths 
are multispecific and dominated by coralline algae [Litho-
phyllum prototypum, Lithophyllum sp., Spongites sp., 
Hydrolithon sp., Phymatolithon calcareum and cf. Phyma-
tolithon sp. (for details on a full taxonomic classification 
see Rebelo et al. 2014)] intergrown with peyssonneliacean 
algae (Polystrata alba) and encrusting bryozoans. The 
transition from one species to the other is often marked by 
abrasion and borings by bivalves and or sponges (Fig. 8). 
For example, P. calcareum (number 7, Fig. 8) is most fre-
quently encrusted by peyssonneliacean algae (number 12, 
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Fig. 8), or by bryozoans (number 17, Fig. 8), or its surface 
is abraded (number 14, Fig. 8). However, a general growth-
succession trend was not observed. 

In all sections, fragments of geniculate coralline algae 
are present in the sediments, contributing up to 3.9 % (see 
Table 2). No further identification was possible due to the 
fragmentary preservation of the material (Fig. 9a). The sed-
imentary matrix between the clast-supported rhodoliths is 
composed of bioclastic fragments derived from molluscs, 
sea urchins, barnacles, foraminifera, rhodolith debris and 
volcanic clasts.

The rhodoliths are mostly non-nucleated, with rare shells 
or volcaniclasts as nuclei. Also smaller and abraded rhodo-
liths can serve as nuclei for new rhodoliths (Fig. 9b). Some 
of the rhodoliths are completely bored by the bivalve M. 
aristatus. This led to the dissolution of the core, allowing it 
to be filled by the surrounding sediment (Fig. 9c, e, f). The 
bivalve borings (Gastrochaenolites isp.) are partially or 
completely filled with sediment that does not always cor-
respond with the surrounding matrix of the rhodolith rud-
stone (Fig. 9c–e).

Measurements in the field revealed that rhodoliths have 
maximum diameters between 2 and 8  cm. Size and shape 

of the rhodoliths is independent of the size and shape of 
the nuclei. The majority of the rhodoliths (89 %, n = 25) is 
laminar-concentric in shape. Only three rhodoliths (11  %) 
with different growth forms were found: laminar box work, 
branching to laminar box work (Fig.  9g), and columnar. A 
total of 32 and 41 whole rhodoliths were collected for meas-
urements from the middle rhodolith bed of Malbusca sections 
B and D, respectively. The results are shown in the triangular 
diagram of Fig.  11. Rhodoliths of both sections are plotted 

Fig. 8   Chord diagram representing the transitions in rhodolith com-
position (i.e., the successive organisms or structures composing the 
rhodolith—numbers from 1 to 18). The initial stages are represented 
in black and by the letter “a”, the final stages are represented in grey 

and by the letter “b”. As an example, a12 (peyssonnelliacean algae) 
and a14 (abrasion) are frequently followed by b13 (unidentified coral-
line thallus)

Fig. 9   Rhodoliths and thin-section components. a Fragments of 
geniculate coralline algae (thin-section: Malbusca D, facies 2). b 
Bored and abraded rhodolith serving as nucleus for another rhodolith 
(thin-section: Malbusca B, facies 2b). c Rhodolith with a dissolved 
nucleus filled with sediment (thin-section: Malbusca A, facies 2b). d 
Rhodolith with dissolved core filled by different sediment from the 
surrounding sediment, composed by coralline and peyssonneliacean 
algae (thin-section: Malbusca A, facies 2b). e Rhodolith nucleus 
dissolved and filled with a sediment different from the surrounding 
(thin-section: Malbusca B, facies 2b). f Non-nucleated multispe-
cific rhodolith, borings filled by surrounding sediment, abrasion in 
between the different coralline taxa (thin-section: Malbusca B, facies 
2b). g Thin crusts of coralline algae forming a box work rhodolith 
(thin-section: Malbusca C, facies 3). h Enrolled hyaline foraminifer 
(thin-section: Malbusca A, facies 2b). i Trochiform hyaline foramini-
fer (thin-section: Malbusca A, facies 2b)

▸
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within the upper triangle for spheroidal shapes, spreading into 
the sectors below to the right for ellipsoidal shapes.

Peyssonneliacean algae

In thin-section, the thallus of the peyssonneliacean alga Poly-
strata alba could be identified in most of the examined rho-
doliths, alternating with the corallines. Isolated crusts and/or 
fragments were not recognized in the sediments (Fig. 9d).

Benthic foraminifera

In thin-section (Table 2) the hyaline foraminifera (Fig. 9h, 
i) are the most frequent taxa (12 %) followed by textulari-
ids (8.3 %) (Fig. 10a, b), with miliolids accounting for the 
least frequent (5.3 %) (Fig. 10c, d).

Bryozoa

Bryozoans are represented by encrusting, nodular and erect 
growth forms. It is mainly encrusting unilaminar bryozoans 
that contribute to the rhodolith formation (Fig. 10e, f). Both 
fragments of encrusting (up to 8.3  %) and erect forms (up 
to 16 %) are present in the sediments in varying percentages 
(Fig. 10g; Table 2). The faunal composition of Malbusca is 
similar, albeit less diverse, to that reported from the Pedra-
que-pica outcrop about 4 km to the east (Ávila et al. 2015b). 
Some 13 cheilostome bryozoans could be determined to 
generic level (see “Appendix”), while several other cyclos-
tome and cheilostome species were unidentifiable owing to 
poor preservation. Although most species produce encrust-
ing unilaminar colonies, several taxa with erect colonies are 
also present (the bilaminar Chaperiopsis, the large robust 
Metrarabdotos, the fenestrate Reteporella, and several 
cyclostome species). One or more celleporiform species pro-
duce nodular colonies that encrust shells or occur free in the 
sediment.

Molluscs

The most abundant and diverse molluscs are the bivalves 
(see “Appendix”). These are represented by disarticulated 
valves of oysters, pectinids, the mussel Myoforceps arista-
tus and Noah’s Ark shell Arca noae. In thin-section, frag-
ments of both bivalves and gastropods constitute up to 
3.2 % of the sediments (see Table 2).

Ostracods

Ostracods are restricted to the sandstone units and were 
studied by Meireles et al. (2012). They described 13 species, 
representing seven families and 12 genera (see “Appendix”).

Barnacles

Malbusca is the type locality of the barnacle Zullobalanus 
santamariaensis (Winkelmann et  al. 2010). It occurs on 
the outer surface of rhodoliths (Fig. 10h) in facies 3 and as 
debris in the units above, where it represents up to 8.3 % of 
the bioclasts (Fig. 10i). Only in one case it directly encrusts 
the basaltic basement (log F, Fig. 7a).

Echinodermata

Echinoderms occur throughout the exposure, mostly as 
fragments and loose spines, more rarely as whole speci-
mens. Madeira et  al. (2011) identified six species (see 
“Appendix”). In thin-section, their spine fragments consti-
tute up to 6.1 % of the sediments and the test fragments up 
to 7.2 % (see Table 1). Some echinoid fragments served as 
nucleus for rhodoliths (Fig. 10j).

Calcareous nannofossil assemblages

Samples of calcareous nannofossils were collected from 
the sandstone layers at 3 levels in section Malbusca B and 
at 5 levels in section Malbusca D (see Fig. 2). In both sec-
tions, assemblages can be characterized by relatively low 
abundance and diversity, consistent with the shallow-
marine paleoenvironment. Both total abundance and diver-
sity show a general trend to decrease up-section.

The identified taxa are listed in the “Appendix”. The co-
occurrence of R. rotaria and R. pseudoumbilicus suggests 
a late Miocene (Messinian) age (6.9 and 5.9  Ma, Nanno-
tax 3 ranges). While the occurrence of R. pseudoumbilicus 
is well established, R. rotaria, is rarer in the assemblage 
and more problematic to confirm. In the absence of further 
stratigraphic markers, the biostratigraphic age should be 
treated with caution.

Fig. 10   Thin-section components and details of encrustations. a 
Biserial textulariid foraminifer (thin-section: Malbusca B, facies 2b). 
b Uniserial textulariid foraminifer (thin-section: Malbusca B, facies 
2b). c–d Miliolid foraminifers (thin-sections: Malbusca D, facies 
2 and Malbusca C, facies 3 respectively). e Unilaminar bryozoan 
encrusting a coralline algae and being encrusted by peyssonneliacean 
algae (thin-section: Malbusca C, facies 2). f Coralline algae encrust-
ing ?peyssonneliacean algae and a fragment of a (?semi)erect cyclos-
tome bryozoan (thin-section: Malbusca C, facies 3). g Fragment of an 
erect bryozoan (thin-section: Malbusca A, facies 2b). h The barnacle 
Z. santamariaensis encrusting a rhodolith. The rhodolith is bored by 
two different organisms (thin-section: Malbusca D, facies 2). i Plate 
of the barnacle Z. santamariaensis (thin-section: Malbusca A, facies 
2b). j Coralline algae growing around a cidaroid sea urchin spine 
(thin-section: Malbusca B, facies 2b)

◂
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Discussion and interpretation

Paleoenvironmental indicators

Geological background

The volcano-sedimentary sequence at Malbusca corresponds 
to the subhorizontal stacking of thick submarine lava flows 
and subordinate intercalated marine sediments, up to ~130 m 
a.s.l. (above present sea level), where the transition to subae-
rial volcanic products crops out (see Fig. 1). The overwhelm-
ing majority of the submarine volcanic products correspond 
to tabular sequences of pillow lavas (with no interstitial 
hyaloclastites) and laterally extensive subhorizontal or gen-
tly dipping submarine sheet flows of metric to decametric 
thicknesses. These products imply the subaqueous emplace-
ment of lava flows under high to very high extrusion rates, 
over a flat or gently dipping bottom, with a gradual filling 
of accommodation space mostly by aggradation and to a 
lesser extent by progradation (see Fig. 4b of Ramalho et al. 
2013). At some point the transition to a subaerial environ-
ment occurred, showing that all the available accommoda-
tion space was locally filled and marine deposition ceased.

As established in “Stratigraphic logs”, the basal set 
of submarine lava flows (where the main sedimentary 
sequence sits) is truncated by an unconformity eroded 
through wave action. This implies a small relative sea-level 
drop between the extrusion of the lava flows (in subaqueous 
conditions) and the formation of the erosive surface by surf 
action. However, above this unconformity, the volcano-
sedimentary deposits that stacked up to form the sequence 
are entirely submarine up to ~130 m a.s.l. The succession 
therefore denotes a rapid relative sea-level rise between the 
erosive unconformity and the transition to subaerial prod-
ucts at ~130  m a.s.l.; this relative sea-level rise occurred, 
approximately, between 4.32 ± 0.06 and 4.02 ± 0.06 Ma, 
as suggested by the geochronology of Sibrant et al. (2015).

Paleoecological proxies

Coralline algae

The most important limiting factor for the distribution of 
coralline algae seems to be light intensity, correlated with 
depth and geographical latitude (Bourrouilh-Le Jan and 
Hottinger 1988; Rasser 1994 and references therein). For 
instance, Wisshak et al. (2010, 2015) recently showed that 
in the Azores coralline red algae thrive on both the upper 
and lower surfaces of settlement panels deployed down 
to 15 m whereas they occur only on the upper surfaces of 
panels deployed at 60 m, and are entirely absent from the 
deeper stations. The fragments of geniculate coralline algae 

are most typical for intertidal to very shallow subtidal, 
high-energy environments (Cabioch et al. 1992).

Rhodoliths

Composition and encrustation sequences  Taxonomic suc-
cessions within a rhodolith may be the result of transporta-
tion and/or environmental change.

In this study, the primary rhodolith builder is Phymato-
lithon calcareum, which has been recorded from the Medi-
terranean and Pannonian basins since the Oligocene (Braga 
et al. 2009), and is also reported for the Pliocene of Spain 
(Braga and Aguirre 2001). This species, due to its wide 
thermal tolerance, is both very common and widely distrib-
uted. It can be found from intertidal and subtidal grounds 
(down to 32 m depth) all across the Atlantic from the Arc-
tic to the Antarctic, the Mediterranean Sea, the Caribbean 
region, the Red Sea and the Pacific Ocean (Rosas-Alquicira 
et al. 2009; Guiry and Guiry 2015). Today, P. calcareum is 
known from the Azores as a rhodolith-forming species in a 
protected shallow (2–4 m depth) bay at Lajes do Pico, Pico 
Island (Rosas-Alquicira et  al. 2009; Rebelo et  al. 2014). 
According to Aguirre et al. (2012) P. calcareum is one of 
the major components of the rhodolith-rich lithofacies in 
the southern Balearic platform at 35–100  m depth, in the 
central Tyrrhenian Sea at 25–100  m (greatest abundance 
at 60–70  m), and in the Gulf of Naples at 35–40  m. The 
formation of thick rhodolith beds has been proposed as an 
indication for transgressive deposits and/or storm-deposits 
(Johnson et al. 2011, 2016).

Lund et  al. (2000) reported that peyssonneliaceans are 
also recorded as abundant components of the calcareous 
algal flora in depths greater than several tens of meters; 
and that melobesioid-dominated assemblages within fossil 
nodules have been used as an indication of growth in deep 
waters ranging from the Cenozoic off northeastern Aus-
tralia and the Eocene of northern Italy.

According to Basso et  al. (2009) the corallines form-
ing rhodoliths die when washed ashore by storm waves, 
or when buried by sediment for a considerable time span 
(i.e., several months). In the intertidal zone, the rhodoliths 
can be abraded in the swash zone, bored, or immobilized in 
crevices; if a dead rhodolith re-enters the shallow subtidal 
zone, it can be further bored or, alternatively, a new coral-
line thallus can cover the older abraded and bioeroded rho-
dolith. The cycle can be repeated until the rhodolith reaches 
a critical size, beyond which it cannot be moved anymore 
and other encrusting organisms are likely to grow over it in 
time. Thus, frequency of disturbance, depth of origin, and 
possibly nutrient supply determine the diversity and degree 
of other photoautotrophic and heterotrophic organisms con-
tributing to rhodolith formation (e.g., Lee et al. 1997).
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Among the rhodoliths from Malbusca, encrusting bryo-
zoans are consistently overgrown by either corallines or 
peyssonneliaceans, suggesting a temporal disturbance in 
the rhodoliths growth that allowed the bryozoans to grow 
for a short time before the red algae prevailed again. Barna-
cles, on the other hand, tend to occupy the outer surface of 
the rhodoliths, being only occasionally overgrown by coral-
lines. This shows that barnacle encrustation took place dur-
ing the final stage of rhodolith growth, or after death of the 
rhodolith-forming corallines.

Size and shape  The final shape of a rhodolith is considered 
to be the result of species-specific growth habit and degree 
of water motion (Steller and Foster 1995; Basso et al. 2009). 
The majority of the very shallow water rhodoliths reported 
in the literature are spheroidal to ellipsoidal in shape, with a 
fruticose growth form (Basso et al. 2009).

The shapes of the rhodoliths from Malbusca are inde-
pendent of the shapes of their nuclei, which is mainly due 
to their thickness and expected higher age. The classical 
shape classification diagram of Sneed and Folk (1958) in 
Fig.  11 suggests high-energy conditions during the rho-
dolith growth history with multidirectional transport 
directions.

Bioerosion, abrasion, and fracturing  All rhodoliths stud-
ied herein show abrasion and fragmentation. Such destruc-
tive processes that remove or degrade rhodoliths have been 

linked to the effects of either physical disturbance or bio-
logical erosion (Basso and Tomaselli 1994; Checconi et al. 
2010). Boring preservation reflects both the intensity of 
abrasion and the rhodolith overturning frequency. The fre-
quent occurrence of borings truncated by abrasion at differ-
ent depths within the rhodoliths along with the presence of 
younger borings cutting older ones indicates the succession 
of several destructive events during rhodolith growth (Chec-
coni et al. 2010) thus attesting for “rocking” around the vol-
canic island shelf.

The intense bioerosion with the contribution of bivalves 
is typical for the Entobia ichnofacies, which requires sev-
eral months or years of exposition before burial (Bromley 
and Asgaard 1993; de Gibert et al. 1998).

Life history of  rhodoliths  The environmental factors 
responsible for the genesis of thick, dense concentrations of 
rhodoliths over long timespans are not well known. Rhodo-
lith beds can be preferentially associated with transgressive 
deposits, but the ecological conditions required to produce 
profuse rhodolith growth can also be achieved in other con-
texts of sea-level variation (Aguirre et al. 2012).

The implication for the studied rhodoliths is that they 
were repeatedly abraded and fragmented due to hydrody-
namic energy. After fragmentation/abrasion, a certain time 
of quiescence and stability occurred that allowed boring 
by bivalves and sipunculids. Afterwards, the environmen-
tal conditions again became suitable for encrustation by 

Fig. 11   Triangular plots showing the relative shapes of fossil rhodoliths: a from the center of the basal unit with rhodoliths at Malbusca B and b 
from the center of the basal unit with rhodoliths at Malbusca D. Shape classification according to Sneed and Folk (1958)
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corallines. The repeated occurrence of all of these features 
suggests a highly dynamic system. At the very end of their 
life history, many rhodoliths were encrusted by barnacles, 
which suggest a shallow-water final stage with high sub-
strate stability suitable for barnacle growth.

Fossil rhodoliths from other Atlantic Archipelagos and else-
where  Comparison of size, morphology, shape, and spe-
cies composition of the rhodoliths from Malbusca with oth-
ers from the Macaronesian archipelagos (Madeira, Canary 
Islands and Cape Verde) reveals that the fossil rhodolith 
accumulations in these islands all correspond to storm 
deposits, although they show considerable differences.

Shape analysis of rhodoliths, both fossil and modern, is 
a useful way to supplement the criteria for assigning rho-
dolith deposits to a given depositional model. The format 
using triangular plots for rhodolith shapes (Bosence 1976, 
1983) draws distinctions among spherical, ellipsoidal, and 
discoidal shapes. The shape of Cabeço das Laranjas rho-
doliths from Ilhéu de Cima on Porto Santo in the Madeira 
Archipelago (Johnson et  al. 2011, their Fig.  7) includes 
a range of perfectly spherical specimens as well as those 
that are slightly more ellipsoidal in shape. This spread in 
shapes overlaps to some extent with those from Malbusca 
(Fig. 11), whereas those from Porto Santo are much larger 
in size and come from a deposit more than twice as thick as 
the maximum Malbusca deposit. A better fit with the Mal-
busca rhodoliths in size and shape is shown by a sample of 
Pleistocene rhodoliths from the locality Portinho da Mul-
her Branca on Santiago in the Cape Verdes (Johnson et al. 
2012, their Fig.  9f). Those are regarded as having been 
deposited as a result of shoreward transport against a basal-
tic coast with an undulating topographic surface having a 
maximum relief of 4 m. This scenario is reminiscent of the 
uneven paleotopography at Malbusca, although the spatial 
separation of basalt highs on the southeast Santiago coast 
is on the order of 75–100  m; whereas the basalt highs at 
Malbusca are much more closely spaced.

Modern rhodoliths occurring on the north shore of 
Fuerteventura in the Canary Archipelago (Johnson et  al. 
2012, their Fig.  9f) also match the shapes of the Mal-
busca rhodoliths, although the Fuerteventura rhodoliths 
are smaller in diameter. The Fuerteventura sample repre-
sents an overwash deposit more than a meter in thickness 
that crossed a wide rock platform eroded in basalt. The 
source of this deposit is from a living rhodolith bank in 
water up to 30 m deep located 2–3 km offshore. Another 
reasonably good match with the size and shape of Mal-
busca rhodoliths comes from a fossil deposit comparable 
in age from the northern, windward shores of São Nicolau 
in the Cape Verdes (Johnson et  al. 2014, their Fig. 5a–c). 
Ellipsoidal-shaped rhodoliths are less common in the São 
Nicolau deposits than in the Malbusca deposits. Another 

critical difference is that the São Nicolau rhodoliths are 
mostly nucleated around basalt pebbles, whereas the Mal-
busca rhodoliths rarely have basalt nuclei. The Miocene 
São Nicolau rhodoliths are interpreted as having been 
transported shoreward from a nearby rhodolith bank. The 
rhodoliths came to rest in deposits up to 2 m thick against 
a basalt shore without variations in topographic relief, 
but with overhanging ledges under which rhodoliths were 
impressed.

At the opposite extreme, it is possible to contrast the 
Malbusca rhodolith deposits with markedly different ones, 
such as Miocene rhodolith deposits from Ilhéu de Baixo in 
Porto Santo in the Madeira Archipelago that are interpreted 
as submarine slump deposits on an active volcanic slope 
(Baarli et al. 2014). In this case, very few whole rhodoliths 
occur in a matrix dominated by crushed rhodolith debris. 
One of the few fossil rhodolith deposits regarded as having 
been preserved in life position comes from the west side of 
Ilhéu de Cima in Porto Santo, where a sample of spheri-
cal to somewhat ellipsoidal rhodoliths is encrusted around 
very large pebbles or small cobbles, immediately adjacent 
to basaltic knobs with a topographic relief of about 1  m. 
The rhodoliths occur in a thin deposit scattered among the 
protruding basalt knobs, their cover rarely exceeding two 
vertical layers of rhodoliths (Santos et al. 2012). The distri-
bution of shapes is very similar to the Malbusca rhodoliths, 
but the Ilhéu de Cima rhodoliths are much larger in diam-
eter and all are nucleated around large basalt clasts. The 
large clast size is directly attributed to a proximal source in 
the eroded basalt knobs.

It may be argued that rhodoliths with a propensity 
towards shapes that are highly spherical may grow in 
places where the water depth is sufficiently shallow to pro-
mote frequent motion in rough water. Where fossil rho-
doliths are nucleated around pebbles and small cobbles, 
it may be argued that they originated in relatively shallow 
water, close to a rocky shoreline (Santos et al. 2012; John-
son et al. 2014).

Thus, among the various published studies that exam-
ine living and fossil rhodoliths from volcanic islands of the 
northeastern Atlantic Ocean, those from the Pleistocene of 
Santigo at Portinho da Mulher Branca and from the Mio-
cene on the northeast side of São Nicolau, as well as the 
modern rhodoliths from the north shore of Fuerteventura 
most closely resemble the size and shape of the Malbusca 
rhodoliths. There are significant differences in geographic 
setting, but the three examples in this comparison all 
share an interpretation of shoreward transport away from 
an original source in living banks. The variation in topo-
graphic relief produced by the basalt substrate on which the 
Malbusca rhodoliths sit is substantially smaller and more 
closely spaced than found on the southeast shores of San-
tiago in the Cape Verde Archipelago. The erosional features 
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exposed at Malbusca were most likely formed as surge 
channels that became increasingly shallow in the landward 
direction. It appears that rhodoliths in the basal deposits 
from this locality were trapped and accumulated first in the 
lowest parts of the depressions, but eventually filled toward 
the tops and even overlapped against the sides of the basalt 
highs.

Ichnology

The presence of ichnofossils in the sandstone units is 
believed to represent colonization of the substrate follow-
ing a storm in a time of quiescence. The sandstone units 
in the Malbusca logs A–C are intensively bioturbated with 
M. segregatis, which in several horizons are preferentially 
oriented vertically (Uchman et  al. 2015). Thicker layers 
with abundant M. segregatis are typical of foreshore sedi-
ments (e.g., Pemberton et al. 2001, 2012; Seike 2007) and 
the vertical orientation in the section studied is referred to 
tides influencing migration of the mixing zone between 
the marine and fresh waters (Uchman et  al. 2015, 2016). 
Psilonichnus is a typically upper foreshore-backshore trace 
fossil (Psilonichnus ichnofacies; see Buatois and Mán-
gano 2011) but its occurrence (only at Malbusca log A) is 
not sure. Ophiomorpha nodosa (probably Ophiomorpha 
isp. belongs to this ichnospecies) is most common in the 
lower foreshore-upper shoreface in the Skolithos ichnofa-
cies (Pemberton et al. 2001). Piscichnus is an intertidal and 
shallow subtidal form (Gregory 1991). However, the pres-
ence of confined horizons with the generally horizontal 
Bichordites or Thalassinoides indicates a more quiet envi-
ronment, more suitable for the Cruziana ichnofacies. The 
association of horizontal and vertical (especially Ophio-
morpha) trace fossils allow an assignment to the proximal 
Cruziana ichnofacies, which is typical of the shoreface, 
foremost of the upper shoreface conditions (cf. Pemberton 
et al. 2001). A bed with Bichordites just above rhodoliths in 
the Malbusca log D points to deeper conditions. The Mac-
aronichnus–Ophiomorpha–Piscichnus that follow above 
are an evidence of a more energetic, probably shallower 
environment. The less energetic conditions repeat again 
as marked by the next horizon with Bichordites. The thick 
bed of sandstone (Malbusca log D, facies 5b) shows colo-
nization by burrowing ichnofauna only from the top (repre-
sented by Ophiomorpha and Macaronichnus) indicating a 
shallow subtidal environment. The overlying beds of sandy 
calcarenite (facies 6) are characterized by trace fossils of 
intertidal and shallow subtidal environments (Ophiomor-
pha isp., mostly horizontal M. segregatis, Piscichnus isp.), 
which occur with trace fossils typical of the slightly deeper 
Cruziana ichnofacies (Bichordites, Dactyloidites ottoi). 

This, together with the storm origin of the beds, suggests 
the proximal Cruziana ichnofacies indicating an upper-
middle shoreface setting. Dactyloidites ottoi is considered 
as typical of nearshore to deltaic, siliciclastic settings rich 
in food, within the “lower Skolithos and upper Cruziana 
ichnofacies” (Wilmsen and Niebuhr 2013). Tracemakers 
of the trace fossils belong to deposit-feeding opheliid poly-
chaetes (Macaronichnus), onuphid or oweniid polychaetes 
(Diopatrichnus), unknown polychaetes, maybe carnivo-
rous (?Palaeophycus) and deposit feeding “worms” (Dac-
tyloidites), omnivorous crabs (?Psilonichnus) and decapod 
crustaceans (Ophiomorpha, Thalassinoides), deposit-feed-
ing irregular echinoids (Bichordites), and carnivorous ray 
fishes (Piscichnus). These animals need oxygenated waters, 
which can be pumped into the open burrows of crustaceans 
and polychaetes. The opheliid polychaetes producing Mac-
aronichnus obtain oxygen from pore waters. The irregular 
echinoids producing Bichordites can burrow close to the 
redox boundary several centimeters below the sediment 
surface (Bromley et al. 1997).

Invertebrates

Molluscs are the most abundant group of invertebrates at 
Malbusca and the specific composition of the paleocom-
munity suggests an agitated, shallow subtidal environment. 
Nearly all bivalve shells are disarticulated and 90.4 % have 
broken edges (n = 374 valves) (log A, facies 2b and log C 
facies 2), suggesting a strong hydrodynamical depositional 
setting. However, fragile elements of the sculpture of the 
shell (e.g., spines) are still preserved in many specimens 
examined. Shells are deposited with no preferential settling 
position and this chaotic disposition is typical of storm 
deposits. Comparison with modern relatives indicate pres-
ence of hard substrates interspersed with soft bottoms at 
Malbusca.

Barnacles are abundant in the matrix indicating the pres-
ence of suitable hard substrates. The abundant barnacles 
encrusting the rhodoliths demonstrate also that the lat-
ter provided sufficient substrate for barnacle growths. The 
same is true for the presence of geniculate corallines. They 
could have derived from a rocky shore surrounding the rho-
dolith depocenter but may also have lived on the rhodoliths 
in a very late stage of rhodolith formation.

The rhodoliths are only rarely encrusted by unilaminar 
bryozoans that, therefore contribute little to the rhodo-
lith/macroid mass. It is likely that disturbance of the rho-
doliths occurred too frequently for bryozoans to thrive as 
other growth forms are also rarely found in the rhodolith 
beds. Bryozoans become more diverse and abundant in the 
shell rudstone, in which encrusting growth forms prevail, 
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covering bivalve shells and occurring free as multilami-
nar bryozoan macroids. Although erect, rigid, branching 
bryozoan growth forms are usually associated with deeper 
waters, especially in high-energy conditions such as in 
offshore islands, it may also be likely that the erect Met-
rarabdotos, Reteporella and several cyclostomes found in 
Malbusca lived in cryptic habitats. In the Azores these col-
ony types are today found in protected cracks, crevices and 
caves as well as underneath rock overhangs as shallow as 
10 m (BB pers. observ.).

The echinoderm community of Malbusca is dominated 
by remains of the cidaroid echinoid Eucidaris in the rho-
dolith bed, which typically inhabits shallow-water habitats 
in the Caribbean today (often associated to coral reefs and 
other firm-ground habitats). Upsection, irregular echinoids 
of the genera Echinocyamus and Clypeaster become more 
common, suggesting a change of the source area of the 
tempestites, since these taxa typically inhabit shallow sand 
bottoms or seagrass meadows (Madeira et al. 2011).

Ostracods are mainly benthic epifaunal detritivore-
grazer species. Within the ostracod assemblages at Mal-
busca, only one species out of the 13 Mio-Pliocene taxa 
reported for this outcrop still occurs nowadays in the 
Azores (Loxoconcha rhomboidea) in shallow-water envi-
ronments (from the intertidal zone down to 40  m depth) 
(Meireles et al. 2012, 2014).

Calcareous nannofossil assemblages are poorly diverse 
and dominated by placoliths with a reduced presence of 
asteroliths and sphenoliths which supports sedimentation 
in a shallow-marine paleoenvironment. A certain degree 

of variability (see Table 3) among replicates of the triplet 
sets of samples also argues in favor of high coastal hydro-
dynamic conditions. Surprisingly, the triplets collected 
from the coarser base of the sequences tend to have a 
slightly higher abundance and diversity of calcareous nan-
nofossils than the uppermost sectors. At first these results 
indicate no clear transgressive or deepening trend along 
the (B and D) sequences. A possible explanation may 
result from an initial period of sediment starvation associ-
ated to a rapid local sea-level rise and inland migration 
of the coast-line that led to richer calcareous nannofossil 
assemblages at the base of the sequences. After a certain 
period of time progradation of the coastal sedimentation 
reached the Malbusca sections, leading to the dilution of 
the calcareous nannofossils as found towards the top of 
the sections.

There is also a possibility that coastal hydrodynamics 
during storm events might have reworked late Miocene 
forms, which could also explain the incongruent nannofos-
sil biostratigraphic dating.

Sedimentological considerations

The studied succession reveals a general fining-upward 
trend in agreement with Meireles et  al. (2012), who 
suggested that the progressive reduction in grain size 
of the constituents of all studied samples, collected 
from the bottom to the top of the sequence, indicates a 
decrease in hydrodynamic energy during the sedimenta-
tion process.

Table 3   Calcareous nannofossil total abundance and diversity

Section/Stratigraphic units Coccolith abundance index Small  % Paleobiodiversity

Min Median Max Std Min Median Max Std Min Median Max Std

Malbusca log B

Upper sequence

 Upper part 30 49 80 25.2 83 86 86 1.7 4 6 7 1.5

 Lower part 1 53 70 35.9 0 67 68 39 1 6 8 3.6

Lower sequence

 Upper part 40 141 191 76.9 60 69 77 8.5 7 7 10 1.7

Malbusca log D

Upper sequence

 Upper part 2 9 11 4.7 0 64 78 41.6 2 3 4 1

 Middle part 22 36 133 60.5 73 75 80 3.6 5 6 11 3.2

 Lower part 11 34 96 44 73 76 78 2.5 5 5 8 1.7

Lower sequence

 Upper part 4 7 11 3.5 33 45 100 35.7 2 5 6 2.1

 Lower part 6 34 67 30.5 17 65 73 30.3 4 5 8 2.1
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The succession is, however, interrupted by several ero-
sional truncations providing clear evidence for the mul-
tiphase nature of deposition. The trace fossils on top of the 
units suggest times of quiescence after the hydrodynamic 
events that stimulated sediment transport. Also the hori-
zons with Bichordites isp. point to a less energetic (deeper) 
environment than in the surrounding sediments with Maca-
ronichnus, Ophiomorpha and Piscichnus, which indicate 
more energetic (shallower) environments. Such less ener-
getic horizons may be related to flooding pulses during the 
general transgression, resulting in the increasing accom-
modation space. The space is filled by sediments leading 
to a shallowing indicated by a recurrence of the Maca-
ronichnus–Ophiomorpha–Piscichnus ichnoassemblage. 
Direct evidence of storm activity and sediment redeposition 
(Tucker 2003; Johnson et  al. 2011) comes from the hum-
mocky cross-stratification retained in the sandstone unit 
(e.g., log D, facies 5c).

As this implies transport of the sediments, the ques-
tion arises as to where the original environment of the 
bioclasts, i.e., the carbonate factory (Schlager 2003), 
may have been situated: further on shore or offshore? In 
either case, the site is not exposed today as it is either 
covered by volcanic rocks or positioned below the sea-
level, respectively. The abundance of carbonate particles 
in the sediment and the low frequency of basaltic rhodo-
lith nuclei suggest an environment with low influx from 
the surrounding basaltic substrate. This is in agreement 
with the inference that the island edifice, was at the time, 
a wide and shallow submarine bank with possibly only a 
few residual reliefs or penecontemporaneous surtseyan 
cones above sea level (Ávila et  al. 2012; Meireles et  al. 
2013); carbonate productivity was enhanced by a combi-
nation of a favorable and variable topography (creating a 
shallow, flat bottom with sandy and rocky substrata) and 
warmer waters (Ávila et al. 2016).

Autochthony versus transport

Another crucial paleoenvironmental question is whether or 
not the rhodoliths were formed/living at the place where 
they were deposited at the end, i.e., within up to 2-m-deep 
pools between the eroded pillow lavas. The evidence of 
platy coralline red algae encrusted around large autochtho-
nous cobbles within the pools and barnacles encrusting the 
tops of basalt knobs show that such shallow-water pools 
existed indeed.

Three possible scenarios that bear comparison entail 
models for: (1) the onshore transport of rhodoliths as a 
result of coastal over-wash due to storm surge; (2) fragmen-
tation and diffusion of rhodoliths at a water depth close to 

storm wave-base; and (3) significant offshore, down-slope 
transport due to counter-surge of storm water or perhaps 
mass gravity flows due to instability of shelf deposits.

Johnson et  al. (2012, their Fig. 12) developed an over-
all scheme for the marine transport of rhodoliths with an 
emphasis of nine potential scenarios characteristic of 
regional variation. In a search for a model that best fits the 
Malbusca locality, it is not difficult to eliminate several that 
are clearly inappropriate. For example, the basal rhodolith 
deposits at Malbusca clearly are not typical of beach, berm, 
or dune deposits. Nor are they representative of tsunami 
deposits or hurricane deposits.

Where rhodoliths are autochthonous nowadays, they live 
in a shallow environment similar to that found at Lajes do 
Pico (Pico Island, Azores) as described by Rosas-Alquicira 
et al. (2009) and the vast majority has a basaltic nuclei. In 
our opinion, those rhodoliths predominantly lacking rock 
cores (which are the most abundant at Malbusca) lived fur-
ther offshore and were transported onshore from deeper 
environments.

Depositional model

From the above discussion and the comparison with other 
rhodolith deposits, we suggest that some of the Mal-
busca rhodoliths were living in the basaltic depressions 
where they are found today, because autochthonous crusts 
on the basalt occur. However there are signs of transport 
because rhodoliths are abraded and are part of a tempestite 
sequence. The multiphase events that led to the formation 
of the sedimentary sequence at Malbusca can be roughly 
summarized as shown in Fig.  12. Initially to the south of 
today’s cliff-line at Malbusca, most of the observed biota 
lived on a shallow rocky shelf where large bivalves as well 
as E. tribuloides sea-urchins thrived. Pockets of bioclas-
tic sands included a few, mostly nucleated, rhodoliths. At 
slightly greater depths, soft bottoms were the dominant set-
ting, with a large population of mainly non-nucleated rho-
doliths and other soft-sediment associated species (e.g., the 
echinoids C. altus and E. pusillus) (Fig. 12a). As today, the 
shores of the island were subject to episodic storm events, 
as expressed by the repeatedly broken rhodoliths. Hence, 
stronger storm events led to the formation of proximal tem-
pestites (e.g., tempestites with a position close to shore) 
that remobilized and transported huge amounts of sediment 
onshore. As it is typical for tempestites, the heaviest parti-
cles, i.e., the rhodoliths, were deposited first, and higher up 
in the section, bivalve shells, hummocks, laminated sedi-
ment, and trace fossils follow at the top marking the tran-
sition to fair-weather conditions (Fig. 12b). It follows that 
subsequent events triggered the formation of additional 
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tempestites that erosively cut into the older tempestite and 
formed channels that were additionally filled by fining-
upward sequences (Fig. 12c). Finally, the whole sedimen-
tary sequence was covered by submarine lava flows that 
contributed to its preservation, being nowadays exposed by 
means of uplift and erosion of the coastline (Fig. 12d).

The aforementioned succession of events therefore 
resulted in an amalgamation of sedimentary packages, 
which exhibit a general fining-upwards trend, as well as 
internal normal grading. The gradual—but stepped—transi-
tion between coarser clast- to matrix-supported sediments 

to thicker but finer calcarenites with hummocky and swa-
ley cross-stratification denotes a decrease in energy dur-
ing the sedimentation processes, i.e., increasing water 
depth. These characteristics are typical of many oceanic 
island marine sequences (e.g., Ramalho 2011; Ramalho 
et  al. 2013; Meireles et  al. 2013; Mayoral et  al. 2013; 
Johnson et  al. 2014; Ávila et  al. 2015a, b), which denote 
rapidly rising relative sea levels before burial by volcanic 
activity. A general transgressive trend, in the case of Mal-
busca, is also attested by the characteristics of the overall 
volcano-sedimentary sequence, which feature a stacking 

Fig. 12   Schematic reconstruction of the Pliocene sedimentary sequence of Malbusca. For details see text
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of submarine volcanic products and marine sediments to 
ca. 130 m above present sea-level, where the transition to 
subaerial products crops out today. Since this transition is 
presently ca. 110 m above the described rhodolith beds, a 
rapid sea-level rise must have occurred within the period 
comprehended between rhodolith deposition and the transi-
tion to a subaerial environment. According to the sea-level 
curve of Miller et  al. (2005) and using the 4.32 ±  0.06 
and 4.02 ± 0.06 Ma age interval provided by Sibrant et al. 
(2015) for the Malbusca sediments, at about 4.255 Ma there 
is a sea-level fall to −34 m, followed by a sea level rise to 
+3.2  m at 4.245  Ma. This 10  ka time-interval could cor-
respond with the period of inferred relative sea-level rise, 
which would be penecontemporaneous with the deposition 
of the rhodoliths and sediments above the rhodolith beds. 
Between 4.015 and 3.995  Ma, a relative sea-level fall of 
59.6 m occurred (from +3.2 to −56.4 m) and from 3.995 
to 3.86 Ma, a relative sea-level rise trend occurred, reach-
ing a maximum elevation of +22.1 m at 3.86 Ma, the cor-
responding total sea-level variation amounting at 78.5  m. 
According to Ramalho et al. (2014), during this whole time 
interval (i.e., 4.255–3.86  Ma) the island was subsiding at 
an estimated rate of ~100  m/Ma, which thus corresponds 
to a total subsidence of about 39.5  m. Therefore, adding 
the subsidence trend to the relative sea-level rise gives a 
total of 118 m, thus explaining the relative sea-level rise of 
110 m deduced from the volcano-sedimentary sequence.

Conclusions

The study of the rhodolith accumulations from the Mal-
busca section of Santa Maria Island together with their 
sedimentary microfacies allow the following conclusions:

1.	 The rhodoliths are multispecific, mostly non-nucleated, 
with rare shells or volcaniclasts as nuclei.

2.	 Rhodoliths measure between 2 and 8  cm in diameter 
and their size and shape are independent of the size 
and shape of the nuclei. The majority of rhodoliths 
show a laminar-concentric growth form. The shapes 
are spheroidal with a slight tendency to ellipsoidal 
forms suggesting high-energy conditions during their 
growth history with multidirectional transport direc-
tions. The rhodoliths consist of a complex succession 
of encrusting coralline algae, peyssonneliacean algae, 
subordinated bryozoans and barnacles. Barnacles usu-
ally occupy the outer side of the rhodolith, being only 
occasionally overgrown by the corallines, suggest-
ing that encrustation took place after final deposition 
of the rhodoliths, which then remained in a more or 
less stable position. It also suggests that the rhodoliths 

were transported to a shallow-water final resting place, 
where they were colonized and encrusted by Zulloba-
lanus. The bioerosion, abrasion and fracturing pre-
sent in all rhodoliths are associated with the effects of 
storms.

3.	 Other biogenic components present in the rhodolith 
rudstone include fragments of geniculate coralline 
algae, benthic foraminifera, bryozoans, molluscs, bar-
nacles and echinoderms. The fauna present in Mal-
busca is a mixture of benthos living on hard and soft 
substrates in an agitated, shallow subtidal environment.

4.	 The beds above the rhodolith rudstone include, among 
others, tempestite layers, thin shell-beds and hum-
mocky cross-stratification, and end in heavily biotur-
bated sandstones that are capped by penecontempora-
neous basaltic submarine sheet flows.

5.	 The Malbusca sequence was formed by multiphase 
storm events that resulted in an amalgamation of 
sedimentary packages, which exhibit a general fin-
ing-upwards trend, as well as normal grading. This is 
typical for a transgressive sequence. A general trans-
gressive trend is also attested by the characteristics of 
the overall volcano-sedimentary sequence.
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Table 4   Facies and 
stratigraphic assignment of logs

Log A Log B Log C Log D Log F

Algae

Hydrolithon sp. 2b, 3 2b, 3 2, 3 2

Lithophyllum prototypum 2b, 3 2b, 3 2, 3 2

Lithophyllum sp. 2b, 3 2b, 3 2, 3 2

Phymatolithon calcareum 2b, 3 2b, 3 2, 3 2

Phymatolithon sp. 2b, 3 2b, 3 2, 3 2

Polystrata alba 2b, 3 2b, 3 2, 3 2

Spongites sp. 2b, 3 2b, 3 2, 3 2

Barnacles

Zullobalanus santamariensis 2a, 3, 4 3 2

Bryozoans

Calloporina sp. 3 3 3

Celleporiform spp. indet. 3 3 3

Chaperiopsis sp. 3 3 3

Escharina sp. 3 3 3

Metrarabdotos sp. 3 3 3

Microporella sp. 3 3 3

Onychocella sp. 3 3 3

Puellina spp. 3 3 3

Reteporella sp. 3 3 3

Rosseliana sp. 3 3 3

Saevitella sp. 3 3 3

Schizotheca sp. 3 3 3

Scrupocellaria sp. 3 3 3

Calcareous nannofossils 4, 5c, 6 4, 5c

Calcidiscus leptoporus 4, 5c, 6 4, 5c

Calcidiscus macintyrei 4, 5c, 6 4, 5c

Cyclicargolithus floridanus 4, 5c, 6 4, 5c

Coccolithus pelagicus 4, 5c, 6 4, 5c

Coronosphaera sp. 4, 5c, 6 4, 5c

Discoaster sp. 4, 5c, 6 4, 5c

Helicosphaera carteri 4, 5c, 6 4, 5c

Helicosphaera stalis 4, 5c, 6 4, 5c

Pontosphaera sp. 4, 5c, 6 4, 5c

Reticulofenestra antarticus 4, 5c, 6 4, 5c

Reticulofenestra haqii-minutula 4, 5c, 6 4, 5c

Reticulofenestra minuta 4, 5c, 6 4, 5c

Reticulofenestra pseudoumbilicus 4, 5c, 6 4, 5c

Reticulofenestra productus 4, 5c, 6 4, 5c

Reticulofenestra rotaria 4, 5c, 6 4, 5c

Sphenolithus sp. 4, 5c, 6 4, 5c

Syracosphaera sp. 4, 5c, 6 4, 5c

Umbilicosphaera jafari 4, 5c, 6 4, 5c

Echinoids

Clypeaster altus 2a, 2b 3 2, 5c

Echinocardium sp. 5c

Echinocyamus pusillus 5c

Echinoneus cf. cyclostomus 3 5c

Eucidaris tribuloides 2a, 2b, 3, 4 2b, 3 2, 3, 4 2, 5c 2a, 8

Spatangoida indet. 4 5c
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