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Abstract

Small basalt mounds with encrusting corals and inter-mound carbonate sandy zones with
abundant rhodoliths corresponding to an ancient intertidal to shallow-water sea floor are
exhumed from overlying volcaniclastic deposits and basalt lava flows at Pedra de Agua
on llhéu de Cima off Porto Santo, one of the islands of the northeastern Atlantic Madeira
Archipelago (Portugal). The mounds rise above the surrounding surface to attain a height
of about half a meter. The mounds exhibit an in situ assemblage of hermatypic corals,

dominated by Tarbellastrae and Solenastrea. They formed as massive (4.2 x 1.9 m
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average length), isolated patches in a protected bay close to shore eroded from an uneven
basalt substrate dated to the Middle Miocene (14 to 15 Ma). The slightly deeper zones
between basalt mounds, which alternate with them over a distance of more than 20 m, are
covered mainly by coarse carbonate sand on which rhodoliths up to 14.8 cm in diameter
are preserved in situ. Many rhodoliths have grown around a basalt core, which indicates a
local, nearshore source for development. Complete burial of the elevated coral
settlements and intervening low zones populated by rhodoliths occurred when volcanic
lapilli and other tephra catastrophically buried this part of the rocky shore. The rhodoliths
and coral assemblages exposed in an area of 12 m”were canvassed systematically using

census quadrats to quantify community relationships.

Key words rocky shores, Miocene, shallow-subtidal zonation, corals, rhodoliths,

Obrution deposits, Volcanic island

Introduction

Rocky shores constitute a special environment with an evolutionary history of a dynamic
ecosystem since the Precambrian (Johnson and Baarli 2012). Geographically they ranged
across tropical to boreal latitudes, just as today (Johnson 2006). In this context, hard
stable substrates exposed to intertidal and shallow-subtidal waters provide exceptional
conditions for colonization by boring and encrusting organisms. The in situ fossils of
these organisms, mostly algae and invertebrates, represent potential tools in

paleoenvironmental analysis of shoreline settings. Not all unconformities, however, are
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equally significant as ancient coastlines (Johnson 1988). Typically, those rocks most
resistant to coastal erosion, such as basalt or quartzite, tend to form unconformity
surfaces with appreciable topographic relief under transgressive conditions that promote
the development of intertidal boulder beds and cliffs.

Nearly all studied former islands are situated on epicontinental platforms or
continental shelf margins (e.g., Lescinsky et al. 1991; Doyle et al. 1997; Johnson et al.
1988, 1995, 2010; Johnson and Ledesma-Vazquez 1999; Betzler et al. 2000; Wilson and
Taylor 2001; Surlyk and Sgrensen 2010). Despite widespread availability for study short-
term biological colonization on rockgrounds (see Taylor and Wilson 2003), the paleo
coasts of oceanic islands are surprisingly under-represented. In fact, few observations are
recorded on the dynamics between coastal sedimentation and settlement patterns in the
intertidal to shallow subtidal zone with respect to intermittent volcanism and related
tectonics (Meco et al. 2007; Johnson et al. 2010).

The present contribution is the fourth in a series of studies on the paleoecology of
Miocene shallow-water marine benthic communities on basaltic rocky shores of 1lhéu de
Cima (Madeira Archipelago, Portugal). Santos et al. (2011) focused on a Miocene rocky-
shore biota from Ilhéu de Cima, providing a clear example of fossil marine invertebrates
preserved on a wave-cut platform and related cliff face of solid basalt. Johnson et al.
(2011) described an extraordinary deposit of fossil rhodoliths washed against a Miocene
rocky shore as a result of storms of near-hurricane strength, and Santos et al. (2012a) re-
evaluated the extent of organic boring on basalt surfaces on the same islet.

This paper describes two adjoining Miocene biofacies reflecting a definite pattern

of intertidal to shallow-water zonation preserved on a low-relief rocky shore at a place
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named Pedra de Agua (Fig.1). At this locality, encrusting corals were briefly established
on low basalt mounds and surrounded by a coarse carbonate sandy gravel substrate that
supported many rhodoliths prior to sudden burial by volcanic lapilli and other tephra,
thereafter succeeded by massive basaltic flows. Obrution deposits similar to this are
otherwise well known in the paleoecological literature (Brett et al. 1997), but rare in
terms of sudden burial by volcaniclastic material. Experience with Holocene and modern
settings where local extermination of coral communities took place should, however,
facilitate our search for comparable patterns in the geologic record (Heikoop et al. 1996;
Pandolfi et al. 2006). Here, we investigate the dynamics between environmental
conditions and biotic colonization from a Miocene sheltered cove on Pedra de Agua that

became catastrophically entombed by volcaniclastic material.

Location and geological setting

Portugal’s Madeira Archipelago sits 650 km off the shores of Moroccan Africa in the
North Atlantic Ocean. Porto Santo is an outlying island located 50 km northeast of the
principal island of Madeira (Fig. 1). Ferreira (1997) produced a geological map of Porto
Santo, including its various satellite islets. The second largest is Ilhéu de Cima with a
perimeter of approximately 3 km and maximum elevation of 115 m. Fossiliferous
sedimentary successions occur in several places on the main island of Porto Santo in
relation to the transition between two major volcanic units: a lower trachytic to basaltic
submarine basal volcanic complex with ages ranging from 18.8 to 13.5 Ma; and an upper
subaerial alkali basaltic to hawaiitic complex dated between 14 and 10.2 Ma (Ferreira

1985). Based on calcareous nannofossil assemblages at Lombinhos on the east side of
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Porto Santo, Cachao et al. (1998) correlated sedimentary units to the Middle Miocene,
lower Serravalian (Calcareous Nanofossil biozone CN4 of Okada and Bukry 1980). A
comparable age of about 14 to 15 Ma is extrapolated for sedimentary intercalations
between volcanic rocks on Ilhéu de Cima.

The study site described in this paper is located approximately 225 m northwest of

the only landing place on Ilhéu de Cima, at an elevation of 7 m above mean sea level

(Fig. 1).

Methods

Two methods were used to test the visual impression at the outcrop scale of physical and
biological zonation preserved intact on the rocky paleo-shore at Pedra de Agua. The first,
was the establishment of transect lines with grids, for methodical sampling of the Middle
Miocene encrusting corals and associated rhodolith beds (Fig. 2). Four transects 0.5 m
apart (labeled A-D) were laid out parallel to the base of the present-day cliff line across
the fossil deposit located approximately 30 m inland from the present shore. A grid
(0.5x0.5 m in size and divided into twenty-five units of 10 x 10 cm each) was deployed
and moved along each transect line to collect data on fossil content and to map settlement
patterns. The same operation was applied to low-lying areas between the basalt mounds,
where rhodoliths are commonly found on a thin bed of coarse bioclastic debris. The
number of grid samples recorded for each transect line was 24. The completed survey
entailed full coverage of an area 12 by 2 m (24 m?). All fossil biogenic components
within this area were identified to species level where possible and tabulated to

graphically show how populations in each category change grid-by-grid along each of the
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transects (A to D). Bioerosional structures were also identified when present. Criteria
used to distinguish in situ material from reworked material included: (1) orientation of
corallites, (2) whether or not fossil bivalves are articulated, and (3) presence or absence
of encrusting coralline algae. Coral identification conforms to the taxonomy followed by
Best and Boekschoten (1982) in their revision of Chevalier (1972).

In order to facilitate the sample analyses and map transitional boundaries between
the two biofacies, three blocks (16 grids to one block, equal to 4 m?) were chosen for
illustration from the full array (Fig. 2). The blocks are labeled 1 (outside of the cliff line
to the NW), 2 (middle block) and 3 (outside of the cliff line to the SE). Every fossil and
every area with bare substrate was plotted precisely in place.

A second supplementary method of data collection was applied randomly on the
outcrop surface with the purpose of collecting data on size variation in rhodoliths and the
extent to which rhodoliths formed around basalt cores. The study on size variation and
nucleation of 100 rhodoliths was simplified by determining only the two major visible
axes of their shape and rock core. In addition, 39 isolated rhodoliths were measured along
the three axes — long (L), intermediate (1), and short (S) — in order to plot them on the
Sneed and Folk (1958) pebble-shape diagram to generate the sphericity index for
rhodoliths after Bosence (1976, 1983a). Thin-sections were made of selected rhodoliths
so that their inner arrangements could be described and the constituent coralline algae

identified.

Stratigraphic sucession
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An irregular subaerial basaltic flow (with large columnar disjunctions) provided
the substrate for the fossiliferous horizon at Pedra de Agua, which accumulated as a
rhodolith biocalcarenite over the lowermost depressions (near the current seashore),
changing eastward to fossiliferous limestone with rhodoliths on a more level surface (Fig.
3). Here, near the present day cliff line about 30 m inland, the uppermost sediment-free
basaltic substrate is almost completely covered by in situ encrusting corals. In turn, these
fossiliferous deposits are covered by approximately 1.5 m of yellow-orange volcanic tuff
with an irregular thickness, followed immediately above by a 1 m thick volcanic breccia.
The succession continues with a 13 m thick basaltic lava flow. Above this volcanic unit is
another whitish fossiliferous horizon, mainly composed of corals. The succession is
completed by two to three subaerial basalt flows separated by a single marker bed of red
tuff (Fig. 3).

The lowermost volcanic unit irregularly thickens towards the northwest, forming a
rocky ramp at Furninha, against which the lower fossiliferous unit ends (Fig. 1). The lava
flow above the fossiliferous unit also thickens northward, while the subsequent subaerial
basaltic surfaces have an overall sigmoid shape with maximum thickness attained
towards the southeastern end of the island. The upper units formed under subaerial
conditions may be slightly younger in age relative to the fossiliferous units interbedded
with submarine hyaloclastites dated at 15-14 Ma (Cachéo et al. 1998) located some 5 km

northeast, at Lombinhos (on the adjacent main island of Porto Santo).

Paleontological analysis

Census Data
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The transects from A to D (Fig. 2) show no significant changes from the present cliff line
in the present-day seaward direction. However, the frequency data on a grid-by-grid basis
for each fossil entity revealed two distinct biofacies along the paleoshore (Fig. 4a-b).
There is a distinct spatial affinity between the locations of the corals and
Gastrochaenolites borings, while the rhodoliths cluster separately (Figs. 4a, 5a-b).

The results of the systematic survey across the surface of the paleoshore are
plotted as “ecologic zonation™ maps representing half of the total surface area studied
(blocks 1, 2 and 3; Fig. 6a-c). As summarized in Table 1, 50% of the mapped area (12
m?) was occupied by bioclastic coarse and unsorted sandy gravel and in 7% the gravel
was mixed with rhodoliths. The rest of the exposed surface was bare basalt (27%) and
corals attached directly on it (16%). An unknown proportion of bare basalt in the census
area may have been stripped of its carbonate crust and/or other distinguishable
macrofossils as a result of Recent erosion, but the spatial distribution of the remaining
fossils still reveals a distinct pattern. A thick white carbonate rind is recognized in some
places on top of the basalt.

If we focus on the distribution of substrate nature and in situ fossils by individual
blocks (Table 1), block 1 and 2 are those with the highest percentage of coarse and
unsorted sandy gravel mixed with rhodoliths (63% and 61%, respectively). Block 3
exhibits only 46% of coarse and unsorted sandy gravel mixed with rhodoliths. The
number of rhodoliths counted is 47 both for blocks 1 and 2, but rhodoliths are more
abundant in block 3 with 74 individuals (Table 1). The number of rhodoliths per square-
meter of sand is 18.7 for block A, 19.3 for block B and 40.2 for block C. In contrast, the

percentage of bare basalt surface is greater (39%) for block 3, but only 28% and 15% for
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blocks 2 and 1, respectively. Regarding corals, block 1 presents the highest percentage of
surface occupied by encrusting corals (22%), followed by block 3 with 15% and block 2
with only 11%. Block 2 contains the largest number of Spondylus sp. (six individuals).
Both of the other two blocks contain only two individuals each.

Although abundance is high, fossil diversity on the Pedra da Agua rocky shore is
quite low. Only two coeval benthic communities are represented: a mound community
(zone of coral encrustation) and an inter-mound community (zone of rhodolith

pavement).

Mound community (zone of coral encrustation)

An assemblage of encrusting colonial corals dominates the tops of the basalt mounds,
corresponding to the higher local topography and the more exposed rocky intertidal to
shallow-subtidal environment. The mounds are circular in shape (maximum length: 8.5 x
3 m; minimum length: 2 x 1 m), and rise above the surrounding soft bottom for about half
a meter.

At least two species of scleractinian corals (Tarbellastrea reussiana Milne-
Edwards and Haime, 1850 and Solenastrea sp.) are present in the mound community.
Figure 7 a illustrates the closely packed coral colonies attached directly to the basalt
surface and preserved in growth position. Lesser elements such as the epifaunal bivalve
Spondylus sp., the encrusting bryozoan Conopeum sp., and the coral-inhabiting barnacle
Ceratoconcha costata Kramberger-Gorjanovi¢ (1889) are also present. Representative
trace fossils present in the corals include borings produced by demosponges (Entobia

isp.), coral-inhabiting barnacles (Imbutichnus costatum Santos et al., 2012) and borings of
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bivalves (Gastrochaenolites torpedo Kelly and Bromley, 1984) (Fig. 7 b). Imbutichnus
costatum structures are found exclusively on Tarbellastrea sp. indicating a clear host
preference by the producer Ceratoconcha costata (Santos et al. 2012b). The post-mortem
bivalve borings are arranged perpendicularly to the coral surface and most of them are
truncated, presenting an average diameter of 1.5 cm. Counts from the sampling grid
yielded an average of ten T. reussiana/Solenastrea sp. colonies/m?. The average number
of G. torpedo /block was 201/m? for block 1, 57/m? for block 2, and 65/m? for block 3
(Table 1).

Spondylus sp. with articulated valves occurs preserved in life position among the
corals. Some of the shells are partially covered with crustose coralline algae and
encrusting bryozoans. As noted previously, it is possible to recognize in some places on
top of the basalt a thick conspicuous white carbonate rind. Such crusts are devoid of
fossils. Both rhodoliths and bioturbation structures are absent. For a more generalized

paleoecologic setting of the described biofacies see Table 2.

Inter-mound community (zone of rhodolith pavement)

The inter-mound community consists entirely of rhodoliths often encrusted by serpulids
and showing Gastrochaenolites isp. bioerosion. Lumpy in morphology, clustered
rhodoliths are restricted to a separate zone occupying a lower topographic position
between the raised patches of basalt. Composed of crustose coralline red algae, these
rhodoliths are mainly multispecific. Lithophyllum and Sporolithon most commonly occur
together (Fig.8a), although monospecific rhodoliths of Sporolithon sp. have also been

identified, as well as a less common combination of Lithophyllum and Hydrolithon (Fig.

10
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8b). The matrix in which the rhodoliths occur contains very coarse and unsorted sandy
gravel (average diameter 2 mm) with clasts up to 10 mm in diameter, as well as some
shell fragments derived from Spondylus sp. (Fig. 9a). The packing density of rhodoliths
varies from 18.7/m?and 19.3/m? for block 1 and 2, respectively, to 40.2/m? for block 3.

The shape of these rhodoliths is spheroidal to ellipsoidal (according to Bosence’s
(1983b) growth terminology (Fig. 10). The diameter of the rhodoliths varies from a
minimum of 1.9 cm to a maximum of 14.8 cm. Most of the rhodoliths include a nucleus
composed of rock (Fig. 9b). The high correlation coefficient (R?= 0.82) between data for
maximum diameters of rhodoliths and cores indicates a positive, linear relationship (Fig.
11) showing that the rock nucleus influenced the general shape of the rhodolith. The size
of rock cores tends to very large (4.7 cm on average) compared to the total size of the
rhodoliths with an average size of 6.4 cm (Fig. 9b). The average thickness of the coralline
red algae crust is thus less than 1.7 cm with little difference between small and large
rhodoliths.

In thin-section, rhodoliths reveal a massive inner arrangement with no
macroscopic cavities. The inner arrangement is laminar-concentric around the nucleus to
slightly columnar towards the surface according to Bosence’s (1983b) nomenclature.
Thin-sections show some degree of reworking and erosion, although many rhodoliths are
unabraded. Rare instances of two basalt cores or cores consisting of corals also are found.
Cross-sections through rhodoliths do not show a faunal succession nor overgrowth
patterns.

No bioturbation structures are recognized in the matrix in which the rhodoliths

occur. For a more generalized paleoecologic setting of the biofacies see Table 2.
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Discussion

Water depth

As evaluated by some authors (James and Maclntyre 1985; Bourillot et al. 2009),
paleotopography is the essential controlling factor for coral-reef location because reefs
flourish in elevated zones exposed to good marine circulation. Also, light conditions as
well as the ambient water energy influence the growth form of individuals that compose
the coral assemblages (Mankiewicz 1995).

According to Bourillot et al. (2009), coral communities that are dominated by
domal forms, such as Tarbellastrea, indicate shallow, high-energy waters. Another
argument in support for this interpretation derives from the presence of abundant bivalve
borings on the coral colonies of Pedra de Agua, generally suggesting a very shallow
marine environment (waters only a few meters deep) with a low or zero sedimentation
rate (Bromley and Asgaard 1993; Bromley 1994). The size of pebbles and cobbles which
the rhodoliths encrusted suggests a source area close to the paleoshore at Pedra de Agua,
as does the immediately overlying tuff layer. Thus, the water depth in this area was
shallow and well above the fair-weather wave-base.

Coralline red algal taxa forming rhodoliths have often been used to infer
paleodepth. However, Rasser and Piller (1997) showed that depth analysis based on
genera was problematic. Such analyses are best done at species level. The genus
Sporolithon is generally most abundant below 20 m in the northern hemisphere and in
tropical areas (Adey et al. 1982; Perrin et al. 1995; Aguirre et al. 2000; Braga and Bassi

2007; Basso et al. 2009). However, there are exceptions to this. Basso et al. (2009)
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described Recent rhodoliths formed by Sporolithon from intertidal pools and tidal
channels on wave-cut platforms from New Zealand, while Baarli et al. (2012) recorded
rhodoliths formed by the same algae in Quaternary calcareous sands deposited in water

depths of less than 6.5 m in Baja California (Mexico).

Substrate

The studied corals at Pedra de Agua are directly cemented to mounds of basalt, which is
in accordance with their environmental preferences because these encrusting coral
colonies developed preferentially on hard rather than soft substrates (Cabioch et al.
1995). According to Johnson and McKerrow (1995), very few examples are known of
fossil corals attached directly to inorganic surfaces. They documented encrustation of the
Early Jurassic coral Heterastrea sp. on Carboniferous limestone at Southerndown (South
Wales). Johnson and Baarli (1987) recorded Favosites sp. from the Upper Ordovician of
Hudson Bay encrusting quartzite boulders in a rocky-shore setting. An unidentified
scleractinian coral has been shown by Lescinsky et al. (1991) to encrust andesite boulders
in a rocky-shore setting of Late Cretaceous age in Baja California (Mexico). The colonial
corals Tarbellastraea reussiana (Milne-Edwards and Haime, 1850) and Isophyllastrea
orbignyana (Mayer, 1864) were reported encrusting basaltic substrate in a rocky-shore
setting of Middle Miocene age in Ilhéu de Cima (Madeira Archipelago; Santos et al.

2011).

Water energy
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The fossil encrusting corals occurring on the top of the basalt mounds at Pedra de Agua
were not originally covered by the sediment that presently fills the surfaces around them
prior to burial by tuff. It is clearly seen in the base of the cliff that the overlying volcanic
tuff bed (Figs. 3, 12) formed directly on the top of the corals and the rhodoliths alike,
estending across both ecological zones, that was responsible for their demise. Therefore,
the wave energy at Pedra de Agua locality was sufficient to prevent sediment grains from
settling to suffocate corals and also to carry smaller eroded basalt clasts seaward, but
insufficient to do much damage to the coral colonies because they were firmly attached in
a higher topographic position. The eroded basalt clasts filled the lower areas of
paleorelief around the coral mounds on the basalt substrate and were readily adopted as
nuclei by the coralline red algae living there. The presence of rhodoliths also implies a
low sedimentation rate and unlithified substrate (Bosence 1991) subjected to turbulent
waters (Adey and Burke 1976; Johnson et al. 2009).

Rhodoliths have an unattached mode of life. Marrak (1999) suggested that high
disturbance by infaunal organisms could be an important agent to stimulate overturning.
However, considering the lack of bioturbation, the large, heavy rhodoliths, and the
associated thin, coarse sediment layer at Pedra de Agua, wave energy was the more likely
responsible for rhodolith overturning.

The external morphology and internal structure of rhodoliths may be useful
indicators of hydraulic energy. Spheroidal to ellipsoidal shape, massive inner
arrangement with a uniform lumpy surface growth-form and the occurrence of a lithic
nucleus are consistent with a frequent and regular overturning of the rhodoliths by wave

action (e.g., Bosellini and Ginsburg 1971; Bosence 19834, b; Scoffin et al. 1985; Johnson
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and Hayes 1993; Steller and Foster 1995; Foster et al. 1997; Gischler and Pisera 1999;
Bassi et al. 2009). Thin-sections also show a symmetrical accretion around the core and
few empty voids, both of which indicate high water energy and frequent overturning
(Bassi et al. 2009). Likewise, the low presence of sediment in the interior of the
rhodoliths is often considered to be evidence of a low sedimentation rate or of a regular
overturning of the rhodoliths on the sea floor (Basso 1998).

There is some evidence of abrasion of the Pedra de Agua rhodoliths, as is often
the case for rhodoliths in fairly shallow waters on a coarse bioclastic substrate (Bassi et
al. 2009). Dead rhodoliths may be exploited as substrate for new colonization leading to
polyspecific rhodoliths (Basso et al. 2009), which are commonly encountered in this
study.

Basso (1998) demonstrated that the packing is crucial in explaining the hydraulic
behavior of rhodoliths. With a higher density, stronger wave action is needed to move the
rhodoliths. Comparing rhodoliths at Pedra de Agua on the southwest side of Ilhéu de
Cima with rhodoliths at Cabeco das Laranjas on the northeast side of the islet (Johnson et
al. 2011), some 300 m away, they are of comparable sizes, but the thickness of the
deposits and their packing density differs profoundly. The former site displays less than
40 rhodoliths per square meter while the latter shows more than 200 /m?. The rhodolith
assemblage at Cabego das Laranjas was identified as transported into the site from deeper
off-shore banks by hurricanes or strong storms. In contrast, the rhodoliths at Pedra de
Agua formed a living community with a density level and bed thickness sufficiently

limited to promote rotation leading to even growth around a rock core.
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Rhodolith nucleus
The shape of pebbles and cobbles present in the sediment matrix was responsible for the
ultimate shape of the rhodoliths (Lund et al. 2000). This is in accordance with the data
obtained by Scoffin et al. (1985) from Recent shallow reef rhodoliths at Cook Islands
(central Pacific). These authors analyzed and compared different rhodolith nuclei (basalt
pebbles, stick corals, mussel valves, and gastropods) with the final shape of the algae and
concluded that most of these rhodoliths, at least initially, are greatly influenced by the
shape of its nucleus. As a general rule, the more spherical the nuclei (e.g., basalt pebbles)
the more regular the concentric encrustations, while on tabular or bowl-shaped nuclei
(e.g., mussel shells) the encrustations are of uneven thickness (Scoffin et al. 1985).
Another good example is the Pliocene rhodolith deposits at Punta San
Francisquito in the Gulf of California studied by Johnson et al. (2009), because there
relatively large rhodoliths have a solid granodiorite core. At present, this Pliocene site is
the only known locality in the Gulf of California where this peculiarity is known to occur.
However, some differences exist between the two places in terms of overall rhodolith
size. The rhodoliths from Punta San Francisquito measure 5 cm across on average with
calcareous rinds that completely enclose granodiorite pebbles up to 3 cm in diameter
(Johnson et al. 2009). This is in contrast to the much larger Miocene rhodoliths at Pedra
de Agua. Johnson and Hayes (1993) studied small andesite pebbles from the Late
Cretaceous at Las Minas (Pacific coast of northern Baja California), with rinds 5 mm to 8
mm in thickness. This effectively doubled the diameter of the pebbles as a consequence
of algal encrustation. In this particular case, the relative proportion of the crust was larger

than at Pedra de Agua, but the size and shape of the nuclei still primarily influenced the
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shapes of nucleated rhodoliths as found in many other studies (Basso and Tomaselli
1994; Ballantine et al. 2000; Bassi et al. 2009).

Generally, the Pedra de Agua rhodoliths have a uniform size and shape and a
basalt core with a thin crust of algae of about the same thickness regardless of size. This
suggests there was just one population with the same, relatively short history of

development, which could only be achieved by fairly frequent movement.

Paleoenvironmental interpretation

According to the surrounding topography at Pedra de Agua (Fig. 1), the study area
features encrusting corals on basalt mounds that grew within a small protected
embayment at the paleo-island at Ilhéu de Cima. Wave action within the bay was still
sufficient to promote the growth of small patches of corals and to keep the rhodoliths in
between the basalt mounds in motion. The fact that some rhodoliths display signs of
erosion and the coarse bioclastic matrix suggest some degree of bottom reworking by
currents as shown by Bassi (1998). In this context, the topographic configuration may
have controlled local current patterns. The patches of corals on low mounds of basalt are
surrounded by sandy gravel and rhodolith beds. Wave action from the south or southwest
was the only possible source for wind-driven waves to reach the shelf at this locality.
This is confirmed by Santos et al. (2011), who show that the Miocene coastline ran
paralell to the present one southeast of Pedra de Agua. This is in marked contrast to
Cabeco das Laranjas on the opposite side of the islet, where much sediment was
transported from offshore banks by strong storms or hurricanes from the southeast or east

and piled up against paleocliffs and boulders (Johnson et al. 2011).
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The in situ preservation of corals and rhodoliths is a result of the rapid,
catastrophic burial of the small embayment at Pedra de Agua by a layer consisting of
volcanic lapilli and finer tephra (Fig. 12). As such, the Miocene fossil assemblages
representing two different biofacies at this locality are interpreted as obrution deposits
according to the criteria set out by Brett et al. (1997). The rapid burial of coral beds at
present and in the geologic past is a well-documented phenomenon (e.g., Heikoop et al.
1996; Pandolfi et al. 2006; Multer 2006; Reuter and Piller 2011). This is the first well
documented example of obrution deposits due to volcanic ejecta from the Miocene.
Essentially, the biofacies preserved intact at Pedra de Agua constitute a kind of
paleontological Pompeii for Miocene coastal habitats.

The Middle Miocene fossil assemblages at the Pedra de Agua site do not signify a
genuine rocky shore, but may be seen as a in situ preserved rocky shore communities
because, in agreement with Lescinsky et al. (1991), they represent a near-shore, hard-

substrate community influenced by wave energy.

Conclusions
(1) Two zones with distinctly different biotic communities developed in adjacent,

shallow subtidal areas: (a) a zone of coral encrustation and (b) a zone of
rhodolith pavement. The first zone is characterized by encrusting colonial dome-
shaped scleractinian corals accompanied by subordinate components such as the
cemented bivalve Spondylus, boring bivalves producing Gastrochaenolites

bioerosional structures, and bryozoans. The second zone is characterized by the
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412 presence of rhodoliths with a lumpy morphology that accrued as free rolling

113 algal nodules.

414 (2) These zones occupied two distinct but interpenetrating high energy shallow
415 subtidal areas corresponding to the same surface of that former stretch of the
416 coast: (a) basalt mounds forming hard substrates occupying topographic highs
417 and (b) about a half meter deeper, a soft sandy gravel bottom occupying

118 topographic lows between the basalt mounds.

419 (3) Based in part on the depositional style of the rhodolith beds the southwestern

420 side of Miocene Ilhéu de Cima represents a comparatively sheltered setting in

421 contrast to the storm-impacted northeastern side of the islet.

422  (4) The Pedra de Agua outcrop features the first well documented example of

423 obrution deposits affecting two coeval in-situ preserved Miocene

424 paleocommunities, a coral-dominated and a rhodolith-dominated

475 paleocommunity, which were catastrophically buried by volcanic lapilli and fine
tephra.

426 P
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Figure captions

Fig. 1 Geographic location of the study site at Pedra de Agua on llhéu de Cima (Porto

Santo, Portugal). Star showing position of the study site

Fig. 2 Sample plan showing the layout of the census on the outcrop at Pedra de Agua.

The four transects are labeled A, B, C, and D. Blocks 1, 2, and 3 are the three

square blocks chosen for illustration from the full layout. (16 grids to one block

equal to 4 m?)

Fig. 3 Cross-section along the exposed side of Pedra de Agua outcrop, showing the

position of cemented corals on top of basalt mounds and very coarse and unsorted

sandy gravel with rhodoliths in the adjacent depressions

Fig. 4 Frequency data depicting the lateral zonation at Pedra de Agua along the transects
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B, C, and D. a Spatial distribution of corals. b Spatial distribution of bare
basalt. ¢ Spatial distribution of coarse bioclastic sand

Fig. 5 Frequency data depicting the lateral zonation at Pedra de Agua along the transects

A, B, C, and D. a Spatial distribution of Gastrochaenolites borings. b Spatial
distribution of rhodoliths
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Fig. 6 Ecologic zones mapped on the rocky paleoshore at Pedra de Agua. Each block

represents four square meters. a Block 1. b Block 2. ¢ Block 3

Fig. 7 General view of the rocky paleoshore at Pedra de Agua. a Closely packed coral

colonies attached directly to the basalt. Scale bar: 20 cm. b Bivalve borings

Gastrochaenolites torpedo in corals. Scale bar: 10 cm

Fig. 8 Generic affinities of rhodoliths from Pedra de Agua. a Lithophyllum with

sporangia (black arrow) and Sporolithon (red arrow) most commonly can occur.
Scale bar: 200 um. b Less common combination of Lithophillum and Hydrolithon.

Scale bar: 200 um

Fig. 9 a Matrix of very coarse and unsorted sandy gravel on which the rhodoliths rest. b

Natural cross-section through a lumpy rhodolith with a rock core 3.5 cm in

diameter. Scale bar: 2 cm
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Fig. 10 Shape classification of rhodoliths from Pedra de Agua based on the triangular plot

formulated by Sneed and Folk (1958)

Fig. 11 Linear relationship between maximum diameter of rhodoliths (DR) and rock core

(RC), with R°=0.82
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Fig. 12 Volcanic tuff directly overlying the coral biofacies (under the present see cliff) on

the rocky paleoshore at Pedra de Agua. Scale bar: 15 cm

Table captions

Table 1 Percentages based on census data collected for blocks A, B, and C from the

mound and inter-mound communities at Pedra de Agua. Each block represents 4 m?

Table 2 Generalized paleoenvironmental interpretation from the basalt mound and inter-

mound communities at Pedra de Agua
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Table 1

Table 1

Block 1

Block 2

Block 3

50
56

108

Avi’erage
(Blocks I +2 + 3)

16

7

27



Table 2

Table 2

Hard substrate

Soft substrate

Zone of coral encrustation

Zone of rhodolith pavement

Type of sediment
Bioerosion
Bioturbation

Rhodoliths

Predominant algal
taxa

Algal growth-forms

Paleodepth

basalt
medium
absent
absent
/

crusts

shallow (above fair-weather wave-
base)

coarse and unsorted sandy gravel
low
absent

large

polyspecific (Lithophyllum and
Sporolithon)

crusts

shallow (above fair-weather wave-
base)




