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Abstract
This multidisciplinary study presents the major characteristics of a set of submarine 
rock outcrops in the Northern Adriatic Sea: the rock occurrence, embedded down to 
about 1 m from the seafloor in the bottom sediments; numerous gas accumulations in 
the proximity of the outcrops (e.g., bubbling gas from the sediment–water interface); 
small-scale mud volcanoes; and microbial mats around the seepage site. Geochemical 
analysis revealed that these features are related to the seepage of CH4-rich fluids, 
which causes the precipitation of methane-derived calcium carbonate as a cement 
(δ13C � �49.80‰ V-PDB). 14C data gave radiocarbon ages of about 21,700 � 2,265 
years bp for two cement samples. From the biological point of view, a total of 112 mac-
roalgal taxa were recorded. The different number of taxa recorded at the San Pietro and 
Bardelli sampling sites has been related to the different distance from the coast and to 
water depth. Some species that characterize these outcrops are acknowledged as impor-
tant bioconstructors distinctive of the Mediterranean area.

Key Words: Northern Adriatic Sea, rock outcrop, methane-related carbonate cementa-
tion, Quaternary, subbottom profiler Chirp, sidescan sonar, multibeam, CH4 seepage, 
geochemistry, macroalgal taxa

Introduction

The investigated area is located in the Gulf of Trieste (Northern Adriatic Sea) 
(Figure 9.1), in a maximum water depth of 22 m, close to the Slovenian–Croatian 
coast. Due to the orientation of this portion of the Adriatic Sea (NE–SW), the study 
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area is exposed to different winds and wave regimes. The prevailing winds, especially 
during the fall and winter, are mainly represented by an ENE wind called Bora [1]. 
The entire area is also affected by the northern winds (diurnal) caused by thermal vari-
ations; the Sirocco and Libeccio winds blow less frequently from the southwest [2,3].

The tidal variations observed along the coast are microtidal (�1 m). The great-
est amplitude occurs during spring tide, with an average semidiurnal difference of 
86 cm in the northeasternmost part of the Adriatic Sea, in the proximity of Trieste, 
and 100 cm in Venice (with peaks of 130 up to 200 cm). The minimum amplitude 
is noted during the mean neap tides, with diurnal differences of about 22 and 20 cm 
in Trieste and Venice, respectively [4,5]. Annual mean significant wave heights 
are lower than 0.5 m [6], while the highest offshore wave height, generated by the 
Bora- and Sirocco-related storms, is about 5 m [7]. The mean basin circulation is 
counterclockwise.

From the stratigraphical and depositional point of view, the study area is charac-
terized by sedimentary deposits interpreted as late Quaternary transgressive systems 
[8–10]. They are represented by lowstand system tract (LST) alluvial clays and sands 
of continental origin, buried by sediments displaying different thicknesses that con-
stitute the transgressive system tract (TST) deposits, mainly characterized by “bar-
rier–lagoon–estuary” systems. The highstand system tract (HST) deposits are located 
in correspondence to the actual shoreline or sometimes even more inland [11]. The 
seismic stratigraphy and tectonic evolution of the Gulf of Trieste is described in 
detail [12,13].

The seafloor sedimentary deposits show a gradual increase of the fine fraction 
from the coast toward the offshore; then a progressive increase in the coarse fraction 
in the central part of the study area (residual sands of the TST) is recognized.

Geophysical (multibeam, singlebeam, sidescan sonar (SSS), and Chirp subbot-
tom profiler) and underwater surveys carried out in the Gulf of Trieste allowed a more 
detailed understanding of the depositional and erosional features of this sea floor sector. 
It is characterized by a series of reliefs (called Trezze and Banco della Mula di Muggia), 
elongated and round depressions, and widespread subaqueous sand-dunes fields.

However, the most peculiar features of the Northern Adriatic Sea are subma-
rine rock exposures, irregularly distributed on the seabed [14], whose origin is still 
largely debated. These rock formations have been initially interpreted as beachrocks 
[15–17], while the current hypothesis on their genesis suggests they are most likely 
related to seeping methane and cementation and lithification processes [18–23]. The 
migration of shallow gas through marine sediments usually causes the precipitation 
of methane-derived calcium carbonate as a cement within otherwise unconsolidated 
sediment [22,24–26]. The peculiarity of this cement is the remarkable carbon isoto-
pic depletion in 13C compared to normal marine carbonates. It has been interpreted 
as the result of coupled processes, that is, anaerobic methane oxidation and sulfate 
reduction, operated by Archaea and sulfate-reducing bacteria.

These rock outcrops are characterized by a rich community of associated flora 
and fauna and thus represent a unique hotspot of biodiversity on the rather monoto-
nous seabed of the Northern Adriatic Sea. The coralligenous biogenic concretions 
that characterize these reefs play a fundamental role as habitat for reproduction 
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and nurseries of demersal and pelagic species. These structures are very sensitive 
to human impacts. Scuba diving confirmed the widespread fragmentation of these 
features, probably as a result of fishing and overexploitation of Callista chione 
(Linnaeus), 1758, and Venus verrucosa (Linnaeus), 1758.

This chapter discusses the most relevant results concerning the study of two rock 
outcrops, San Pietro (45°36�191��N���13°20�276��E��) and Bardelli (45°29�843��N���
13°14�662��E��).

Geomorphic Features and Habitats

The San Pietro outcrop lies at a distance of about 9 km from the coast, at 15 m depth. 
The study of this structure was first performed through an SSS survey (Edgetech 
DF-1000/DCI, 100–500 kHz; data processing: Coda Octopus Geokit Mosaics; cell 
size, 50 cm), which covered a 1,500 � 2,500 m area (ca. 4 km2; Figure 9.2). The SSS 
mosaic consists of 13 profiles, 100 m spaced and acquired with a 75 m wide swath, 
which allowed an overlap of 20%.

The data highlights that the seabed is almost flat, locally showing the occurrence 
of rock outcrops, with a range of sizes, shapes, and spatial orientations. On the SSS 
data, they appear as high backscatter features. The seabed is mainly composed of 
sands. The rock outcrops can be grouped into two blocks with 40 smaller (0.6 up 

Figure 9.2 San Pietro SSS mosaic. Data reveal that the seabed, with a dominant sandy 
component, is almost flat, with local high backscatter features, indicating the occurrence  
of rock outcrops.
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to 6 m in length) outcrops in the surroundings, covering an area of 7,000 m2 (about 
175 m � 75 m; E–W oriented). The larger block is 260 m2 large (29 m � 11 m).

In order to obtain a better morphological characterization of the rock outcrops, a 
multibeam survey has also been performed (Multibeam Reson SeaBat 8125, 455 kHz; 
processing: Reson PDS2000; grid cell size: 20 cm) in an area of 1.6 km2. The sur-
veyed area shows a NW–SE, 1.5‰ dipping seafloor, with a depth ranging from 15 
to 1 m. The rock outcrops have a pinnacle morphology and are 1.5–1.9 m high, and 
1–5 m wide (Figure 9.3).

In addition, a Chirp survey (Edgetech 3200-XS/SB-216S, 2–16 kHz; data process-
ing: Discover SB 3200-XS and Kingdom Suite; Figure 9.4) has been performed in 
the rock outcrop area.

Subbottom profiler data were characterized by a signal penetration of 10 m and a 
vertical resolution of about 20 cm; the seismostratigraphic setting is generally flat, 
and where four major sequences were recognizable. Based on a correlation with a 
2 m long core collected in the area (GT1bis; see [8]), the uppermost sequence con-
sists of medium to fine sand, with abundant organic matter (Cymodocea nodosa 
(Ucria) Ascherson), probably related to the TST system.

The lowermost sequence is interpreted as representing the LST top (silty sands 
with Polmonata spp. and Pisidium spp. and littoral organic matter).

Figure 9.3 Multibeam sonar bathymetric map showing a 3D perspective view of San Pietro 
outcrop area, 1.6 km2 wide. The surveyed area shows a NW–SE, 1.5‰ dipping seafloor, with 
a depth ranging from 15 to 17 m. The rock outcrops have a pinnacle morphology and are 
1.5–1.9 m high.
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The occurrence of gas has also been identified in both the stratigraphic sequence 
and the water column (Figure 9.7).

The rock outcrops appear on the seismic profiles as semitransparent facies 
embedded down to about 1 m from the seafloor within the sedimentary sequence.

SSS data acquired in the Bardelli outcrop area, which lies at about 19 km away 
from the coast, covers 600 m � 800 m (Figure 9.5). The SSS mosaic consists of five 
profiles, 100 m spaced, and acquired with a 75 m wide swath, which allowed an over-
lap of 20%. The mosaic shows a predominantly sandy seafloor; locally pelitic sedi-
ments are evidenced as lighter backscatter.

The Bardelli outcrop consists of two main groups, which have an E–W orienta-
tion (Figure 9.5). They cover an area of 250 m � 90 m (6,300 m2) and are separated 
by a flat sandy seafloor morphology, where minor rock outcrops are present. The 
larger group is 95 m � 80 m wide (4,100 m2), shows an almost round shape, and 

Figure 9.4 Subbottom profiler Chirp (2–7 kHz) survey on the San Pietro outcrop: (A) 3D 
sketch; (B) seafloor map (digital echosounder survey); (C, D) high-resolution Chirp, interpreted 
profiles performed along the direction of maximum development of the rock outcrops (A, B) 
and across them (E–F). The investigated outcrops, represented by a seismic acoustic blanking, 
are clearly recognizable on the seismic data and appear to be partially buried within the 
superficial sediments. The signal penetration is primarily influenced by the presence of sandy-
silty sand superficial sediments.
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is formed by smaller blocks, separated by sandy to gravelly deposits. The second 
group, composed of closely spaced rock slabs, reveals an ENE–WSW orientation 
and is 55 m � 38 m wide (2,200 m2). The slabs are separated by vertical fractures 
smaller than 0.2–0.3 m.

In order to obtain a better morphological characterization of this outcrop, a single-
beam survey (Kongsberg-Simrad EA400, 38–200 kHz; processing: Reson PDS2000; 
grid cell size: 2 m; Figure 9.6) was performed over the Bardelli outcrop in an area of 
about 0.2 km2. The analysis of 2D and 3D bathymetric data highlighted that the out-
crop lies at a depth ranging from 20.2 to 22.5 m (dip, 4‰). Three morphological highs 
can be identified at 20.2, 20.4, and 20.6 m, the latter two being located in correspon-
dence to the Bardelli outcrop. In the eastern sector of the surveyed area, a bathymetric 
low (maximum depth 22.5 m) is recognizable. The rock outcrops have a maximum 
elevation above the seafloor of 1.2 m.

A Chirp subbottom profiler survey was also conducted; one example is shown in 
Figure 9.7D. The maximum signal penetration was about 10 m. The high-resolution 
seismic profiles show the occurrence of a highly reflective facies on the seafloor 
indicative of the presence of the Bardelli outcrop. The sedimentary sequence consists 
of four depositional units (Figure 9.7D). The lowermost unit is composed of a tabu-
lar horizon geometry, locally affected by upward migrating gas.

The uppermost unit, which extends up to the seafloor, is onlapping against the 
outcrops. It can easily be noted that the two outcrop groups are not laterally con-
nected and that two major plumes are recognizable just above the outcrops. They 
may represent fluids seeping from the sediments and the outcrops in the water col-
umn. Both the Chirp subbottom profiler investigations show, as regards the previous 
described outcrops, an embedding of only 1 m within the stratigraphic sequence and 

Figure 9.5 Bardelli SSS mosaic showing a predominant flat, sandy seafloor; locally pelitic 
sediments are evident as lighter backscatter, whereas the outcrops appear as high backscatter 
features.
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Figure 9.6 Singlebeam data above Bardelli outcrop. (A) Seafloor contour map where the 
two blocks constituting the outcrop are recognizable; (A, B) Chirp subbottom profiler 
profile. (B) 3D perspective view; the outcrop lies at a depth of 20.2–22.5 m, with a maximum 
elevation above the seafloor of 1.2 m.
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numerous gas accumulations in the proximity of the outcrop, for example, bubbling 
gas from the water–sediments interface (Figure 9.7C), small-scale mud volcanoes 
(Figure 9.7A), and microbial mats (Figure 9.7B) around the seepage site.

Four outcrop samples have been collected in correspondence to each outcrop during 
several diver surveys, at the outcrop top and bottom, and in peculiar areas, such as the 
gas seepages. SEM-EDX image analysis of eight thin sections of such samples of both 
the San Pietro and Bardelli outcrops confirmed that their origin is related to marine 
precipitation cements. Microstructural and petrographical observations were funda-
mental for the distinction of the different types of authigenic carbonates. Aragonite 
characterizes the Bardelli outcrop and is primarily associated with shell accumulation 
in the sediments. Calcite was mostly observed in correspondence to the San Pietro out-
crop, in the calcareous sandstones. The mineralogical composition of the rocks reveals 
a high percentage of carbonates (calcite, aragonite, dolomite, and fragments of carbon-
ate rocks), which may sum up to 80% of the sample. The remaining 20% is made of 
quartz, feldspar, biotite, chlorite, glauconite, phosphates, and small inclusions of pyrite. 
The composition of the examined samples on the whole proves the alluvial and marine 
origin of the deposits, which commonly characterize the study area.

Geochemical analyses, performed through the method described in [27] with a “dual 
inlet” mass spectrometer (Europa Scientific GEO 20-20), were also carried out to investi-
gate the possible relationships of the rocks with the seepage of CH4 fluids. The geochem-
ical signatures performed on 16 bulk samples at different sampling sites (mixed marine 
sediments, shells, and carbonate cements) showed that they are depleted in 13C with δ13C 
values ranging between �10.28‰ and �26.30‰ V-PDB. More specifically, two sam-
ples of authigenic, acicular, aragonite carbonate cement alone revealed strong negative 
δ13C values (e.g., �49.80‰ to �39.40‰ V-PDB), thus showing that methane is the pri-
mary source of the carbonate cement carbon.

14C data gave apparent radiocarbon ages of about 21,700 � 2,265 and 
15,940 � 360 years bp for two aragonitic cement samples, and an age of about 
4,990 � 45 years bp for shells of gastropod and bivalve specimens embedded in the 
rock (Analyses performed at the Angstrom Laboratory of Uppsala University: the 
samples are ultrasonically cleaned in boiled distilled water [pH � 3]; each sample is 
leached with 0.5 M HCl, giving rise to separate fractions of CO2; the desired fraction 
of CO2 is graphitized using an Fe-catalyst reaction prior to the accelerator measure-
ment). It would then suggest that the carbonate cement ages are compatible with the 
youngest ages for the fossil methane source, that is, the late Quaternary peat, which 
age is 16,000 to 22,000 years bp [8,28]. Instead, the ages from the shells would sug-
gest that the cementation processes are recent (Holocene). However, the hypothesis 
on the age attribution to the outcrops remains at the moment speculative; in fact, we 
are going to perform an evaluation of the gas age also.

Biological Communities

Macroalgal assemblages were seasonally investigated from 2008 to 2009 on the San 
Pietro and Bardelli outcrops by means of a 30 � 30 cm frame arranged randomly 
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on the bottom, within which the substratum was scrubbed clean. Algae collection 
was supported by underwater photography [29]. Furthermore, on the nearby soft bot-
toms, SCUBA surveys were made along two 10 m long radial transects across the 
reef structure. Samples were collected on three quadrates (50 � 50 cm) randomly 
selected along each transect.

A total of 114 taxa were recorded: 87 Rhodophyta, 17 Ochrophyta, and 10 
Chlorophyta. The different number of species recorded at the San Pietro and Bardelli 
sampling sites (Figure 9.8) may be related to the different distances from the coast 
(3 and 18 miles, respectively) and depth (16 and 22 m). In particular, at Bardelli, 
the dim-light conditions favored the development of a greater relative percentage of 
red algae (84.7% versus 73.1% at San Pietro). These observations are in accordance 
with [30,31] results on nearby similar outcrops. Among the most conspicuous bio-
constructors are the crustose red algae, with 21 Corallinales and 5 Peyssonneliaceae, 
which at Bardelli showed a coverage up to 70–80%. Nevertheless, these rock out-
crops are characterized by a high spatial and temporal variability, even on a small to 
medium scale of observation. As suggested by Casellato et al. [30], in the Northern 
Adriatic, the unpredictability of the oceanographical conditions drive the observed 
variability in benthic communities.

On both outcrops, the most frequent species is the nongeniculate coralline red 
alga [32] Lithophyllum pustulatum (J.V. Lamouroux) Foslie (Figure 9.9B), while 
Lithothamnion philippii Foslie and the genus Peyssonnelia showed the higher cover-
age. Bardelli was also characterized by Pneophyllum confervicola (Kützing) Y.M. 
Chamberlain (Figure 9.9C–D), Mesophyllum alternans (Foslie) Cabioch & Mendoza, 
and Neogoniolithon mamillosum (Hauck) Setchell & L.R. Mason. The latter two 
species are acknowledged as important corallinegous bioconstructors distinctive of 
the Mediterranean [33–35]. It has been suggested that the calcareous organisms had 
an important role in the origin of the rock outcrops [30]: the precipitation of carbon-
ate due to methane seeps formed the hard substrate on which the benthic building 
organisms developed. Such calcareous organisms act as bioconstructors, providing a 

Figure 9.8 Number of taxa assessed on the two rock outcrops.
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secondary substratum for further colonization and promoting the construction of the 
coralligenous reefs [35]. Furthermore, calcareous organisms represent a major contrib-
utor to coastal sediments and fossil deposits of biogenic calcium carbonate [36,37].

Finally, on the seabed surrounding the outcrops, free-living, unattached nodules 
of coralline algae [38,39] were identified. These assemblages represent complex and 
heterogenous substrata on otherwise monotonous sedimentary bottoms, providing 
habitat for many associated organisms. They are recognized worldwide as one of the 
most important benthic communities dominated by marine algae [40].

In particular, the sandy seabed at San Pietro was characterized by the rho-
dolith Lithophyllum racemus (Lamarck) Foslie, while on the pelitic–sandy 
sediments at Bardelli, a maërl association (Figure 9.9A) with two species character-
istic, Lithothamnion corallioides (P.L. Crouan & H.M. Crouan) P.L. Crouan & H.M. 
Crouan and Phymatolithon calcareum (Pallas) W.H. Adey & D.L. McKibbin, along 
with Lithothamnion minervae Basso and Lithophyllum racemus (Lamarck) Foslie, 
were detected. Living rhodoliths are crucial for the survival of beds and their associ-
ated biodiversity [41]. The assessed ratio of living (pigmented)/nonliving thalli was 
higher at San Pietro (L/nL�10) than at Bardelli (L/nL�1.64). Following [42–44], the 
rhodoliths’ sphericity was also assessed. The analyzed specimens are mostly likely 
spheroidal and ellipsoidal (Figure 9.10). As far as the density of branching is con-
cerned, in accordance with the scale proposed by [42], the dominance of thalli with 

Figure 9.9 (A) Rhodoliths specimens. From left to right: L. corallioides, P. calcareum, and 
L. racemus; (B) thallus in reproduction with conceptacles of L. pustulatum; (C) habitus of 
P. confervicola; (D) conceptacle of P. confervicola.
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low-density branches (Classes II–III) was observed. In literature, the sphericity and 
branching density of rhodoliths have often been correlated to environmental fac-
tors, such as hydrodynamic features (currents, water turbulence, wave action) and 
sedimentation rate [39,42,45,46]. Sphericity has also been used as an indicator of 
frequency of movement and overturning [42,45]. On Bardelli, the lack of a domi-
nant form, together with the almost total absence of fleshy epiphytic algae, seems to 
delineate a situation highly variable in local conditions. Nevertheless, the relation-
ships linking the algal morphology and the environmental conditions are still ques-
tionable and mainly based on few correlative studies on living beds; therefore, more 
experimental data are imperative to better predict such correlations.

With reference to the EU Habitat Directive (Natura 2000, 92/43/EEC), the rock 
outcrops of the Northern Adriatic are regarded as “reef habitat” (Habitat: 1170), char-
acterized by biogenic/geogenic concretions. None of the species until now reported 
are included in Annex II of the Habitat Directive, while two Mollusca (Lithophaga 
lithophaga Linnaeus, 1758, and Pinna nobilis Linnaeus, 1758), and two macroalgae 
(L. corallioides and P. calcareum) are respectively reported in Annexes IV and V.

The high biodiversity recorded, together with the occurrence of ecological gradi-
ents, represent valuable elements on the rather monotonous coastal bottoms of the 
Northern Adriatic Sea. In addition, the rock outcrops play a pivotal role as nurseries 
for demersal and pelagical species reproduction and spawning. The fragile biological 
equilibrium of these structures, the slow-growing calcareous organisms considered as 
nonrenewable resources, and the dredging and bottom trawling pressure that strongly 
threatens the physical characteristics of the habitat and negatively affect the associated 
biota, all motivate the need to protect the Trezze and their surrounding seabed.
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Preface

This book started as an idea at the GeoHab meeting held in Noumea, New 
Caledonia, in May 2007. We noticed that multibeam bathymetry maps of geomor-
phic features, sometimes shown as 3D fly-through movies, followed by detailed 
sampling and photographic data (including underwater videos) illustrating the sub-
strate conditions and associated biota, was a consistent theme of many papers. The 
presentations often also included a mathematical–statistical analysis that attempted 
to quantify the relationships between physical and biological variables. The idea of 
putting these studies together into a book grew during a discussion held at the sub-
sequent GeoHab meeting held in Sitka, Alaska, in 2008; since so many maps are 
produced by GeoHab scientists, why not build our own “atlas” of different benthic 
habitats? An “e-book” was suggested, as this would allow for all maps and images 
to be published in color via online access; plus it would include the option of movies 
to illustrate the chapters. At the 2009 GeoHab meeting held in Trondheim, Norway, 
we sent out a call for papers to be submitted in time for the 2010 GeoHab meeting in 
Wellington, New Zealand. The response from the community was tremendous, with 
over 70 expressions of interest received for contributions.

The main content of this book comprises 57 “case studies” contributed by 
GeoHab authors from around the world. The case studies represent the “state of the 
art” in habitat-mapping science; they provide concise reports based on a template 
that all authors were asked to follow, with references included for readers to follow-
up as needed. The book is divided into three parts:

1. Introduction
2. Case studies
3. Synthesis

The end-users of habitat-mapping science are drawn from a wide range of  
experiences and backgrounds. They are environmental managers, ecologists, fish-
ermen, seabed mining and petroleum explorers, conservationists, and other marine 
scientists. Our aim is for the technical descriptions to be self-explanatory to the non-
expert. The introductory Chapters 1–6 (Part 1) provide the reader with broad context 
and a basic understanding of the main concepts presented in the case studies; they 
might be thought of as an introduction to the science of benthic habitat mapping. 
A second purpose of the introductory and synthesis chapters (Parts 1 and 3) is to 
link general concepts and geomorphic features with cross-references to specific case 
studies. The Glossary is another important tool intended to assist our readers. It con-
tains over 200 definitions of many technical terms used throughout the book, many 
of which were contributed by the case-study authors.



Prefacexxviii

The 64 chapters comprising this book were all peer reviewed, which involved 
over 100 fellow scientists to whom we owe a considerable debt of gratitude. Quite 
simply, we could not have done it without them! We gratefully acknowledge the sup-
port and valuable contribution of peer reviewers listed below. A number of other peo-
ple assisted us in preparing the final volume. In particular, we thank Jean-Nicolas 
Poussart (UNEP/GRID Arendal) and Tanya Whiteway (Geoscience Australia) for 
assistance with figures and maps.

We hope this book will provide a useful reference for students, scientists, managers, 
and industry specialists working in the field of habitat mapping, and that it will inspire 
further research and development of new methods and technologies, to explore, better 
understand, and appreciate the seafloor and the creatures that inhabit it.
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