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[1] Posidonia oceanica is awidespread coastalMediterranean
seagrass which accumulates in its subsurface large quantities
of organic material derived from its roots, rhizomes and leaf
sheaths embedded in sandy sediments. These organic
deposits may be up to several meters thick as they
accumulate over thousands of years forming the matte,
whose high content in organic carbon plays a major role
in the global ocean carbon cycle. In this study, very high-
resolution seismo-acoustic methods were applied to image
the subsurface features of a P. oceanica seagrass meadow
at Portlligat (Cadaqués, Girona, Spain), in the NW-
Mediterranean Sea. Our findings yield fresh insights into
the settling of the P. oceanica meadow in the study area,
and define with unprecedented detail the potential volume
occupied by the matte. A strong reflector, located from
4.3 to 11.7 m depth, was recognized in several seismo-
acoustic profiles as the substratum on which P. oceanica
first settled in the study area. A 3D bathymetric model of
this substratum allowed us to reconstruct the Portlligat
palaeo-environment prior to the settling of P. oceanica,
which corresponded to a shallow coastal setting protected
from the open sea. A core drilled in the meadow at
Portlligat revealed the presence of a 6 m thick dense matte
composed of medium to coarse sandy sediments mixed
with plant debris and bioclasts. Radiocarbon datings
revealed a constant accretion rate of the matte of about
1.1 m/kyr. Gravelly bioclastic deposits observed at the
base of the core correspond to the base of the matte and
gave a date of 5616 ± 46 Cal yr BP. For the first time,
very high-resolution marine geophysical techniques
allowed us to accurately define the volume occupied by
P. oceanica matte, which in the study area reaches up to
almost 220,000 ± 17,400 m3. This result is an important
step forward in our efforts to estimate the size of the
carbon sink represented by P. oceanica meadows along
the Mediterranean coasts significantly contributing to the
biosphere carbon cycle. Citation: Lo Iacono, C., M. A.

Mateo, E. Gràcia, L. Guasch, R. Carbonell, L. Serrano, O.

Serrano, and J. Dañobeitia (2008), Very high-resolution seismo-

acoustic imaging of seagrass meadows (Mediterranean Sea):

Implications for carbon sink estimates, Geophys. Res. Lett., 35,

L18601, doi:10.1029/2008GL034773.

1. Introduction

[2] The seagrass Posidonia oceanica is one of the
protected endemic ecosystems of the Mediterranean coast
and is the only marine plant that contains in its subsurface
large amounts of organic materials, forming a peaty sedi-
ment. These organic deposits, known as matte, are mainly
composed of detritus of the seagrass, derived from their
leaves and organs, embedded in the surrounding sediments
[Boudouresque andMeisnez, 1982]. Geologically, P. oceanica
can be defined as an ‘‘aggradational’’ phanerogam, with the
recent plants stacking upward on the older seagrass deposits
and building the matte. The organic fraction of the matte is
preserved over thousands of years forming structures several
meters thick [Mateo et al., 1997]. This preservation results
from the highly anoxic conditions in the matte and from the
refractory nature of the detritus [Mateo et al., 1997, 2006].
P. oceanica is one of the most extensive coastal reservoirs

Figure 1. (a) Location of the study area. (b) Aerial
photograph and bathymetric map of the Portlligat Bay.
Isobaths: 0.5 m. (c) Seismo-acoustic tracks acquired on the
P. oceanica meadow during the CARBOMED cruise. White
crossed dot indicates the location of the core presented in the
Figure 3.
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of CO2 because of the preservation of considerable vol-
umes of matte along the Mediterranean coast over
thousands of years [Duarte et al., 2005; Mateo et al.,
2006]. There are, to date, very few data on the potential
thickness of P. oceanica mattes. Earlier studies based on
seismic technologies did not obtain conclusive results and
only the superficial layers of P. oceanica could be identified
[Rey and Diaz del Rio, 1989]. Avery high-resolution seismo-
acoustic survey was carried out in the P. oceanicameadow at
Portlligat (Girona, Spain) in the NW-Mediterranean Sea
(Figure 1a) within the framework of the CARBOMED
project [Mateo et al., 2008].
[3] The bay of Portlligat is shallow, from 2 to 10 m deep,

and small, with an average surface of 0.11 km2 (Figure 1b).
Most of the bay is dominated by a meadow of P. oceanica
developed on matte alternating with sandy bioclastic
patches. Silty deposits fed by seasonal discharges from a
creek are present along the inner coastal sector (Figures 1b
and 1c). Based on high-resolution seismo-acoustic profiles
and using a 6m-long core collected in the area, this study
seeks to (1) confirm the potential of very high-resolution
seismo-acoustic techniques in reconstructing the palaeoen-
vironmental characteristics of Portlligat during the settling
of P. oceanica, and (2) assess the volume occupied by the
matte in the study area.

2. Materials and Methods

[4] To acquire the seismo-acoustic records at Portlligat
(Figure 1c) we used a high-resolution non-linear parametric
echosounder Innomar SES-2000 compact. Seismo-acoustic
methods achieve a good penetration below the seafloor
(almost 40 m in sandy sediments), maintaining very high
horizontal as well as vertical resolutions (in the order of cm)
due to the reduced dimension of the pulse. The main
advantage of the nonlinear parametric echosounders
lies in their capability to generate low frequencies producing
narrow beams with small footprints [Hamilton and

Blackstock, 1998]. This differs substantially from the
linear seismic systems, which require long pulses and large
transducers to generate focused low frequencies [Wunderlich
et al., 2005]. Nonlinear parametric seismo-acoustic systems
produce two high frequencies at a high sound pressure
(f1 and f2). The difference between f1 and f2 generates
secondary frequencies, ranging from 5 to 15 kHz in the
‘‘SES-2000 compact’’ system.
[5] Our seismo-acoustic profiles were acquired using a

secondary frequency of 6 kHz. The data were deconvolved
and corrected for the loss of energy (spreading corrections)
using a linear time-varying gain (TVG). Seafloor and sub-
seafloor layers were picked with the software Innomar-ISE
2.9 (Interactive Sediment layer Editor). A 3D-package was
used to interpolate these layers and produce accurate vol-
ume estimations. The error range in the volume estimation
of the matte was calculated taking into account the differ-
ence between the envelopes of minimum and maximum
depths of the P. oceanica substratum.
[6] The survey at Portlligat was carried out in the P.

oceanica meadow of the central part of the bay, as the
shallow (<1.5 m) inner sector was not accessible for rigging
operations. The seismo-acoustic profiles were ground-
truthed by a 6m-long core collected on the P. oceanica
matte using a roto-percussion driller. Interpretation of the
profiles was also validated by a 2 m long core, collected in
2000 and not reaching the base of the matte, and by visual
observations and measurements of the matte walls during
dives. The surface of the meadow and of the sand patches has
been estimated from aerial photos by using a GIS. AMS
radiocarbon ages were obtained at the NOSAMS, Woods
Hole Oceanographic Institution (USA). Four core samples
were dated, 3 of which corresponded to the P. oceanica
sheath detritus selected along the core and one to shells at the
core base. A correction for the marine reservoir effect (DR)
of the carbon dissolved in marine waters was made taking
into account values obtained in a nearby locality (Banyuls,
France, Western Mediterranean: 118 yrs ± 30 yrs) [Stuiver

Figure 2. Seismo-acoustic records of the Portlligat P. oceanica meadow. (a) Profile 8 displays in detail the morphology of
the meadow. The base of the sandy patches is depicted as a brown dashed line. (b) Profile 46 where we can observe the base
of the matte depicted as a red dashed line. B: acoustic basement and base of the matte; M: Multiple reflector. Black
rectangle depicts a core collected close to this profile. Red rectangle corresponds to the area shown in Figure 3a. Assumed
sound velocity = 1500 m�s�1.
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and Braziunas, 1993]. The radiocarbon ages were calibrated
using the OxCal software v 4.0 [Bronk Ramsey, 1995].

3. Results and Discussion

3.1. Imaging the Posidonia oceanica matte and
Substratum of Portlligat Based on Seismo-acoustics

[7] P. oceanica meadow covers up to 60.000 m2 of the
Portlligat Bay, resulting in a 41% of the total area. It mainly
occurs in mounds, generating irregular seabed topography,
with leaves measuring from 20 to up to 60 cm long
(Figure 2a). Mounds, delimited by matte walls up to 10�
to 30� steep, alternate with sinuous sandy bioclastic patches
that display a variable surface, ranging from 20 to 7000 m2,
with an average thickness of 3.5 m (Figures 2a and 2b).
[8] During the interpretation of the seismo-acoustic pro-

files it was possible to detect a strong high amplitude
reflector (Reflector B in Figure 2b), displaying a depth
ranging between 4.3 and 11.7 m. The seismo-acoustic
profiles crossing the core location show the reflector B up
to 6 m deep (Figure 3a). The collected core displays a dense
matte with abundant organic matter for the first tens of
centimeters, degrading to medium to coarse sands with
rhizomes and leaf sheaths for a total depth of almost 6.2 m
(Figure 3b). The same structure has been observed in the
previous short 2 m long core collected in 2000. The core
collected during our survey shows at its base (6.2 m) a 5 cm
thick layer mainly composed of gravelly bioclastic sedi-
ments belonging to the P. oceanica benthic assemblage
[Russo et al., 1991]. These sediments overly a rocky sub-
stratumwhose depth correlates with reflector B in the profiles

(Figures 2b and 3a). Hence, it is likely that reflector B
corresponds to the top of the substratum where the seagrass
settled for first time. We recognized reflector B at many
intersections between the closely-spaced profiles, and
tracked it in almost the whole study area. We interpolated
the depths of reflector B on a grid of 2 m cell size using the
‘‘Point Kriging’’ statistical method and displayed it as a 3D
image of the basement (Figure 4a). We then obtained the
paleobathymetry of the bay at Portlligat prior to the settling of
P. oceanica. The basement is characterized by a small
depression in the middle of the bay, up to 11–12 m deep,
and by structural thresholds from 5 to 8m deep (Figure 4a). A
paleovalley of the seasonal creek located at the NE edge of
the bay can also be observed in the 3D-view (Figure 4a).

3.2. Characterizing the Settling of the Posidonia
oceanica Meadow at Portlligat

[9] The gravelly sediments observed at the base of the
core are composed of less fragmented bioclasts and a
lithoclastic silty matrix supplied by the seasonal dis-
charges of the creek. Bioclasts are mainly bryozoans,
gastropods and bivalves. Their usual habitat corresponds
to a P. oceanica meadow ranging from 3 to 7 m in depth
and protected from high-energy hydrodynamics [Accardo-
Palumbo et al., 1992]. This is corroborated by their poor
fragmentation and by the presence of fine-grained sedi-
ments. The assumption of a protected palaeoenvironment
is also confirmed by the semi-enclosed morphology of the
Portlligat during the settling of P. oceanica (Figure 4a).
During this stage, the external border of the bay was

Figure 3. (a) Inset of the profile 46. Numbers refer to the approximate position of the pictures taken along the core. Red
dashed line (B): acoustic basement and base of the matte. (b) The core shows a gradual downcore variation from a dense
matte (I), to P.oceanica detritus interlayered in sandy sediments (II), to bioclastic medium to coarse sands (III).
(c) Calibrated age from 14C AMS dating of samples collected along the core give a constant accretion rate of 1.1 m/kyr.

Figure 4. (a) 3D model displaying the basement of Portlligat bay during the P. oceanica settling. The area was probably a
sheltered environment protected from open sea hydrodynamics. The inset depicts the bathymetric contours (every 0.6 m) of
the matte substratum; p.v.: paleovalley; t.b.: topographic barrier. (b) 3D view of the paleotopography of the matte
substratum (lower gray layer) and of the actual seafloor (aerial photograph draped on the present-day bathymetry) in
Portlligat Bay. Depth in meters.
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probably emerged, acting as a topographic barrier against
the open sea (Figure 4a).
[10] Radiocarbon dating of the basal bioclastic gravel

deposits give an age of 5616 ± 46 Cal yr BP, which
corresponds to the start of the actual highstand sea-level
phase [Lambeck and Chappell, 2001]. According to the
curve of the Holocene sea level change predicted along the
Mediterranean French coasts by Lambeck and Bard [2000],
by 5700 yr BP the sea was 3–7 m below the present-day
level. Thus, assuming that the study area did not undergo
significant vertical isostatic tectonic movements for the last
6000 years [Lambeck and Bard, 2000], the bioclastic gravels
were probably deposited at a palaeobathymetry ranging from
3 to 7 m. This finding is coherent with the living bathymetric
range of the shells identified within the bioclastic gravels.
[11] The homogeneous structure of the core and the

constant 1.1 m/kyr vertical accretion of the matte based on
14C dating suggest negligible perturbations in the P. oceanica
ecosystem during the last 6000 years (Figure 3c). In the area,
the aforementioned topographic barrier would have sheltered
the seagrass during its growth, protecting the meadow from
mayor changes in environmental conditions (Figure 4a).
Nevertheless, the matte walls and the bioclastic sand patches
interbedded in the upper layers of the meadow result from
recent erosive hydrodynamic events. These events probably
increased in magnitude and frequency during the last stage of
the sea level rise, once the topographic barrier was perma-
nently submerged.

3.3. Estimates of the Volume of matte: Implications
for the Global Carbon Cycle

[12] Although the seismo-acoustic method proved to be
reliable in imaging P. oceanica meadows at Portlligat, this
instrumentation suffered from difficulties in associating the
internal structure of the matte with a specific seismic facies.
The gradation between plant detritus and sediments along the
vertical structure of the matte (Figure 3b) scarcely provided
high-enough contrasts of impedance to generate neat seismic
reflectors. Its heterogeneous composition is a very high
dispersive medium for acoustic energy, resulting in a marked
decrease in the signal to noise (S/N) ratio.
[13] Despite these limitations, we identified the substra-

tum on which the P. oceanica started to settle, which
constitutes the present-day base of the matte at Portlligat.
The matte occupies the volume between its base (the
calibrated reflector B, grey layer in Figure 4b) and the
seafloor. Its average thickness corresponds to about 4.5 m,
with maximum values reaching up to 6.5 m. Thus, the
volume of the matte has been estimated at around 220,000 ±
17,400 m3. In this estimate we calculated and subtracted a
total of 35,000 m3 corresponding to the coarse sand deposits
of the patches interbedded in the P. oceanicameadow as well
as the 20,000 m3 of coastal silty deposits from the creek
discharges. The aforementioned amount of matte was esti-
mated to cover around 42,000 m2 of the surveyed area, with a
consequent proportion between volume and surface of
around 5 to 1.
[14] In the studied matte we estimate the 12.35% ± 1.66 of

organic matter, with an average carbon content of 39.48% ±
0.50 [Mateo et al., 1997; also Insights in the matte of
Posidonia oceanica (L.) Delile, submitted to Limnology and
Oceanography, 2008] and 33.63% ± 1.69 of CaCO3. From

the data above we estimate the total carbon accumulation in
Portlligat Bay at around 7486 ± 597.5 tons. This corresponds
to a specific accumulation of almost 0.18 tons/m2.
[15] Our innovative use of seismo-acoustic technologies

proved to be a powerful non-destructive method in the study
of seagrasses, bringing new insights on sedimentary con-
strains and temporal evolution of P. oceanica meadows
during the last 6000 yrs. Our results represent an accurate
estimation of the potential size of the carbon sink represented
by the organic debris buried under P. oceanica meadows.
Finally, the application of this marine geophysical method
should be usefully extended to the largest P. oceanica
meadows along the Mediterranean coasts, in order to high-
light their potential carbon retention and better understand the
relevance of this marine phanerogam in the global carbon
cycle.
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