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THE SUB-BOTTOM STRUCTURE OF THE GULF OF LA SPEZIA

By

L.R. Breslau, H. Edgerton

ABSTRACT

41The sub-bottom structure of the Gulf of La Spezia, Italy, has been
investigated by continuous seismic profiling and sediment coring.
The seismic profiles were used to develop contour plots of sub-

bottom layers, which were identified f£rom the core measurements.

The seismic profiles indicated a buried barrier bar extending
across the Gulf, delineated by a rise in the terminal layer from
more than 15 metres below the sea floor to less than 3 metres.

Acoustically-opaque, dome-shaped features ("light domes") flank

the barrier-bar. An acoustically-transparent layer ("shadow

layer") hugs the terminal layer at the upper section of the

barrier bar. Two intermediate-depth transparent layers ("main

intermediate", and "deep intermediate" layers) are found landward

of the barrier bar. The shallower of these ("main intermediate

layer") terminates abruptly against either the barrier bar itself,
or against the light domes fringing the bar's landward flank.
A shallow-depth transparent layer ("shallow layer") is found

distributed throughout the Gulf, apparently indpendent of the

bar's influence. Acoustically-scattering patches ("dark patches")

are found both landwards and seawards of the barrier bar,

exhibiting .» definite tendency to zone along depressions in the

terminal layer. V{\\\~\

Coring established that:

(1) The terminal seismic layer in the area of the barrier
bar is related to a sand layer.
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g : (2) The shadow seismic layer is related to a peat layer.
3 ] (3) Tke light domes are composed of coral. ¥

3 (4) The dark patches are not noticeably related to a sedi-

3 ment type. Evidence suggests they are related to a volume distri-
; bution of scatterers.
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(5) The main-intermediate and shallow seismic layers are
not noticeably related to a sediment type, and these "layers"
could therefore be the result of a random distribution of scatters

on a plane or pseudo-plane.
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INTRODUCTION

The existence of an extensive sub-bottom structure in thes Gulf of
La Spezia was observed by the authors in the autumn of 1964 during
exploratory investigations with a continuous seismic profiler.
This occurrence in shallow water close to a research centre
afforded an opportunity to investigate the general problem of
correlation of seismic discontinuities (manifest as sub-bottom
acoustic layering) with sedimentalogic truth. Such research was
therefore undertaken as part of SACLANTCEN's study of the acoustic
reflectivity of the sea floor.

Preliminary results of the expleratory seismic investigation were
presented in the autumn of 1964 [Ref. 1] to the Comité de Morpho-
logie et Géologie Marine of the Commission pour l!Exploration de
la Mer Méditerrande. Subsequent analysis of the profiles obtained
during the exploratory seismic survey disclosed that the accuracy
of the navigational positioning employed was inadequate to permit
detailed contouring of the seismic layers, and another seismic

survey was made in the autumn of 1965.

Thirteen sediment cores were obtained during 1965 and 1966, using
the SACLANTCEN research vessel (MARIA PAOLINA) when opportunities
occurred during arrivals and departures from La Spezia and during
the test of coring equipment by the SACLANTCEN Oceanography Group.
In addition, two electrical-resistivity sediment probings were made
in early 1967 during tests of prototype equipment developed by the
SACLANTCEN Oceanography Group.

This paper represents a final report on the seismic and sedimenta-

logic data collected.
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1. GEOLOGIC SETTING

The Gulf of La Spezia [Fig. 1] is about 75 km southeast of Genoa.
It is a remarkable instance of a deep landlocked gulf with no

sZgnificant river flowing into it. It has a maximum land-sheltered

length of about 7 km, an average width of 4.5 km, and a minimum

il
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width of 2.8 km between Point Pezzino and San Bartolomeo. The
mouth of the gulf faces the sea toward the southeast. The gulf is
now sheltered from the sea by a rock breakwater (constructed during

1870-1880), which runs approximately SW-NE from Point Santa Maria

to Point Santa Teresa.

R Aed o

The gulf is ringed on its land perimeter by mountains of the Alpi .

37

Apuane {Ref. 2], a detached chain of the Tuscan Apennines. The

western and eastern promontories consist of semi-~parallel folds
of mesozoic and younger rock [Ref. 2]: an overturned anticline on
the west and a normal anticline on the east. The gulf is there-
fore basically a tectonic feature generated in response to deep-
seated thrusting forces directed from southwest to northeast.

This tectonic structure was subsequently flooded to form the

TR AT A ST G WD ey T B &

actual gulf.
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In general, the land bordering the western side of the gulf has

RNy

stronger relief than that bordering the eastern side [Ref. 4].
The western promontory includes Mount Santa Croce (543 m), Mount
: Coregna (502 m), and Mount Castellana (510 m); the eastern

: promontory includes Mount Canarbino (310 m), Mount Rocchetta

} (415 m), and Mount Murlo (360 m).

d There is a small, low-relief, alluvial area on the northwest
; shore (where the city of La Spezia stands), and a considerably
. larger one on the northeast shore. A relief map of the environs

of the Gulf of La Spezia is included in Fig. 1.




Depths in the gulf (with the exception of dredged areas) at
present range mainly between 16 m and 15 m, with 12 m as a :
representative value for the inner gulf (the part sheltered ?
by the rock breakwater). The sea floor of the inner gulf con- |

sists entirely of grey clay with virtually no bottom relief.

PR

The earliest available bathymetry records were found on a French !
chart dated 1846 [Ref. 5]. Data from this chart have been used
to draw the 5, 10, 11, 12 and 13 metre contours shown on Fig. 1.
It is interesting to note that a comparison between this bathy-
metry and present-day bathymetry of undredged areas [Ref. 6]
has shown that shoaling of the inner gulf during the last 12§
years has, on the average, either not occurred or been less
than half a metre. In addition, for most areas the sediment
notations on the old French chart {"vase grise") are the same
as those in the present chart ("mud"). Apparently, the break- !
water has not substantially altered either the bathymetry or |

the sediment type in the inner gulf.-
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Depths in the gulf (with the exception of dredged areas) at
present range mainly between 10 m and 15 m, with 12 m as a
representative value for the inner gulf (the part sheltered
by the rock breakwater). The sea floor of the inner gulf con-

sists entirely of grey clay with virtually no bottom relief.

The earliest available bathymetry records were found on a French
chart dated 1846 [Ref. 5]. Data from this chart have been used
to draw the 5, 10, 11, 12 and 13 metre contours shown on Fig. 1.
It is interesting to note that a comparison between this bathy-
mctry and present-day bathymetry of undredged areas [Ref. 6]
has shown that shoaling of the inner gulf during the last 125
yeare has, on the average, either not occurred or been less

than half a metre. In addition, for most areas the sediment
notations on the old French chart ('"vase grise!") are the same
as those in the present chart ("mud"). Apparently, the break-
water has not suhstantially altered either the bathymetry or
the sediment type in the inner gulf.-




2. SEISMIC INVESTIGATION

2.1 Method

Two separate surveys were made with continuous seismic profilers.
The first exploratory investigation was made with a first-run
production model of a continuous seismic profiler (the "Mud
Profiler") installed on the SACLANTCEN workboat. Navigational

position-fixing was by occasional optical bearings of land

objects and steering was by compass course. Seismic records of
excellent quality were obtained but the navigation proved inade-

quate for detailed contouring of the seismic layers.

The second seismic survey was made with an early engineering
prototype of the!"Mud Penetrator" (described below) installed
on a small motorboat. Navigation was by steering on a fixed
landmark and position fixing was by horizontal sextant angles
on land objects. The seismic records obtained were usable for
analysis but did not approach the quality of those obtained

during the first survey.

Figure 2a shows the cruise tracks for the first survey and

Fig. 2b those for the second survey. The solid lines represent
cruise tracks made with navigation as described above. The
optical bearings taken on the first survey were usually at

5 minute intervals, and the horizontal sextant angle readings
on the sacond survey were usually at 2 or 3 minute intervals.

A real-time navigational plot was kept during the second survey
so that gross navigational errors would be immediately apparent.
The dashed line in Fig. 2a represents a track made when naviga-

ting solely by shore line observation and distance estimation.
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The "Mud Penetrator" seismic profiler [Refs. 7, 8, 9, 14, 15]

is a commercially-available instrument that electronically
generates an acoustic pulse in the water and records the arrival
times of the acoustic echoes from the bottom and sub-bottom on
an analogue correl)ation recorder. Echoes from acoustic dis-
continuities are synthesized by the correlation recorder so that
a graph of the bathymetry and sub-bottom structure along a
profile is obtained directly. Thec principal features of the
"Mud Penetrator" that give it the capacity to penetrate the sea
floor and resolve fine structure are its high peak power output
(about 105 dB//1 dyne/cmz), short pulse length (about 0.1 ms),
and high repetition rate (10 or 20 pulse/s).

The equipment is in three parts: (1) a recorder/driver console;
(2) a transducer; (3) a gasoline-powered electric generator.

The recorder/driver console generates the acoustic pulse and
records its echo. The transducer, which has a beam width of 300,
is used for both transmitting and receiving the acoustic w»ulse.
It uses a piezoelectric crystal for energy conversion, and must

be submerged during operation.

This equipment was installed on the 65 £t SACLANTCEN workboat,
the transducer being housed in a streamlined "fish'" towed
alongside the boat at a depth of approximately two metres.

The survey was conducted at speeds of 2 or 3 knots.
2.2, Results

The seismic results are presented in the form of annotated
seismic profiles, and of contour and areal distribution charts
of seismic features compiled from seismic profiles. The high-
quality seismic records obtained during the first survey are
used for profile display and specification of sub-bottom
features. The seismic records obtained during the second
survey, when position fixing was more accurate, were used

to develop the contour and areal distribution charts.
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Some fundamentals concerning the interpretation of continuous
seismic profiler records should be mentioned. Taken by itself,
this type of seismic information is ambiguous. An indication
of sub-bottom structure on the seismic record can be accepted
as proof of the existence of sub-bottom structure, but the
absence of an indication of sub-bottom structure on the seismic
record does not necessarily mean that sub-bottom structure does
not exist. This is because the reception of a signal from a
sediment interface depends on the magnitude of the acoustic
reflection from the interface as well as on the acoustic attenua-
tion in the overlying sediment layer. Therefore, sub-bottom
structure might actually be present and yet not record, because

of masking by a highly-attenuating sediment cover.

The interpretation of magnitudes of seismic reflections must not
only take account of attenuation in overlying sediment cover,

but also of the depth-dependent propagation loss in the water
column, and of various gain settings on the seismic apparatus
itself. In addition, the dynamic range in the recording paper
used with the seismic system is only 20 dB under the best labora-
tory conditions, and probably considerably less when used at sea.
Therefore, the reflecting strengths of the seismic layers
observed on the record can only be discussed in very qualitative

terms.

Figure 3 gives the locations of the selected seismic profiles
presented in Figs. 4-10. It should be note« that the horizontal
axis of the latter is the elapsed time duiing a profiling run
and that no information on geographical direction is inherently
contained in the profiles. The geographical direction of the
horizontal axis is indicated both by the arrows on the cruise
tracks in Fig. 3 and by the subscripts to the individual pro-

files'! letter identifiers in Figs. 3-10.
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Printed annotations have been added to the otherwise unaltered
seismic profiles presented in Figs. 4-10. These annotations,
based on a descriptive rather than generic system, serve to
point out the significant sub-bottom seismic features observed
in the profiles. The following is a list and description of

these features:

Deep Layer: Good examples are found in Profile N [Fig. 6]

and Profile a [Fig. 8§]. This layer is a good reflector and
poor transmitter of acoustic energy. It is the terminal
reflector (deepest layer that has been reached with the parti-
cular seismic apparatus used) and appears on all the profiles,
It is observed at depths ranging from 8 m in Profile A [Fig. 4]
to 28 m in Profile M [Fig. 5]. Morphologically, it seems to
represent a composite feature resulting from the superposition
of a raised cross-gulf barrier bar, Profile B [Fig. 9], on a
seawvard-dipping basement. The landward flank of the barrier
bar is considerably steeper than the seaward flank, and the

bar's crest shoals to less than 3 m below the sea floor.

Light Dome: Good examples are found in Profile E [Fig. 4],
Profile M [Fig. 5], and Profile Q [Fig. 6]. This feature is

a good reflector and a very poor transmitter of acoustic energy.
In fact, it is almost totally opaque acoustically. The light
appearance on the seismic record results from the absence of

any acoustic energy return after the first-arrival echo from the
upper surface of the light dome. They are commonly found on the
inner and outer flanks of the cross-gulf barrier bar [Profile M
(Fig. 5) and Profile Q (Fig. 6) respectively], and in a zone in
the northeast section of the inner gulf (Profile E, Fig. 4).

The upper surface of the light domes is observed at depths

ranging from 10 m (Profile C, Fig. 4) to 16 m (Profile e, Fig. 9).

This upper surface is usually found touching or slightly below
the shallow layer (Profiles 0 and Q, Fig. 6), but it may also
be found slightly above this layer (Profile P, Fig. 6) and
considerably below it (Profile e, Fig. 9).
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Dark Patch: Good examples are found in Profiles J, K, L and M
[Fig. 5], Profiles N and O [Fig. 6], and Profiles b and c
. [Fig. 9]. This feature is a partially transparent diffuse
reflector. The echo return is stretched out as if the acoustic
. wave passed through a concentrated assemblage of small but good

reflectors. Dark patches most prominently occur at depressions

in the deep layer (Profiles J and K, Fig. 5). They also occur,
however, in a zone at the middle western part of the inner gulf
[Profile M, west end (Fig. §), Profiles N and O (Fig. 6)], and
here they are not obviously related to a deep layer depression.,
The upper surface of the dark patches is found between depths of
10 m (Profile C, Fig. 4) and 22.5 m (Profile W, Fig. 7).

A representative depth in the major deep-~layer depression land-
ward of the cross-gulf barrier is about 20 m (Profile K, Fig. 5);
in the middle western zone it is about 15 m [Profile M, west end
(Fig. 5)]. All these depths are approximate because it is
rather difficult to specify the depths of the upper surfaces of

the dark patches owing to their diffuse and irregular character.

Main Intermediate Layer: Good examples are found in Profiles J,
K, L and M [Fig. 5]. This layer is both a good reflector and a

good transmitter of acoustic energy. The echo return from this

layer is strong enough to record well on the seismic record, and
yet there is no evidence that the presence of this layer obscures
any underlying features. It is interesting to note that there is
a tendency for echo strength to increase with the depth of this
layer (Profile b, Fig. 9). It is only found lardwards of the
cross-gulf barrier-bar; its southeastern border either terminates
against the barrier bar [Profiles J, K, L and M (Fig. 5), <ud
Profile ¢ (Fig. 9)], cr against the light domes on the inner
flank of the barrier bar [Profiles X, Y Z and a (Fig. 8), Profile
b (Fig. 9)]. This layer is found at depths between 12 m (Profile
H, Fig. 4) and 27 m (Profile L, Fig. 5). Though it is not con-

formal to the surface of the deep layer, slight depressions in

it do occur over areas of depression in the deep layer [Profile X,
' mid-profile (Fig. 8)].

10




Deep Intermediate Layer: Good examples are found in Profile M
[Fig. 5] and Profiles U, V and W [Fig. 7]. This layer appears
to be acoustically similar to the main intermediate layer. It

P

is found within the area of existence of the main intermediate

' layer, but is more restricted in area. It does not impinge

' against the light domes or cross-channel barrier-bar, but rather
pinches out towards the southeast. It is found at depths 4
between 16 m (Profile H, Fig. 4) and 20 m (Profile K, Fig. 5). '
Though it is not conformal to the surface of the deep layer,
there is a correlation between depressions in both surfaces
(Profile K, Fig. §5), which is similar but somewhat stronger
than that observed between the main intermediate layer and the

deep layer.

Shallow Layer: Good examples are found in Profiles N, 0, P and 2.

Q [Fig. 6]. This layer is a weak reflector and excellent trans-
mitter of acoustic energy. It is almost transparent acoustically.
It is observed on most of the profiles and appears at about 2 to

3 m below the present-day sea floor. It probably exists even
where not seen on the record, but is lost in the echo return from
the sea floor. Its weak echo strength and conformality with the
sea floor topography led to suspicion that it represented an
extraneous reflection from the boat. This suspicion was dispel-
led by an experiment in which the seismic transducer was lowered
to depths of up to 10 m below the boat, during which time the 3
shallow layer remained at a constant depth relative to the sea ;

floor trace on the seismic record.

° Multiple Shallow Layers: Good examples are found in the eastern
sections of Profiles N, 0, P and Q [Fig. 6]. Two layers, of

similar acoustical character to the shallow layer, are observed g

within a depth zone about 1 m thick above the shallow layer in 4

the southeastern section of the inner gulf. ;

11 3
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Shadow Layer: Good examples are found in Profiles b, c, d, e
and £ [Fig. 9]. This layer is a good reflector and a good
transmitter of acoustic energy. It is confined to a zone near
the crest of the cross-gulf barrier-bar, where it is found
associated with, and less than 1 m shallower than, the deeper
layer. Its name originates from the fact that it has the

appearance on the seismic record of a shadow on top of the
deep layer.

Buried Channels: Good examples are found in Profiles C, D, E

and F [Fig. 4]. This feature appears on the seismic record
in the form of a trough-shaped depression in the deep layer.
These depressions are up to 3 m deep and usually contain small-
scale, semi-conformal layering within them. The zone of occur-
rence of this feature is limited to the area landward of the

cross-gulf barrier-bar.

Upper and Lower Discontinuous Layers: Good examples are found
in Profiles J, K, L and M [Fig. 5]. These layers are charac-
terized principally by their disjointed or discontinuous

appearance. The reflecting fragments themselves are good

acoustic reflectors, which sometimes display a tendency toward
crescentic shapes. The layers are observed landward of the
cross-channel barrier-bar. Where the discontinuous layers and
deep intermediate layer are observed concurrently, the upper
discontinuous layer is found about 1.5 m above, and the lower
discontinuous layer about 1 m below, the deep intermediate

layer.

Second Bottom: This is not a seismic layer but rather a
manifestation of a multiple reflection of the echo from the

sea floor. The acoustic path is ship to sea-floor to sea-

surface to sea-floor to ship.
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Contours and area distributions of the deep layer, main inter-
mediate layer, deep intermediate layer, shallow layer, multiple
shallow layers, light domes, and dark patches are presented in
Figs. 11-13. These charts represent a detailed analysis of all
the seismic records obtained during the second seismic survey

[Fig. 2b]. Depths are referenced to the sea surface,

The deep layer [Fig. 11] represents the terminal layer (deepest
layer reachable with the particular seismic apparatus used) in
the Gulf of La Spezia. Two separate morphological features are
evident: a raised cross-gulf barrier-bar (gently contoured
depositional feature) and a deeply eroded older surface upon
which the barrier bar is superimposed. There is a lapse in the
contouring of the landward flank of the cross-gulf barrier-bar

because the presence of light domes obscured the deep layer.

The main intermediate layer was observed in the area shown in
Fig. 12a, which also indicates the depth contours of the layer.
The deep intermediate layer is shown in a similar fashion in
Fig. 12b. As seen in Fig. 12d, the area of existence of the
deep intermediate layer is totally included within the area of

existence of the main intermediate layer.

The shallow layer was definitely observed in the area shown in

Fig. 12c. The dash-line bordered addition to this area towards

the northwest indicates its probable existence (marginal indica-

tion on seismic record). The multiple shallow layers were
observed south of the border indicated by the dotted line and

within the area of existence of the shallow layer.

The areas of intermediate and shallow layers recorded in Figs.
12a, b, and ¢ are shown together in the combi.aed chart of Fig.

12d.
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The areal distribution of the light domes and dark patches is
shown in Fig. 13. Clearly, both of these features have a strong
tendency towards zonal rather than random distribution. The
light domes (represented by solid line segments) occur along a
narrow band on the inner and outer flanks of the cross-gulf
barrier-kar, and within a broader, bank-like zone in the north-
east section of the inner gulf. The dark patches (represented
by dashed-line segments) occupy three general zones: 2
northerly~-tending elongated zone landward of the cross-—-gulf
barrier-bar, a zone in the western section just landward of the
barrier-bar, and a small (possibly elongated) zone just seaward

of the barrier bar.
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3. SEDIMENTALOGIC INVESTIGATION

3.1 Sampling Methods

The continuous seismic profiling investigation provided informa-
tion about the existence of sub-bottom layers. A sedimentalogic
investigation was made to provide information about the actual
nature of these sub-bottom layers. This sedimentalogic investi-
gation consisted of the acquisition and analysis of 7 surficial
sediment dredge hauls, 6 narrow-barrel sediment corings, and

13 wide-barrel sediment corings. The dredge hauls and narrow~
barrel sediment corings were made within a few months after the
exploratory seismic investigation. While some questions were
answered, more were raised, and this phase of the sedimentalogic
investigation should be considered exploratory. The detailed
sedimerntary investigation utilizing the wide-barrel corer was
made during a two-year period whenever the SACLANTCEN research
vessel was available, and as sediment sampling and analysis

equipment was developed by the SACLANTCEN Oceanography Group.

A clamshell grab dredge was used to obtain undisturbed surficial
sediment samples. A sediment sample for subsequent water-content
analysis was obtained by pressing a tin can into an undisturbed
surface section of the dredge haul and then transferring the

contents of the can to a pre-weighed bottle.

The narrow-barrel sediment corer (calied the "bomb" corer) was
built by attaching three metres of 5 cm bore pipe to the nose of
a standard ASW bomb filled with concrete. A clear plastic tube
was fitted inside this pipe. In operation, the bomb corer fell
freely from the sea surface and the pipe was driven into the sea
floor. The corer was then retrieved, the clear plastic liner
containing the sediment core removed, and the retained sediment

examined by sight and touch.
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The natures of the surficial sediment cover, deep layer, shadow
layer, and light domes were established by these means.
Unfortunately, the nature of the shallow layer proved elusive,
and the intermediate layers and dark patches lay beyond the
peretration depth range of the bomb corer. Therefore, the
SACLANTCEN wide-barrel piston corer (then under development)
was used to sample these layers, which were then subjected to
detailed mass-physical sediment analysis to determine their

nature.

The SACLANTCEN wide-barrel piston corer [Ref. 12] is a long
corer with a watertight core-catcher and electrical trigger
release system. It is designed specifically for obtaining
undisturbed secdiment samples for mass-physical analysis.

When used with a 12 m coring barrel its total length is 15 m

and total weight 1000 kg. A 12 cm diameter plastic liner fits

inside the core barrel and retains the sediment section.

This corer was used from the SACLANTCEN Research Vessel to
obtain 13 sediment cores. These cores were taken by gravity
rather than by using the piston, because the hydrostatic head
available was insufficient for piston coring. The depth that

the core barrel penetrated into the sea floor was noted by

sediment markings on the outside of the core barrel. This
figure was recorded for later use in applying a stretch factor
to the sediment sections recovered in the liner. The sediment-

filled liners were analyzed in the laboratory.

The geographical locations of the surface sediment dredge hauls
and wide-barrel core stations are indicated in Fig. 14 by

symbols S1 to S7, and C1 to C13, respectively. These geographi-~

T A R e T R SR TR T

cal locations are also tabulated (Table A.l1) in Appendix A to
this report. The "bomb" cores were taken near the crest of the
cross~channel barrier-bar and over a light dome on the landward
flank of the barrier-bar. Precise geographical locations were

not obtained.
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; : 3.2 Analysis

v 3.2.1 Methods
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Three methods of sediment analysis were used. These, in
ascending order of complexity and difficulty, are as follows:

visual analysis, water content analysis, and sound speed

T T A BN L e e T 2 08

analysis. The sediments were subjected to one or more of

these analyscs.

The visual analysis can be made rapidly in the field. The
water content analysis certainly requires more effort than

the visual analysis, but is still easy to perform, since all

T R R TR

that is required is one oven-drying and two weight measure-

ments. The sound speed analysis is tedious to make, requires

complex equipment, and the measurements are liable to error

unless the operators are very careful.
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3.2.2 Visual Analysis

The visual analysis consists simply of visual and manual
examination of the sediment. This is sufficient to deter-
mine the sediment type, of which the following can be
indentified by an experienced investigator: clay, clay and

) silt, silt, sand, gravel, coral, peat, and shell material.
3.2.3 Water Content Analysis

From the direct measurement of the water content of a sediment,

reasonably valid assumptions can be used to deduce other mass-

physical quantities [Refs. 10, 11]. Water content is defined
in soil mechanics as the ratio of the weight of water in a
sediment to the weight oI solid sediment matter. This ratio
was measured direct by finding the wet (natural state) and dry
(oven-dried at 105°C for 24 hours) weights of the sediment.
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Purosity is defined aé?the volume fraction of the sediment

occupied by sea water. It was computed from the water content

measurements using the formula:

r -
® = Pparticles X w/Lpparticles X (W + I)J

where ¢ dis the porosity, pparbicles the average density of

the solid sediment particles, and W the measured water con-
tent. A value of 2.67 was assumed for the average density of
the solid sediment particles. This assumption rests on the
empirical observation that the range of specific gravities of
minerals commonly occuring in natural marine sediments is slight
and that 2.67 is a good representative value. Density is
considered as the bulk density of the sediment. It can be com-
puted according to the formula:

Pbulk ~ Pwater X @1 Pparticles X (1 - o)

where

Phulr IS the density of the sediment,

Pyatepr IS the density of sea water,

pparticles is the average density of the solid sediment
particles, and

0] the computed porosity.

A value of 1.02 was assumed for the density of sea water at the

bottom of the Gulf of La Spezia.

3.2.4. Sound Speed Analysis

Sound speed analysis consists of a direct measurement of the

transit time of an acoustic pulse between two probes implaced
in the sediment. The probes are placed radially to the axis

of a sediment core and contact the sediment through holes

drilled in the plastic liner. The actual measurement is made
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by aligning the leading edge of the transmitted and received
pulses by the injection of a calibrated time delay into the
system. Naturally, the distance between the probes is known.
This analysis technique has been described in detail by
Kermabon [Ref. 17]. The sound speed analysis was performed

by the SACLANTCEN Oceanography Group.
3.3 Results

The surface sediment samples were subjected to a water content
analysis. The measured water content, computed porosity, and

computed density are presented in Table 1.

TABLE 1
MASS PROPERTIES OF SURFACE SEDIMENT SAMPLES

Surface Water Computed Computed

Sediment Content Porosity Density

Sample (Ratio) (Percent) g/cmd
S1 1.347 78.2 1.38
S2 1.086 74.4 1.44
S3 0.974 72.2 1.48
S4 0.979 72.3 1.48
S5 0.881 70.2 1.51
S6 1.344 78.2 1.38
S7 1.465 79.6 1.36

From these.measurements, inspection of other dredge hauls taken
at random locations in the gulf, and discussions with Italian
Navy divers, it is concluded that the inner gulf has a high-
porosity, fine-grained sediment cover; this, incidentally,
closely resembles the sediment cover commonly found in the

deep sea.
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The sedimentalogic results obtained from the cores taken with the
wide-barrel corer are shown graphically in Figs. 15-21, and
listed more fully in Table A.2 of Appendix A. The distance shown
in the graphs is the stretched distance, which is the original
distance along the sediment section multiplied by the stretch *
factor for that core. The latter is determined by "stretching"

the actual sediment section recovered to the length of known

core barrel penetration: A linear sediment recovery rate is

assumed.

Sediment cores C2, C4 and Cll were subjected to visual, water
content, and sound speed analyses; +the results are presented
in Figs. 15, 16 and 17 respectively. Acoustic impedance was
calculated by taking the product of thé sediment density and

the sound speed. The sampling interval for these cores was 10 cm

of the original distance along the length of the sediment core. »
The sedimentalogic results presented in the figures are sediment v %
type, porosity, density, sound speed, and acoustic impedance.

The sound speed measurement (and therefore also the acoustic :
impedance calculation) of Core C4 [Fig. 16] is suspect, both

because of the way it appears on the graph and because of known

instrumentation difficulties.

Sediment Cores C1, C3, C8, C10, C12 and C13 were subjected to

visual and water content analyses. The sediment types, poro-

sities, and densities of these six cores are presented in

Figs. 18-20. The sampling interval was 10 cm (original length)
for C8 and 50 cm (original length) for the other five cores.
Duplicate samples were taken on these five cores in order to
test the precision of the water content analysis. The spread
in these measurements is too small to be resolved in the graphs,

but this information is contained in Table A.2 of Appendix A,
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Sediment Cores C5, C6, C7 and CO were examined visually.
Sediment Core C7 was found to contain substantial amounts of

coral (Madreporaria Perforata, a white Dendritic Branching

Coral), and thersfore the weight of coral in each 10 cm
{original length) segment was also determined. The sedimenta-
logic results, consisting of sediment type for all the cores

and coral content for Core C7, are presented in Fig. 21.

The sediment cores obtained during the exploratory investiga-
tion with the bomb corer were visually analyzed. These results
agreed with those later obtained from the investigation with the
wide-barrel corer. A bomb core station taken over a light dome
showed the presence of coral. Bomb core stations taken near the
crest of the cross-~channel barrier-bar showed the sediment
section to be clay overlying peat overlying sand. The shallow

layer was penetrated but could not be identified in the core.

21




LT ey

T RPPEE S A w \!al’Jum’ PR e v

D

CONCLUSIONS

The seismic results contained separately in Figs. 11 and 13

are combined in Fig. 22, to give a composite display of deep-
layer contours, light domes, dark patches, and sediment sites.
Those contained separately in Figs. 12 and 13 are combined in
Fig. 23 to give a composite display of intermediate and shallow

layer contours, light domes, dark patches and sediment sites.

From the contours of the deep layer shown in Fig. 22 it is

seen that the light domes tend to be located along the inner
and outer flanks of the raised cross-gulf barrier-~bar and

that the dark patches tend to concentrate in the deep depres-
sions in the basement. Figure 23 shows that the dark patches
have no discernible relationship with the intermediate and
shallow layers. The main intermediate layer terminates
abruptly against the light domes at its southern boundary and
blankets some of them toward its eastern boundary. The borders

of the deep intermediate layer do not extend to the light domes.

The types and depths of seismic features recorded at the
thirteen coring sites are presented in Table 2. The informa-
tion in Figs. 22 and 23 has been used to specify the existence
of seismic features and the depths to the seismic layers.

The depths of the tops of the light domes and dark patches were
derived from examination of seismic records at the appropriate

core sites.

Seismic and sedimentalogic information for the coring sites are
presented together in Table 3 in order to facilitate examina-
tion of the degree of correlation between them. The seismic

information of Table 3 has been derived from data contained in
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Table 2, with conversion of depth reference from sea surface to
sea floor to make it compatible with the sedimentalogic informa-
tion. The sedimentalogic information of Table 3 has been
derived from the core data contained in Figs. 15 to 21. Only
sediment type information is given in the table and it is
necessary to refer to the figures for information on mass-
physical properties of the sediments and the presence of

various inclusions (shells, etc.) found in the cores.
Examination of Table 3 reveals the following information:

a. The deep layer (terminal layer) at the cross-gulf
barrier-bar is related to a sand layer. Evidence is found
in Cores C1, C2, C3, C4 and C5.

b. The shadow layer, discussed in the seismic analysis
[Sect. 2.2] is related to a peat layer. Evidence is found in

Core Cl.

c. The light domes are composed of coral. Evidence

is found in Core C7.

d. The shallow layer is not related to a layer consis-
ting of a particular sediment type. This seismic layer was
definitely penetrated by Ccres C1, C2, C3, C4, C5 and C6, but
no detectable variation in sediment type was observed in the

cores.

e. The dark patches might be related to the presence
of large amounts of shell material in the sediment. They are
not noticeably related to a particular sediment type in the

geologic sense of the word. Evidence is found in Core C13.

f. The main intermediate layer is not related to a
layer consisting of a particular sediment type. This seismic
layer was definitely penetrated by Cores Cl11 and C 12, and
possibly penetrated by Core C9, but no variation in sediment

type was detected in the cores.
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g. The deep intermediate layer was not penetrated by
any of the cores.

h. A gravel layer exists below the sand layer at the
cross-gulf barrier-bar, but this laver was undetected by the
seismic system, owing to masking by the sand (terminal)

layer.

Conclusions a to d above are additionally substantiated by the
results obtained during the exploratory sedimentalogic investi-
gations with the bomb corer. Conclusion ¢ is reinforced by
results obtained by the harbour dredgers, which reported the
dredging of great quantities of hard coral formations together
with mud:

"Nelle zone fangose si & osservata la presenza di formazioni coralli-

fere costituite da una specie di corallo bianco poroso di notevole

4 et 2 R A e g A g

durezza che veniva dragato in quantitd rilevante misto al fango", .

("in the mud zones we observed coral formations made of a kind

of very hard white porous coral, which was dredged in great '

b o

quantity together with the mud"). (Private Communication,

Agenzia Gastaldi, Naples, Italy). ‘ :

Additional information bearing on the nature of the dark patches
discussed in Conclusion e above can be found in the results of a
test borehole taken for civil engineering purposes in the western
part of the gulf. The location of the borehole site [Table A.3,
Appendix A] is indicated as D1 on Figs. 22 and 23. This site is

located over a dark patch whose top is 18 # 1 m below sea level.
The borehole sediment log indicates silty clay and clayey silt
from the sea floor down to a depth of 28 m below sea level, where
a sand layer is encountered. The annotations concerning inclu-
sions are enlightening. At 15.5 m the log states "Argilla limosa
grigia con tracce di torbé e framm. di conchiglie", ('"grey silty clay

with traces of peat and shell fragments"). The next notation is_
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at 19.5 m, where the log states '"limo argilloso con torbta a grumi
e diffusa e framm. Gi conchiglie", ("clayey silt with peat both in
patches and diffused, .iid with shell fragments"). (Private
communication, S.N.A.M. SA, Sondaggio 17 Seno di Panigaglia,
Studio Technico Geom. Celctti, Milano).

Some test boreholes have been made in the area surrounding the
gulf for engineering purposes. Their locations are contained
in Table A.3 of App. A, and indicated in Figs. 22 and 23 as
symbols D1 and D6. Sediment borehole D1 has already been dis-
cussed in connection with the dark patches. Boreholes D2-D6
contribute little, if any, information relating to identifica-
tion of seismic features observed in the gulf. A brief résumé

of their results is listed in Table A.4 of App. A.

The nature of the shallow and intermediate layers is not clearly
established. Sediment Cores C1, C2, C3, C4, CS and C6 certainly
penetrated the shallow layer. It has already been stated that
no relation could be established on the basis of sediment type
(Conclusion d above). The water content analysis for Cores C1,
C3, C2 and C4 [Figs. 15, 16 and 18] does not disclose any varia-
tion in porosity or density that can be related to this layer.
Although Cores Cl and C3 were sampled at 50 cm intervals and
represent only spot measurements, Cores C2 and C4 were sampled
at 5 cm intervals and their sample spacing should have been
adequate to resolve significant variations. The sound speed
analysis for Core C2 [Fig. 15] does not disclose any variation

in sound speed or acoustic impedance that can be related to

the shallow layer. The sample interval for this analysis was

5 cm and significant variations should have been detected.

The results of the sound speed analysis on Core C4 [Fig. 16]

are considered suspect and discounted.

Sediment Cores Cl1 and C12 definitely penetrated the main inter-
mediate layer, and Core CO might have penetrated it. It has
already been stated that no relation could be established on

the basis of sediment type (Conclusion 6 above). The water
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analyses for Cores C11 and C12 [Figs. 17 and 20] and the sound
speed analysis for Core 11 do not disclose any significant
variations. The sampling interval in Core Cl11 for both analyses
was 5 cm, and significant variations should have beer resolved.
A definite conclusion regarding the nature of the shallow and
intermediate layers has not been reached, but the authors wish
to present a hypothesis that they feel most probably represents
the situation. This is that these layers are not layers in the
sense of a sediment/sediment interface but simply represent a
random distribution of acoustic scatterers (sediment patches,
shells, peat, etc.) occupying a preferred horizon. Only very
minor evidence exists to support this hypothesis: this is as
follows: a 4 cm shell was noted in Core C4 [Fig. 16] at a depth
of 2.6 m, shell fragments 1-3 cm long were noted in Core C6
[Fig. 21] at a depth of 2.7 m, and a 4 cm shell was noted in
Core 11 [Fig. 17] at a depth of 3.8 m. This evidence is
depreciated by the existence of other shells in these and other
cores. The hypothesis has been arrived at by elimi.:ation of
other possible explanations. There are only three possibilities:
(a) the shallow and intermediate seismic layers are artificial
and are caused by spurious acoustic reflection; (b) the layers
are real and sedimentalogic evidence concerning their existence
is contained in the cores; (c) the layers are real but the
coring process did not adequately sample the phenomenon responsible

for their existence.

The first possibility is discredited by the fact that another
investigator [Ref. 19], using a different seismic system (50 kHz),
noted the existence of these seismic layers. In addition, the
present authors lowered the seismic transducer almost to the sea
floor to make certain that the shallow layer was not caused by a
spurious reflection from the boat. The overall appearance (abrupt
termination against light domes) and geographical zoning of the

intermediate layers attest to their geologic credibility.




The second possibility is discredited by the thoroughness of the
core sampling and analysis. This is especially so with regard
to the shallow layer. It is certain that at least five cores
(C1-C5) penetrated this layer, because they sampled the under-
lying sand layer. If something responsible for the shallow
layer was present in the cores, it should at least have been
detected by the high-resolution water-content analysis, since
porcsity is probably the single most important mass physical
characteristic of sea floor sediments for producing an acoustic
impedance change, and the 5 cm sampling interval that was used
is shorter than the wavelength of 12 kHz sound in the sediment.
Additional information attesting to the vertical homogeneity of
the sediment column above the sand layer in the area where the
shallow layer is present, was the constancy of the electrical
resistivity profile obtained during two sediment probings by
the SACLANTCEN Oceanography Group during tests of prototype
equipment [Ref. 20]. The third possibility, therefore, remains.
Although there is no significant evidence to support it, there

is alsc none to disprove it.

This third possibility — that the coring process did not ade-
quately sample the phenomenon responsible for the seismic
layering — would be exactly what could be expected if there
was 2 random distribution of acoustic scatterers located on a
plane or pseudo-plane. That this situation was responsible
for the shallow and intermeédiate layers is seismically and
geologically plausible. The existence of a "layer" on the
record produced by a continuous seismic profiler indicates
only that moderately repetitive echoes were received during a
certain period of time firom some reflecting points located
both within the sensitivity zone of the sonic beam and at a
constant or slowly-~changing distance from the ship. Since the
full angle beamwidth of the transducer sensitivity cone used
was 300, it can readily be seen that the density of scatterers
required to produce a "layer" is not large (one large scatterer

2
per 5 m when located on a plane 12 m from the ship).
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From the geological standpoint, it is perfectly reasonable to
expect the random distribution of scatterers on a plane or
pseudo~plane to occur in nature. This could be caused by
biogeni: material, sediment patches, or primary sedimentary
features such as burrows, mounds, or ripples [Ref. 17]

located on a plane or pseudo-plane representing an ancient

sea floor, and preserved in the stratigraphic column. In fact,
this line of reasoning, woupled with the results of this
controlled experiment in the Gulf of La Spezia, raises the
question of the actual nature of the shallow seismic¢ layering

recently reported as common in many parts of the decp sea.

One rather unfortunate fact brought out in Table 3 is that the
technique employed in this investigation to compare seismic

and sedimentalogic information needs refinement if more detailed
analysis is to be attempted. For example, while it is obvious
that the sand layer found in Cores C1, C2, C3, C4 and CS5
represents the terminal seismic layer (Conclusion a above), it
is distressing to note that only Core C1 should have been deep
enough to penetrate the terminal layer. A combination of
factors probably contributed to this situation. Operational
circumstances made it impossible to run the seismic and sedi-
mentalogic phases of the investigation simultaneously;
therefore some of the inconsistencies are probably attributable
to positioning errors in sampling. In addition, limitations in
navigational accuracy precluded relating the cores to single
seismic profiles; +thus the seismic information tabulated
represents data that have been contoured and to some extent
degraded in accuracy. Another problem is in the coring tech-
nique itself. The assumption of a linear sediment recovery
rate is weak, although considered the best assumption in the
absence of other information. Obviously, the sediment that
first enters the core barrel encounters less resistance (with
attendant higher recovery rate) than the sediment subsequently

entering. A sediment corer that can continuously monitor
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the sediment recovered, and record this as a function of pene-

tration depth, needs to be developed.

The conclusions reached in the examination of Table 3 were

based mainly on sediment sequence rather than sediment
existence at a specified depth. This is sufficient to deal
with relatively clear-cut cases such as sediment/sediment
interfaces, but is not adequate to properly treat subtle cases,
which might require detailed statistical analysis. The shallow

and intermediate layers of the Gulf of La Spezia are considered

to fall within the latter category.

A summary of the geology of the Gulf of La Spezia is presented
in Figs. 24 and 25, the locations of the standard geologic
sections in Fig. 24 being indicated on the map of sub-bottom

geology in Fig. 25. In the latter map, the area surrounding

the gulf was drawn from a map made over a century ago [Ref. 3]
and represents the area as it was before man extensively
altered the shoreline and river channels. The widths of lines 3
indicating the rivers are representative of relative river size. ! %
Two springs that were once present in the area (one of them an
underwater spring) [Ref. 16] are shown at 44°05'08"N, 09°49!'31%E

and 44°06'11.7"N, 09°49105"E. ’

The oldest feature observed in the gulf is the ancient drainage
channel that originated subaerially sometime during the Pleisto-
cene epoch. At some point during the rise of sea level in the
Holocene (glacial melting) the conditions were such that a cross-
gulf barrier-bar was forméd by longshore drift of coarse sedi-
mentary material. This material included rounded gravel that
resembles present-day beach deposits found near the mouth of

the Magra River, 10 km to the southeast. The upper surface of
the barrier-bar was once at or near sea level and was coverzd

by vegetation.
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The morphology of the barrier-bar and the generally accepted
curve of eustatic changes in sea level [Ref. 21] indicate that
this was probably about 8000 years ago. Coral grew on the
flanks of the bar, a lagoon formed to the landward of it, and
"layers" protected from the action of the sea formed in quiet
waters of the lagoon. With the further rise in sea level, the
dynamic conditions that created the barrier-bar were removed,
and the bar and fringing reef coral on its flanks were buried

by a cover of fine sedimentary material.
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APPENDIX A
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Table A.1 Location of-Sediment Cores and Surface Sediment .Samples. <

»
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Table A.2 Mass Properties of Sediment Cores. ] ,

Table A.3 Location of Sediment Borings.
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Table A.4 Results of Sediment Borings.
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. TABLE A.1
LOCATIONS OF SEDIMENT CORES AND SUTFACE SEDIMENT SAMPLES
SEDIMENT CORE LATITUDE(N) LONGITUDE(E)

Cl 44°51906" 9°51124"
2 44°4 145" 9°51'50"
C3 44°4145" 9°51'50"

c4 44°4141" 9°51150"

cs 44°4141" 9°51'50"

cé 44°4134" 9°52'00"

c7 44°5106" 9°51108"

c8 44°5109" 5°50'51"

c9 44°5'16" 9°50'53"

clo 44°5'19" 9°50*15"

Cll 44°5'15" 9°50'13"

cli2 44°4158" 9°501'25"

, Cl13 44°4152n 9°50'19"

SURFACE SEDIMENT SAMPLE

‘ S1 44°05'17" 9°51126"
S2 44°05712" 9°51123"

S3 44°05'04" 9°51'55"

S4 44°05'05" 9°52136"

SS 44°05'38" 9°51 145"

S6 44°04102" 9°50'33"

S7 44°04'31" 9°50'43"
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TABLE A.3

LOCATION OF SEDIMENT BORINGS {

L P AN A AT R o T J

A A s

SEDIMENT BORING LATITUDE (N) LONGITUDE (E)
D1 44°04139" 09°50717" ;
D2 44°04159. 5" 09°49'26. 5 :
D3 44°06103.5" 09°49'06" é
D4 44°06112.5" 09°50'26" %
D5 44°06' 11 09°51'17.5" 2
D6 44°051 11" 09° 51158
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TABLE A.4 ‘

RESULTS OF SEDIMENT BORINGS

Borehole D2: This represents 6 boreholes taken within a 50 m

zone in the Bay of Cadimare. These boreholes show approximately
16 m of loose clay overlying compacted clay (argilla compatta).
In one case seaweed (alghe) and in another case decaying seaweed

(alghe in putrefazione) were noted in the loose clay.

(Frivate Communication, Ing. Guiliani, Comune della La Spezia).

Borehole D3: This shows sand, mud and sand with gravel layers

overlying the compacted clay interface at 15 m. (Ref. 13). |

Borehole D4: This represents 6 boreholes taken within a 200 m

zone. These boreholes show loose clay overlying the compacted
clay interface at 16 m. (Private Communication, Ing. Prencipe,
Shell 0il Co., Istituto di Costruzioni Marittime, Centro

Geotechnico Veneto, Universitd di Padova).

Borehole D5: This represents two boreholes taken within a 50 m

zone. They show loose clay overlying a sand and gravel inter-
face at about 12 m. (Private Communication, Ing. Grassi,

Cantiere ENEL, Sondaggio No. 29 and No. 30).

a—

Borehole D6: This shows sand, and clay and sand layers
interfacing with a layer of rounded cobbles at 30 m.
(Private Communication, Ten.Col. Basilio Formisano, MARIGENIMIL,

La Spezia).
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