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The French POSA project studies the seismic enargyased by bomb and mine blasting. This projecag&et on
seismological and acoustical measurements recordim@g blasting actions in order to study seismiavev
propagation nucleated by controlled sources (locatiah explosive energy). These measurements are cainjpare
numerical modeling of the acoustic and seismic waepagation based on the most faithful 3D representaf the
seabed sediments and underlying rocks. This prdjettfocused on the 3D environment representatiased on
specific surveys and on two blasting experiments whansist in exploding bombs of different loads ai thistinct
environmental places. The in-situ measurements reseaéral hundred circular figures with very specific
characteristics which clearly differentiate them from eottsedimentary, biological and geological figures
encountered on the seabed. They are found withinvtiwe studied area and their diameter is from 10 @ h3
About 30 circles by kilometer square are observedowitisorrelation with the depth which varies from 1@5®m.
These sedimentary structures indicate that they baem generated by the explosion of bombs, butferelt
periods. The oldest ones most probably result frombsodropped in 1940 and 1944 during the landinge®lied
forces in the region of Toulon. These original antivagedimentary figures and their differences comparigd w
other circular structures observed on the seabed sceiloed.

ADDITIONAL INDEX WORDS: Sediment marks, Blasting, Sediment dynamics.

INTRODUCTION especially in the case of narrow continental platia

World War Il explosives, whose TNT equivalent varfeom
a few kilograms up to a few hundred kilograms,fatend every
week on the French coast by divers, fishermen, lapndhe
services of the Mines Warfare. In a very short tiafier their
discovery, these machines must be destroyed bgpbeialized
services of the Navy. The risks related to the apans of
destruction are well controlled by the deminerst e
consequences of the action of counter-mining on
environment are much more complex to evaluate. Aling to
the surrounding geological configuration, the weigi the
bomb or mine and their location, seismic wavesgererated by
these counter-mining can cause vibrations in hooregven
some damage such as broken windows similar to \whetl
earthquakes can produce. At sea, they could thealtgttrigger
submarine avalanches which could transform intdoidlity
currents and possibly breakage of submarine cadntels/ or
local tsunamis; especially if the high-explosivevide is on the
edge of the continental slope. Even if the prolighdf such an
occurrence is low, this risk should not be undémested,
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The POSA project addresses the issue of risk mamage
upstream of counter-mining operations. For thig, éxplosive
charge / seabed / wave propagation relationshipt nbas
characterized and the environmental models develome
perform the seismo-acoustic simulation. The profegan with
sedimentological and bathymetric surveys. The amlyof
sedimentary measurements and seismic data weiectaut to

thébuild a 3D geological model of the area (Moeioal, 2017) and

allows propagation modeling (Waegal, 2017; Ambroist al,
2017). On the fringes of this work the discoverycatles of
different sizes observed on backscatter imagerivokibeam
Echo Sounder data motivated a specific study.

The questions posed by the observed circles conttein
characteristics and their origin. Before describitlgese
observations, an analysis of the circles descrirethe seabed
was made to evaluate the different possible origihghese
structures.

CIRCULAR STRUCTURES OF THE SEAFLOOR
Suggestions that seabed circle structures coulde Hasen
formed from World War Il bomb craters have beenkedbin
many cases. But all the papers about these hiata@iplosions
or on the more recent ones, when old bombs and srane
exploded by divers of mine warfare, concerne theusiic
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propagation in the water or on the impact on malifee but

never the imprint of these explosions on the seabking

observed circular structures on seabed bombardey tiraes

during the World War I, the attribution of thesiectes to these
historical explosions appeared possible. But ihégsessary to
exclude other possibilities of formation of suchdisgentary

structures. Among the structures which cannot hduded are
those which form circles with a positive relief.i3lis the case
of the salt domes, which also exist at the bottdrthe nearby
continental slope, as well as mud volcanoes andawoles.
Neither these structures footprints nor the metesrootprints
are discussed here, because the depressions thatedrare
isolated. This work of analysis of the differentspibilities on

the origin of these circles thus concerns the tarcdepressions
found in high density on the continental shelf.

Circular structures from plant origin

On the seabed seaweeds repartition is restrictdtet6-50 m
depth range ; the green ones from 0 to 5m, the fsowp to
25m, and the red seaweeds in the deeper zoneoiatfon of
circles by algae has not been found in the sciediiérature, on
the opposite two examples of circles were metviar $pecies of

currents, the intbe

depressions.

reflectivity is not homogeneous
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Figure 1. Circles in a posidoni;a meadow. a- cincdlepréssions on the
DTM, b- number of circles according to their diaeretc- visualization
of circles by the MBES imagery, d- location.

seagrass. Formation of vegetation patch has béebusd to
self-organization processes (Shefé¢ral, 2011). Most of these
vegetation rings are in relief and therefore ofpitofor this
study. The first case consists of narrow fringeseefgrass
(Zostera marina) growing at water depths from @.8.6 m. The
rings ranged in diameter from about 1 to 15 m,4fréo 50 cm
high, and consisted of narrow fringes of denserasfgshoots
growing on sediment accumulated (Borwhal, 2017). The

second example comes from the Mediterranean endemi

seagrass : Posidonia oceanica, which occupies bet&@ and
50% of the coastal seabed. These meadows are ubantc
studied because they would host more than 20% ef th
Mediterranean biodiversity. The leaves Rédsidonia oceanica
are 40 to 140 cm long, 7 to 11 mm wide (Caye, 1988)s
species is found on a wide variety of substratds: fine,
medium or coarse sands, rock, even if it prefefs sstrates
rich in organic matter. The maximum bathymetriceasion of

waters such as in Greece (Gerakatial, 2014). When water is
particularly transparent, for example near thendtaof Corsica
and Malta, they can reach a depth of 45 m. Seagreapies
the photic zone where light is sufficient for pretothesis to
occur. The majority of them, &ostera marinagrow in the 1 to
3m depth area. The deepest one is Halophila desipiéhich
has been found up to 60m depth. The different saasgare
therefore candidates for the creation of circleshenseabed, but
their range of distribution confines in the 1 tonGdepths area

and only thePosidoniaseems to present circular depressions

with large diameter and metric depth.

For example a 13,3 Kithydrographic survey realized by the
Shom along the coast of Corsica (France), at degt@8-26 m
presents &osidonia Oceanicaneadow with a series of 118
sub-circular holes from 3 to 96 m having a mearmmei@rs
around 25m (Figure 1). The Multibeam Echo-Soundegery
(MBES) shows that all these circles have steepssada flat
bottom but, probably due to the accumulation ofddeaves by

Circular structures from the interstitial gas : Pockmarks

The expulsion of weakly buried gas in the sedinmettes
depressions on the seabed, called pockmarks. These w
discovered on the close-to-Nova Scotia seabed (léimt) Mac
Lean, 1970), and then in all the world's oceanskbao the
enhancement of the resolution of the seabed imagystems.
Such depressions are observed at depths up to M8@ader,
f991), but here we limit the next description t@ ttepths
comparable to the study area, that is to say berdeand 500
m. Their shape is usually circular, but the pockmaran be
elliptical with elongation parallel to the direatiof the bottom
currents (Josenhans, 1978, Hovland, 1983). Theisitle can
reach 1000 pockmarks per ki@dudd, 2003). These depressions
are conical with mostly steep walls and a relayiviidt bottom
(Paullet al, 1999). The diameter of these structures vari@® fr
a few meters to several hundred meters, with ahdgpberally
Eomprised between 1 to few tens of meters. Somenggsuch
as the North Sea or the Gulf of Guinea presenkmpacks
several hundred meters in diameter which can cooma fluid
seapage or from the presence of gaz hydrates (Ribeual,
2016). Pockmarks can be grouped, aligned, chaoredplated.
They are often associated with sedimentary or béc$o
structures (channels, faults, diapirs, synclingszimes) and
preferentially develop when the sedimentary lagethin (Rise
et al, 1999, Jenseet al, 2002). Their shape and size depend on
their activity, the granularity of the sedimentse tcompaction,
and the thickness of the sedimentary cover. Th&mpads are
formed in clay or silty-clay seabed, but they caistein the
presence of sand; but only two, on about sixty magescribing
pockmarks, indicate the presence of sand in muedyrent.
According to Hovland and Judd (1988), the depth has
influence on their size and spatial density, on dpposite for
Cifci et al. (2003) and Andrewst al. (2010), a linear pockmark
depth-to-diameter ratio exist for pockmarks fieldiev This
relationship is also demonstrated by Brothers (201@& study
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based on 1767 pockmarks having the following chtargstics:
cover of 24% of the surveyed seafloor, 40% of thesekmarks
occur in Holocene deposits less than 11.7m thibk, ean
diameter is 84.8m (16 to 302m), there is a stroelgtion

therefore favors circles with large diameters. Qe 71.45
square km area studied, the surface of the cindpsesents
3.4% of seabed. But the density is higher in theezof 11.07
km?, located in the center of the study area, whezaatka of the

between depth and dimension of pockmarks, with elarg circles reaches 15.8%. What are these structurdswdrich

pockmarks occurring in deeper water.

METHODS

During the analysis of the POSA data, carried owt t

characterize the geological environment of the GeaRade de
Toulon, circles were observed on the multibeam estunder
(MBES) Kongsberg EM1002 imagery on two series affif@s.

These observations motivated an analysis of prevawveys,
previously acquired by the Shom in 2004 with theFShlas

Fansweep 20, then a new sedimentological
conducted on a sector restrained with Kongsberg &NaC.
The 4 sets of data present the same circular steg{Figure 2).

Figure 1. Circles on acoustic imagery from diffdartBES . a- Atlas
Fansweep 2004, b- Kongsberg EM2040C 2016, c- KargseM1002
2015a, d- Kongsberg EM1002 2015b.

An analysis of the entirety of the bacscatter datguired in
the zone was then conducted and made it possildeunt 661
circles whose diameter varies from 11 to 134m (fécB). The
depths ranges from 32 to 256m and the size of ttiesles does
not seem to correlate with depth as described bieTa. It is
nevertheless observed beyond 100m depth an absérsceall
structures and an increase of the average diameter.

- France
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Figure 3. Studied area and the circles observedBES imagery

But this characteristic could come from the deaeakthe
bathymetric data accuracy when the depth increagech
generates the impossibility of observing small lesc and

process is at their origin?

Table 1.Numbers and diameters of the studied circles.

Depth range (in m) 10-30 30-50 50-10Q00-150
D. minimum 15 18 11 48
D. mean 26 43 46 79
D. maximum a7 124 103 134
Number of circles 19 144 464 34
RESULTS

survey was

Description of circular structures

Diameters are from 11 to 134m with a maximum of

occurrences around 40 meters (Figure 4). They lysae well

individualized but can sometimes partially overldgy seem to
be randomly arranged in terms of distribution ame,sbut

sometimes they are organized in alignment; theyratleis case
series of circles with similar diameters and shassn
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Figure 4. Variability of the diameter of circles.

This description firstly recalled the pockmarks,t mome
criterias go against this theory. First of all, tmegional
environment. The circles are all over the areaavititorrelation
with thickness of sediment which varies from 0.5L&m. They
are distributed without correlation with the sedintagy bottoms
which varies from gravelly cobles to muddy fine danAll the
sediments are heterogeneous and contain in diffpreportions
gravel, sand, fine sand, silt and clay. The firshtaneters or
sometimes decimeters of seabed could contain 50%b clays,
but underlying layers are gravelly sands witha feercent of
clay. The core realized in the center of a cirdieves sandy
sediment (70%), with some strata of 10 to 25% afigagravel.
In this core of one meter long, the part of clafrdsn 5 to 22%,
and this maximum is located on the first centimefethe core.
Thus sediments seem too coarse for developmerdabparks.
A source of gas from the underlying geologic roiksinlikely
as it is metamorphosed Paleozoic rocks. This idicoed by
the absence of gas in the sediment cores. Thesgatvays
observed in cores done in pockmarks by the fadt sband
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velocity in sediments become unmeasurable in tleeguce of
gas.

Distance (m)

10 = 50 -

Figure 5. MBES imagery, DEM and bathymetric profishowing the
absence of relief in one circle

The most obvious criterion showing that it is notkmarks is
the absence of depressions in these circles. Sbthera show a
slight depression of a few decimetres, but mogysrishow no
change of the morphology of the bottom. The seabédt and
only the slope of the continental shelf is reallgservable
(Figure 5). In summary, these circles are on agreat range of
depths to be of biological origin and do not havee t
characteristics of the pockmarks.

Origin of circular structures : Blast marks ?

During the digitization of the circle marks it apped that
some circles were very sharp because their strefigctivity
was very different from the surrounding seabed.eGttare less
visible with a reflectivity close, in and out ofetteircle. The rule
that was adopted was to take into account onlycttras whose
perimeter was fully observable and could therefeneasured
without difficulty. It is thus possible that the'sttures are more
numerous than the 661 counted. The circles have tlassified
according to their sharpness (Figure 6).

S ol

Figure 6. Classification of circles according teithvisibility on MBES
imagery: a-Blurred limit; b-Not very apparent; ctNmntours; d-Very
clear

Table 2.Sharpness in percentage of the circles studied.

Depth range (in m) 10-30 30-50 50-10Q00-150
Blurred limit a7 35 20 15
Not very apparent 37 47 40 26
Net contours 16 17 32 32
Very clear 0 1 7 26

Circles appear to present a relative increase envtkibility
from the coast where the Blurred limit circles pretnate,

towards the deep sea where most of the very faitesi have
been observed (Table 2).

Each year the counter-mining to destroy mines andis of
the Second World War occurse about three time$im drea.
This number is nearly constant for several decales this
activity can not be at the origin of more than 2&e€cles.
Furthermore these mine warfare operations are ¢&xoceh
beyond 50m depth and are limited to depths of 88s81% of
the circles are beyond 50 meters, it is impossibia the
counter-mining is at the origin of these deep esclPart of the
661 circles could come from counter-mining actesti but most
of them belong to another origin. After the analysf all the
possible solutions it seems that the only remaiwmirigin is the
creation of these circles by the explosions duthéobombings
of the World War II.

An analysis of the bombardments of this region ryrihe
World War Il plead for this. Toulon as the main fpof the
French Navy was a target during the Second World. Whais
port was bombed on five occasions on June 12, 19d@ember
24,1943 and from August 13 to 20, 1944 during Binagoon
Operation. During this last period, 809 bombs fototal of
491.6 tons were launched on the Cape Cépet (W quré-i3).
They would be circles related to the blast of bombas they
should be named Blast marks. The process whichs gikie
characteristics of these marks due to explosiormaoifbs on the
seabed is not yet fully explained, but it is comable that the
size of the marks would be related to the TNT eajeint
weight, and that it gives rise to a modificationtbé internal
structure of the sediment. The originality is thsence of the
digging as it is the case in the aerial domaint ass observed
on Cape Cépet in 1944 (Figure 7). It is difficudt study the
alignments because of the imbrication of circlesarfous sizes
and of the masking of circles by subsequent expiwsiln first
analysis about twenty alignments of variable dicext are
observed. They are all composed of 4 circles oflainsize. A
comparison with photographs on a terrestrial afesand must
be done to see if similar series are observed.

Figure 7. Aerial photo of craters of Cap Cépet944 (Zaloga, 2015)

The presence and preservation of sedimentary stesctof
anthropic origin for several decades seems an &roep case.
On the French continental shelf, apart from thiaregle, only
five similar circles have been seen on the Normascubst (Y.
Ferret, personal communication). In our case, robshe blast
marks originated from the 1944's bombardments.eSihey do
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not show relief they are in theory easily erodilaled it is
necessary to have an absence of sedimentary rexgobi the
currents for these structures to be preserved. iitrease in
their sharpness with the depth is in this case mcawlant
criterion. The first circle appears at the depthlbm, the first
sharp contours circle is at -33m and the firstleinith very
sharp contours at the depth of 50m. This wouldhlearnprint of
an active reshuffle in the surf zone and then therehsing of
this process which becomes ineffective at a depS0m.

CONCLUSIONS

As part of the French POSA project a high resofuttudy of
the marine sediment environment has been done Her t
subsequent modeling of wave propagation and eaaegu
created by the destruction of bombs from the Seddfwiid
War. This study in the vicinity of Toulon, which $hdeen
bombed during the World War I, has highlighted maircles
whose surface can cover up to 15.8% of the seabethd
densest sector. These circles, whose diametersvirom 11 to
134m, have a high reflectivity in relation to therrsunding
backgrounds but do not give rise to a change imtbgohology
of the seabed. These circles are not of biologaiin, nor
from the presence of gas in the sediments, theg nav been
described in the scientific literature. These eischre largely not
attributable to the current activities of mine veaef and can only
come from the action of bombs dropped during thatiogs of
this region in 1943 and even more in August 1944hdve been
preserved until now, it has been necessary to keokfan
absence of sedimentary dynamics and of the trawbynghe
fishermen. New sedimentological surveys will be dusted in
2018 on some circles to characterize the origithefchanging
of reflectivity. These sedimentary figures which wal Blast
marks must exist in other places and it would befulsto be
able to confront these observations to some others.
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