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ABSTRACT N

GAILLOT, S. and PIEGAY, H., 1999. Impact of Gravel-Mining on Stream Channel and Coastal Sediment Supply
Example of the Calvi Bay in Corsica (France). Journal of Coastal Research, 15(3), 774-788. Royal Palm Beach (Florida),
ISSN 0749-0208.

Beach erosion during the last three decades in Calvi Bay, Corsica, is described and linked to a reduction of gravel
and sand delivery from the Figarella and Fiume Seccu coastal streams. Recent assessment of bedload transport during
a 1in 2 year flood and stream bed changes evaluated from aerial photographs and field measurements (cross-sections,
long profiles, sediment size analysis) show these streams deliver less and less sediment to the beach, thereby explain-
ing its erosion.

Two main causes explain this trend: (1) in-channel gravel-mining has been operated on these streams since the
1970’s and (2) significant land-use changes have taken place in their watershed since the end of the 19" century. The
gravel pits trap sediments and induce adjustments in channel geometry. An alder forest that colonized the gravel pit
on the Fiume Seccu traps most of the sand delivered by the watershed and represents a major flood risk because
vegetation encroachment has increased hydraulic roughness. The excavation in the Figarella measures 600 000 m?,
corresponding to a channel degradation of 3 m. Channel degradation and armoring are also observed upstream and
downstream of the excavation due to progressive and regressive erosion as a result of bedload transport disruption
and downstream winnowing. The winnowing process has been very effective because bed material is heterogeneous.
Field measurements demonstrate that less than 50% of the beach sediment deficit results directly from mining. Beach
erosion is also linked to decreases in sediment delivery from the watersheds. Channel patterns have simplified even
in the reaches which are not affected by mining. Braided channels have been replaced by single-bed channels and
most of the channels observed in aerial photographs from the 1950’s are now vegetated. Late 19" c. agricultural
decline has led to land-use changes, croplands and pasture being replaced by spontaneous undergrowth and woods,
reducing erosion and run-off.

Beach erosion, due initially to watershed land-use and channel changes on coastal streams occuring since the late
19" century, and worstened by gravel-mining, is far from under control. As gravel pits will continue to trap sediments
for several decades, decision-makers should favor natural or artificial solutions to increasing sediment delivery if they
want to maintain the beach, essential to the local tourist industry.

ADDITIONAL INDEX WORDS: Beach degradation, gravel-mining, channel degradation, bed armoring, downstream
winnowing, land-use changes, mediterranean streams.

INTRODUCTION

In France, the number of gravel mining sites in active river
channels increased dramatically during the 1960’s and 1970’s
(BRAVARD, 1991; DAMBRE, 1996). Subject to limited and in-
effective regulatory control, this form of resource exploitation
produced extremely serious environmental impacts (TAGLIA-
VINI, 1978; LARINIER, 1980; KONDOLF, 1994 and 1997). Grav-
el mining in gravel-bed rivers, highly sensitive to any change
in gradient, led to generalized progressive and regressive ero-
sion that has lowered long profiles by as much as 10 m on
certain rivers draining the western Alps (PEAUDECERF, 1975;
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PEIRY, 1987; PEIRY et al., 1994). These geomorphic adjust-
ments also destabilized works. For example, several kilome-
ters of dikes have been damaged on the Drome river (LAN-
DON et al., 1999). The cost of repairing these works and build-
ing weirs to stop degradation is far too great for the finances
of local communities. Though most developed countries (Kon-
DOLF, 1997) including France (BOUTTIER et al., 1991) have
prohibited this activity, the impacts of past in-channel min-
ing still have to be contended with today.

In France, the ecological and geomorphic impacts of chan-
nel degradation have been analyzed in detail, particularly in
relation to gravel mining (BRAVARD et al., 1997; BRAVARD et
al., 1999). Extensive morphological diagnosis of these prob-
lems has been conducted on large rivers, such as those in the
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middle and upper Rhone valley (PEIRY et al., 1994; LANDON,
1996), but few studies are available for the Mediterranean
regions of France. Moreover, though the impacts of mining
on channel and riparian environments of larger rivers are
relatively well documented, little information is available for
streams, and little attention has been given to the relation-
ships between mining, streambed sediment deficit, and the
sediment balance of coastal zones (TAGLIAVINI, 1978; INMAN,
1985; ERsSKINE, 1988). Many studies (PASKOFF, 1998) have
pointed out that fluvial sediment transport is the main source
of sediment supply to shoreline areas. This is particularly
true of Mediterranean shorelines, where beaches are a major
source of economic activity.

The aim of this paper is to: (1) assess the impacts of gravel
mining on some Mediterranean streams, with regards to both
stream bed geometry and granulometry as well as the sedi-
ment budget of the beach at their outlet, and (2) examine
these results in light of changes that have taken place in
their respective watersheds during the last few decades. The
study site of Calvi Bay in Corsica was selected because the
beach there is eroding, and is fed sediment by two streams,
the Fium Seccu and the Figarella, both of which were dis-
turbed by in-channel gravel mining during recent decades.

THE STUDY AREA

The Calvi Bay beach, about 4.5 km long, fringes the inner
part of the Calvi Golf in Corsica (Figure 1). The aerial beach
averages 25 m in width, but may completely disappear fol-
lowing winter storms.

Beach granulometry varies from east to west: (1) in the
east, the present outlet of the Fium Seccu separates two 700
m long pebble beaches that give an average sediment median
size of 76.7 mm, (2) a 300 m long active micro-cliff, formed
by the erosion of the alluvial fan of the Fium Seccu, averages
88.8 mm (median), (3) another 700 m long beach between the
active micro-cliff and the outlet of the Figarella has bi-modal
sediment distribution (sands and pebbles), median averaging
respectively 59.4 mm for the pebbles and 3.2 mm for the
sands, and (4) a beach of fine sand stretches 2800 m between
the Figarella and the rocky cape at Calvi, the average median
size of the sand decreasing from 2.5 mm in the east to 1.4
mm at the western end (overall average of 1.9 mm). Different
studies (BAY et al., 1987; OzeEr and COMHAIRE, 1988) have
demonstrated the continental origin of the beach sediment.
The observations show: (1) similarity in petrographic com-
position between beach and stream sediment, which both con-
trast with the surrounding shoreline outcrops, and (2) greater
similarity between beach sediments and sediments of the
Fium Seccu as opposed to those of the Figarella. These stud-
ies thus conclude that contemporary sediment supply to the
beach is primarily linked to the Fium Seccu.

The Fium Seccu and the Figarella are both Mediterranean
streams that drain watersheds comprised of impermeable, re-
sistant, hercynian igneous rocks (RADULESCU, 1991) Their
beds are characterized by coarse and even heterometric ma-
terial, and by steep gradient averaging 0.12 m m ' on the
Fium Seccu and 0.08 m m ' on the Figarella (Figurel; Table
1). Channel pattern varies along the stream continuum, with

a downstream alluvial cone characterized by multiple unsta-
ble channels, typical of montane shorelines.

These streams have high specific stream powers (e.g. for
Q,: 292 W.m 2 on the Figarella and 343 W.m 2 on the Fiume
Seccu near their outlets). These values place these streams
in the category of braiding streams using the classification of
LeoproLD and WoLMAN (1957).

Their hydrological regime is not well known, but an indi-
rect evaluation may obtained by referring to data for the Fan-
go stream, on which flow levels are recorded at Galéria since
1977. The Fango watershed is just next to the Figarella and
has similar characteristics (Figure 1b). This stream has typ-
ical Mediterranean regime with severe summer lows, fre-
quent flooding in the spring (April) and the fall (November),
and sustained winter flow (max. in January) due to a mixture
of rain and snowmelt runoff, as the summits in the watershed
exceed 2000 m. Flooding on the Figarella and the Fium Seccu
can be assessed by referring to data for the Fango as well as
from bankfull discharge measurements made in June 1996.
The one in ten year discharge is estimated at 244 m3.s ! on
the Figarella and 120 m®.s ! on the Fium Seccu (BCEOM,
1997).

MATERIAL AND METHODS

Data for this study has been obtained from: (1) analysis of
available technical documents (archives, plans, old topo-
graphic surveys. . .), the use of aerial photographs and maps
from different dates, (2) field measurements (floodplain and
beach geometry, granulometry, sediment displacement).

Recent Geomorphological Change

Coast line changes (DOLAN et al., 1991) were studied on
black and white air photos taken in 1960 and 1996 at mean
scales of 1/29 000 and 1/27 000 at sea-level. These photos
were taken during the summer, when beaches are most de-
veloped. The photos were geometrically corrected by refer-
encing to anchor points using the software ER-
DAS.IMAGINE. Forty-five anchor points (26 in 1960 and 19
in 1996) were chosen along the coast line. The mean margin
of geographical error after correction is about 10 m, concur-
ring with the observations of DURAND (1999) in referencing
photos to a 1/25 000 topographic map. The coastline was mea-
sured every 100 m on each air photo series to map changes
between the two dates. The sediment deficit (D) is estimated
using the formula (1) based on assessment of the beach sur-
face area lost between 1960 and 1996 (L), estimation of the
berm height (h) and the depth of closure (d).

D=L(d + hy2 (1)

L was determined from measures made on air photos, h was
estimated to be equal to 0 based on observations derived from
twelve beach profiles. Values retained for depth of closure (d)
vary between — 6 and —8 m (FARNOLE, 1996).

The width of the active channel (low water channel and
unvegetated bars) and bank height were measured every 300
m starting from the outlet for a distance of 4500 m on the
Fium Seccu (17 stations on 28 % of the total length of the
main channel) and 7 500 m on the Figarella (24 stations on
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Figure 1.
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Table 1. General characteristics of the two watersheds.

Fium Seccu Figarella
Watershed area (km?) 63 137
Length of the main stem (km) 16 24
Drainage density (km/km?) 1.63 1.56
Elongation ratio 0.64 0.70
Relief ratio 0.14 0.11

30% of the stream). Channel gradient was determined for
each station using available long profiles for the two streams.

On the lower 9 km of the Figarella (i.e. 37% of total length),
two existing long profiles were compared. The first was taken
from a 1/5,000 topographic survey made in 1963 for DDE (Di-
rection of Equipment) and the second mapped at 1/5,000 in
1991 for BRGM. On the Fium Seccu, only one long profile
was available, made on 5700 m (37% of the total length) by
BCEOM in 1997. As this profile does not concern the outlet
of the stream, where a wooded mining pit is located, we there-
fore completed this profile with our own field data including
a long profile and six topographic cross-sections 500 m apart
on the lower section of the stream (April 1997). To estimate
the volume of the excavation, bores were made in the accu-
mulation of fine sediments (6 along the downstream cross-
section, and 10 distributed along lower 100 meters off the
long profile). The diameter of the alders which colonised the
pit was measured. Their age was also determined using den-
drochronology to date the recolonization.

Sediment Analysis

Fourteen sand samples were collected every 200 m at mid-
aerial beachface position, as this is the most significant sam-
pling site (MASSELINK, 1992). In sectors with pebbles, sam-
ples were spaced every 100 m. The B axis was measured on
25 randomly sampled pebbles along cross-sections perpendic-
ular to the beach. Where a mixture of sand and pebbles was
present along cross-sections, sand was also sampled.

Bed geometry and the size of pebbles were also measured
in the stream beds at the forementioned stations; at each one,
the B axis was measured on 50 elements (D), randomly sam-
pled along cross-sections perpendicular to the channel (KEL-
LERHALS and Bray, 1971). For each station, two granulo-
metric indicators (®;, and the sorting index S, (2)) were cal-
culated, the ® scale (3) being used to attenuate the distor-
tions in size induced by the larger elements (GORDON et al.,
1992).

_ ((bm - (bm)
S, = > (2)

é

The surface samples of the 16 bores made in the gravel pit
on the Fium Seccu were analyzed in the laboratory, mean
grain size being estimated using the statistic moments meth-
od (MASSELINK, 1992). Granulometry of gravel forming bars
and fans in the wooded mining site were also measured using
the above-described procedure.

Further sampling was done during the June 2", 1997

—log,(D). (3)

bankfull flood using a manual depth-integrating sampling
system (TASSONE et al., 1992), enabling measurement of sed-
iment concentrations transiting in suspension and by salta-
tion. Discharge was also measured during this event on two
cross-sections located 800 m (Figarella) and 500 m (Fium Sec-
cu) from the outlets. At the same sites, bedload transport was
evaluated by painting gravels along a meter wide strip across
the entire width of the active channel (about 20 m) to assess
gravel migration distance during the flood event. Cross-sec-
tions were also measured before and after the flood to eval-
uate the depth of the sediment wave. Flood water levels were
determined by measuring the maximum relative height of
debris, and by direct observation (flood of June 2nd, 1997 on
the Figarella) in order to determine the wetted area as well
as the flood discharge.

Evolution of Control Parameters

Drainage basin characteristics were assessed using digi-
tized layers derived from IGN 1/100 000 topographic maps,
and processed with ERDAS IMAGINE. The evolution of veg-
etal cover was evaluated for individual communes (local ad-
ministrative unit) in the two watersheds by comparing a map
from the late 18" century, the mid-19t century Napoleonian
land survey (DEFRANCESCHI, 1983; and original data), and
the 1988 forestry census of the Inventaire Forestier National.

The surface area of the active channel was measured on
air photos taken in 1960 and in 1996. As LEWIN (1977) em-
phasises, mapping channel patterns is an effective means of
identifying long term changes in sediment flux and associ-
ated variations in discharge regimes. This information was
visually interpreted following the procedure described by GI-
REL (1986). Channel patterns were drawn, digitized, geo-
metrically corrected and set to scale using image processing
software (ADOBE PHOTOSHOP). The two dates of obser-
vation could thus be compared.

Evaluating hydrological chronics for recent decades was
difficult due to a lack of available data,. Three alternatives
were considered: (1) referring to rainfall data at Calvi-Airport
(1961-1996), (2) extrapolating from the hydrological data for
the nearby Fango stream (1977-1996), (3) synthesis of biblio-
graphical data available for Corsica. Major flood events in
Corsica have been recorded for the last three centuries
(BoERI and GAUTHIER, 1994).

RESULTS
Beach Erosion

The beach was eroded 10 m on average between 1960 and
1996, corresponding to a loss of 40% of the initial surface
(Figure 2). Certain buildings close to the beach have been
periodically destroyed by storms such as those in May 1992
and February 1996 (Figure 3). Only the sector located 3.5 km
from Calvi, corresponding to the alluvial fan of the Fium Sec-
cu, has remained stable (Figure 2).

Beach erosion is particularly apparent near the two stream
outlets, especially to the west of them. Here beach erosion is
estimated at 15 and 25 m respectively at the outlets of the
Fium Seccu and the Figarella. As the longshore current is
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Figure 2. Evolution of beach width in Calvi Bay between 1960 and 1996 (a) (from air photos) and present variations in grain size (b).

from east to west, this demonstrates that the sedimentary
deficit of the beach is linked to fluvial supply decrease.

Beach erosion of about 30 m has also been shown for the
period 1951-1990 in the western part of the bay, near the
Calvi port (OLIVEROS et al., 1997). This is not apparent in
Figure 2 because 15 000 m? of artificial fill was added to 900
m of the beach. The erosion of this part of the beach is pri-
marily explained by laterally expanding or agitated currents
caused by the deflection of the northeasterly surge against
the port jettie, built in 1977 (FARNOLE, 1996).

Between 1960 and 1996, beach surface had decreased by
about 50 000 m2. Global sediment deficit varies between 150
000 and 200 000 m?, averaging roughly 175 000 m?® (4861 m?
yr'). The beach lost roughly 40 000 m? to the west of the
stable alluvial fan abandoned by the Fium Seccu (Figures 1

and 2) compared to 10 000 m? to the East. Thus the sediment
deficit to the west attains 120 000 to 140 000 m? opposed to
30 000 to 40 000 m? in the east. Our results are inferior to
but comparable with those obtained by comparing bathymet-
ric DTM data (FARNOLE, 1996) in the sandy part of the bay
for a shorter period (1990-1996), results which give a mean
annual deficit of 7500 m?3 yr—.

Gravel Mining Sites

Gravel pits were located in the active channel of the
streams studied (Figure 1).

The oldest gravel pit, located at the outlet of the Fium Sec-
cu was officially exploited from 1967 to 1970. A 300 m long
section of the stream was directly subject to excavation, cor-

Figure 3. Photograph of beach near the Olympic camp (see Figure Ic for location).

Journal of Coastal Research. Vol. 15. No. 3. 1999



Mining and Sediment Supply in Calvi Bay, France

779

Off-shore bar

~ 97 Riparian forest
E a4 :
2 21 Sea
2 09
s 2N M
< 2 A§
-4 -
‘Mining pit filled
10} ~ bysands
5 °
2 0 | o O
| ° e o o @ .
-10 —t S L — —+ 4+ e e i

-50 -25 0 25 50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525

Distance from the sea (m)

Figure 4. Effects of the gravel pit on the long profile and sediment pattern on the lowest 500 m of the Fium Seccu.

responding to a surface area of 1.5 ha (Figures 4 and 5). Fol-
lowing its abandonment, this site was rapidly re-colonized by
alluvial forest of alder trees averaging 22 years of age (Figure
5). Results of the 15 bores made in the fine sediments trapped
in the lower part of the excavation show that the gravel pit
was three meter deep. The total mining volume is estimated
at 20 000 m®. Data from bores indicates that 15 000 m? of
fine sediments have accumulated in the pit.

A second gravel pit was opened in 1972 in the lower section
of the Figarella, 3 km from the outlet, and operated until
1992. By comparing long profiles and channel patterns, the
excavation area was estimated to be about 200 000 m?, cor-
responding to a volume of about 600 000 m?; (200 m large, 3
m deep, and 1 000 m long).

A third gravel pit was exploited without authorization
downstream of the second one between 1975 and at least
1985 (the most recent summons established by the mayor’s
office pertaining to the matter being dated to 1985). The vol-
ume extracted from this pit remains unknown, but the im-
pacts of this exploitation are evident in the field.

Impact of Mining on Stream Beds and Sediment
Transit

The excavation on the Fium Seccu is evident on the 1997
long profile (Figure 4); its maximum depth is close to —3 m.
Alder growth has affected long profile upstream of this site,
significant aggradation being linked to increased vegetation
roughness (Figure 4). Longitudinal distribution of sediment
size in the forested zone shows transition between gravel de-
posits in the upstream area (roughly one third of the surface)
to sand and silt downstream, the lowest section being char-
acterized by a mosaic of islands of silt and sand intermingled
with swampy areas (Figures 4 and 5). The micro-topography
of this zone illustrates the filtering effect of the vegetation.
The gravel in the upstream part of the pit is deposited in bars
whose number and size decrease regularly downstream,
where fans of coarse sediment thin out and disappear as they
penetrate into the forest. Micro-morphological analysis thus
indicates that most of the fine sediments which would have

normally fed the beach have been trapped in the excavated
zone since 1972.

Because the lowest 100 m of the stream only receive sand
and silt, the supply of gravels and cobbles to the beach can
be considered as null. The ®,, of the beach at the outlet is
much greater than those measured on the stream, indicating
that the supply of bed load has been interrupted for a long
period of time. Indeed, during the flood observed on June 2nd,
1997, no painted cobbles transited into the section colonized
by the alder forest. Our results contradict those of BAY and
al. (1987), who considered that some supply of “fresh” gravel
subsists. The supply of fine sediment is also greatly reduced,
as most of the fine sediment in transit is trapped in the pit
before reaching the coastline. Nonetheless, some supply to
the beach does occur, as suspended load measurements made
during the flood of June 2nd, 1997 (25 m?® s~!) gave values of
1830 g m=3 s ! upstream of the alder forest and 567 g m~2
s ! downstream of the forest.

This mining site does not appear to have had a major im-
pact on the granulometry of the section immediately up-
stream of the pit (Figure 6). Bed width, gradient, and bank
height are linked, bed width and bank height increasing
downstream, whereas gradient decreases. Granulometry on
the Fium Seccu does not show longitudinal change, particu-
larly in comparison to the Figarella. The ®;, and the S, show
little variation from one station to the next; the ranges of
these variables are respectively —1.14 (d,,) and —0.92 (S)
on the Fium Seccu as compared to —2.63 () and —1.28 (S,)
on the Figarella (Figures 6 and 7). Most of the stations on
the Fiume Seccu show more homogeneous and smaller sedi-
ment size for a given slope, compared to data for the Figar-
ella. Bed cleaning of a 1 km section upstream of the bridge
on route N197 done by the DDE appears to affect the gran-
ulometry of the stream bed more than that of the gravel pit:
(1) in the cleaned section, bed load is relatively fine and be-
comes increasingly fine and homogenous downstream, i(1)
just upstream of the cleaned section, granulometry is much
coarser and shows signs of bed armoring.

The gravel pit on the Figarella figures on the 1991 long
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profile of this stream (Figure 7). Data from sampling stations
(5 are located within the excavated section), demonstrate that
this pit disrupted both bed geometry (gradient, bank height,
width) and granulometry (®,, and ®,,). Gradients measured
in the mining zone differ from gradients observed on the oth-
er parts of the stream. There is thus very weak linear rela-
tionship between gradient and the distance to the sea (r?
0.17). The steepest gradient and the mildest gradient are re-
spectively located in the upstream and central parts of the
pit. The relationship W = f(S), established on the Fiume Sec-
cu does not hold on the Figarella (Figure 8a). 3 distinct reach-
es were identified: (1) part of the pit reach is characterized
by steep gradient and varying widths, (2) the most down-
stream reach is remarkable for its narrowness and mild gra-
dient, (3) other sections present values of S and W similar to
the those observed on the Fiume Seccu. Bank heights in the
mining zone are lower than those on the reset of the studied
reach. In the excavated area, the active channel is beginning
to take form within a vegetated floodplain that is not yet fully
developed either. In contrast, banks are relatively high both
upstream and downstream of the mining site. A statistical
relationship is observed between H and W (r2 = 0.32, p =

0.025) (Figure 8b) when data from the excavated section is
excluded from analysis.

Mining has also affected granulometry. The upstream—
downstream distribution of median particle size and of the
sorting index show the impact of the pit on bed load transit:
(1) the mining site registers fine and relatively heterometric
distribution i(1) just upstream and downstream of the mining
site, reaches show coarse and equally heterometric grain size.
Sizes are among the largest observed in the entire stream
course, and much larger than those observed on the Fiume
Seccu. Variations of the median along stream continuum in-
dicate regressive and progressive erosion in association with
armoring: ®,, increases over 2 km upstream of the pit and
decreases progressively in the 2 km downstream of it. More-
over, ®,, increases with gradient (r> = 0.31) confirming the
armoring process observed upstream of the mining area.

Regressive (on 2500 m) and progressive (on 500 m) erosion
of the stream bed have led to the abandonment of secondary
channels, producing a fluvial metamorphosis from a braiding
pattern to a single-bed channel.

Observations made during the June 2nd, 1997 flood (100
m?.s~!, that is a relatively frequent event, just barely over-
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Figure 6. Longitudinal variation of active channel width, gradient, bank height and sediment size on the lower 5.5 km of the Fium Seccu.

flowing at the point of observation) showed that sediments
as large as 13 cm (D,,) in diameter were mobilized, displacing
a volume of 10.9 m%¥km? compared to 10.3 on the Fiume Sec-
cu. Measures of sand transport were also made, indicating
suspended or saltating transit of 3.8 kg/m?®s downstream of
the gravel pit.

In conclusion, the mining site continues to trap sediment,
implying that the coast is only supplied in sediment by the
section downstream of it, whereas this latter is already af-
fected by armoring processes.

Evolution of Control Parameters

Although the impact of the mining sites has been demon-
strated, this does not exclude the intervention of other factors
in explaining the current sediment deficit of the coastal zone.

Indeed, it is rather surprizing that Mediterranean streams
are not able to check the expansion of riparian forests into
their active channels. The hypothesis of an eventual decrease
in hydrological activity must be verified. Several elements
may serve this purpose:

® the available hydro-climatic data is unfortunately rather
incomplete. Records of flooding having provoked damage
since the early 18 century indicate a period of frequent
flooding during the 19t century. More than 25 % of all the
floods recorded since the beginning of the 18% century on
5 streams in the surrounding area took place between 1850
et 1900, whereas less than 10% of all the floods took place
during the first half of the 20* century. No specific ten-
dency has been observed in the recent data sources avail-
able: (1) instantaneous discharge measurements during
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floods on the Fango between 1977 and 1996, (2) yearly
rainfall maximums and frequency of days of more than 30
mm per day in data from the Calvi—Ste Catherine mete-
orological station (Figure 9).

® the channel patterns of the lower sections of the two
streams have undergone considerable changes between

1960 et 1996, not only within the mining sites, but along
the entire length of their downstream reaches (Figure 10).
In particular, the active channel width of the Fium Seccu
has narrowed from 19 m to 8 m of stream during this pe-
riod.

® changes in land use may have an added effect on the im-
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pact of the mining sites in relation to the problem of coastal
sediment deficit. Evidence of extensive abandonment of ag-
ricultural lands was obtained for both watersheds during
the 20 century. Analysis of the nature of vegetal cover in
the watersheds based on the above-mentioned late-18t
century archives, the mid-19*" century Napoleonian land
survey, and the 1988 forestry census shows that the hil-
Islope soils are much more protected today then they were
a century ago (Figure 11). The part of cultivated lands in
the watersheds of the Fium Seccu and the Figarella were
respectively 81% and 48% in the middle of the 19 century,
and have decreased to 18% and 16% today.

DISCUSSION
The Causes of Sediment Deficit

Decreases of sediment delivery by major streams to the
shoreline is a serious problem that affects the entire northern
coast of the Mediterranean basin (GUILLEN and PALANQUES,
1992; INNOCENTI et al., 1993; PouLos et al.,1996). The causes
of this phenomenon are complex, particularly on large rivers,
because of the great number of factors—damming being one
of the foremost—which play at varying spatial and temporal
scales depending on their location, extent, or number within
the drainage network (Komar, 1996).

By focusing on smaller streams, our study has once again
demonstrated a reduction in sediment supply, but it has high-
lighted the relative importance of each of the causes as they
are less numerous. Indeed only two factors have been shown
to be possible explanations of decreased sediment supply to
the shoreline: gravel mining in streams beds, and land use
changes in the watershed. The observed coastal sediment def-
icit is apparently linked to changes in these fluvial systems
as the most eroded parts of the shoreline are near the stream
outlets. The global sediment deficit of the coast has been es-
timated at 4 800 m? yr~'. Only the eastern part of the defi-
cient beach area (20% of the total deficit) is comprised of
coarse material (a shingle beach overlaying underwater sand
deposits). Therefore, more than 80% of the deficit corresponds
to a lack of sand.
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b 400
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Figure 9. Evolution (a) of annual peak flow on the Fango at Galéria-Ponte vecchio (129 km?) since 1977 and (b) daily rainfall record per year at Calvi-

airport since 1961.
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The impacts of the gravel pits on sediment transit were
evaluated from geomorphic and sedimentary data that may
be compared to other observations in literature. The volume
of sand and silt trapped in the Fium Seccu excavation was
estimated at 15 000 m? for a period of 29 years, giving an
annual average input of 517 m?.yr ' (Table 2). This figure is
smaller than those given by other sources indicating an over-
all suspended sediment production in Corsica of roughly 14
m?.km-2yr!, that is 882 m?.yr ' (QUELENNEC et al., 1982;
and Table 2). Evidence that part of the suspended load does
pass through the forested mining site of the Fium Seccu and
reach the beach (31% of total suspended load input during
the June 2nd, 1997 flood) may explain this difference in fig-
ures.

If the sand supply were entirely cut-off by the gravel pits
on the Fium Seccu and the Figarella, the resulting annual
sand deficit would be respectively within the forks of 517-
882 m?® and 1124-1918 m? (Table 2). The upper limit given
here is undoubtedly over-estimated, given the implications of
our field observations on the Fium Seccu. Inversely, the lower
limit is clearly under-estimated, as the gravel pits did not
trap all of the incoming sediment. These figures indicate that
the sand deficit due to gravel mining is not greater than 2500

m?.yr-'. This volume is by far inferior to the volumes dis-
placed annually by coastal processes. Furthermore, it is not
unreasonable to consider that the coastal deficit due to re-
duced fluvial supply was probably attenuated by input from
alternative sources:

(1) sand continued to transit beyond the gravel pits, as
shown by measurements made during the flood of June
2nd, 1997,

during gravel mining, sand in the pits was disturbed, pro-
voking some transit of suspended elements downstream,
on the reach of the Figarella below the gravel pit, sedi-
ments were mobilized during the winnowing process and
channel degradation due to erosion induced by watershed
sediment deficit.

(2)

(3)

Although gravel mining only partly explains the current
sediment deficit of the shoreline, the long-term implications
should not be neglected. The gravel pit on the Figarella is
still apparent on the long profile and is far from being com-
pletely filled in. It should take at least 360 years for the pro-
file of the Figarella to fully recover from the disturbances
caused by mining (Table 2).

The volume of sediment trapped by the gravel pits being
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Figure 11. Evolution of watershed land use for the Figarella (a) and the
Fium Seccu (b) since the late 18" century. Based on the plan Terrier, the
Cadastre Napoléonien 19" century survey, and census data from
U'Inventaire Forestier National.

much smaller than the volume of sediments lost by the beach,
changes in land use may be a second cause of sediment def-
icit. Indeed, other studies in the Mediterranean basin have
stressed the implications of land use changes in relation to
sediment budgets, notably in the Spanish Pyrenees (MoLI-
NILLO et al., 1997) or in southeastern France (PIEGAY et al.,
1997; LIEBAULT et al., in press). Moreover, the effects of land
use change may be enhanced by climatic change, particularly
the end of the Little Ice Age in the late 19* century (GROVE,
1988).

Channel patterns have changed on the streams studied
here, even on the Fium Seccu which registers no evidence of
significant recent bed incision. Both of these basins have been
subject to agricultural abandonment, implying that the re-
cent sediment deficit may in fact be linked to a long term
decrease in sediment production associated with changes in
channel dynamics and pattern. Mining would have thus de-
prived the outlets of a fossil sediment resource which could
have temporarily supplied the beach by longer term bed in-
cision. Field measurements have shown that roughly 15% of
the material mined from the Figarella was sand, implying
that the pit on the Figarella deprived the beach of roughly
90,000 m? of sand, that is 4,500 m? yr—* (20 years of mining)
which coincides well with our estimates of sand deficit for the
shoreline.

It would be hasty to conclude that the erosion of Calvi
beach is due exclusively to gravel mining, as other possible

Table 2. Sediment delivery and gravel pit excavation capacities.

Fium Seccu Figarella
Measurements

Volume extracted (m?) 20 000 600 000
Years since extraction

began 29 years 24 years
Measured annual

suspended load 517 m*yr ! 1124 m*-yr (a)
Annual suspended load

per unit area 8.2 m*km*yr ' 8.2 m*km*yr (a)

Data extrapolated from Quelennec (1982) and SOGREAH (1987).
Suspended load per

unit area (b) 14 m3-km?yr !
Bed load per unit

area (c) 2.8 m*km%yr !
Annual suspended load 882 myr-! 1918 m?-yr !
Total annual bed load 1058 m*-yr ! 2301 m*yr !

Number of years required to fill the pit

according to measured

suspended load 29 yrs 364 yrs
according to extrapolated

total bed load 19 yrs 260 yrs

*15 000 m” filled by sand deposit

(a) assuming that load per unit area is equivalent to those of Figarella.
(b) assuming a suspended load of 35t km ? yr ! at a density of 0.4 (sand).
(c) assuming that bed load is equal to 20% of the suspended load.

causes, both local (ports and shoreline building development)
and global (land use changes, climatic change, or even sea-
level change) may also contribute. However, the results dis-
cussed here demonstrate that gravel mining is a major cause,
and probably the main one. Gravel mining can severly limit
the delivery of sediment to the coastal environment, in a
manner similar to that of damming, as discussed by BRowN-
LIE and TAYLOR (1981) and INMAN (1985) on the coast in
southern California, or FRIHY et al. (1991) on the Nile.

Fluvial Response to Gravel Mining

The fluvial systems studied here register original respons-
es to changes induced by gravel mining.

The dynamics of alluvial forest development within the ac-
tive channel of the Fium Seccu are quite unusual. In south-
eastern France, generalized expansion of riparian forests has
been observed in conjunction with channel narrowing (P1-
EGAY and SALVADOR, 1997), but no case in which the active
channel has disappeared entirely, has been reported. This re-
markable phenomenon observed on the Fium Seccu may be
explained by:

(1) a favorable physical environment. Recently, no major
floods capable of destroying the forest have occured and
therefore sediment transport has been limited. The par-
ticularly mild gradient of this section does not enable bed
load to transit to the shoreline, most of it being deposited
upstream in an aggrading reach characterized by diverg-
ing channels.

(2) human modification of this environment has produced a
particularly humid biotope comprised essentially of fine
sediment, ideal for Alders (PAuTou, 1984). This biotope
would rarely occur naturally on Mediterranean streams.
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The impacts of mining are clearly identifiable on the long
profiles of the Figarella. Degradation attenuates as the dis-
tance from the gravel pit increases, similar to observations
made on the Ubaye or the Giffre (Pi1EGaYy and PEIRY, 1997).
Moreover, grain size is also affected. Indeed, small mountain
streams often have heterogeneous granulometry, more likely
to evolve in response to profile modifications, whereas larger
rivers, such as the peri-alpine tributaries of the middle Rho-
ne, have abundant bedload and homogeneous granulometry,
typical of braided piedmont rivers. On large rivers, homo-
metric sediments are moved at once without sorting, and thus
geomorphic response concerns mainly bed geometry (degra-
dation and reduced width in particular) but less often grain
size changes

On the Figarella, channel incision provoked downstream
winnowing as described by CARLING (1981), a process of se-
lective scouring which displaces smaller material while coars-
er elements remain unaffected by tractive forces. As ex-
plained by KoMURA and SiMONS (1967), degradation ceases
when bed D, is approximately equal to Dy, before degrada-
tion began. Sediment size was measured in one of the main
active channels before mining and in the main channel after
mining. The D, of the abandoned channel was close to the
D, of the actual channel in 4 of 5 samples (11.95 ¢cm on av-
erage vs. 11.12 ¢cm). Bed degradation and therefore armoring
thus appear to be well advanced, sedimentary channel ad-
justments to recent morphological change being nearly com-
pleted at certain points of measure. Winnowing processes are
enhanced on such streams because bed material is hetero-
geneous. Scour preferentially winnows the finer fraction and
the surface is protected by the coarser elements against fur-
ther erosion (GARDE et al., 1977). This armoring process has
rarely been described within a context similar to this study.
RicHARDS and CLIFFORD (1991) point out that this process
is traditionally emphasized as a mechanism associated with
the secular disequilibrium of streambed degradation, such as
below reservoirs. However, other cases armoring in which
degradation digs down to bedrock or underlying coarser sub-
strates have already been documented, both downstream and
upstream from gravel pits (DIETRICH et al., 1989) or more
commonly, downstream of dams (AssaNI, 1997).

In comparison to the Figarella, the effect of mining on ge-
ometry and sediment transit seems to be less remarkable on
the Fiume Seccu. This may perhaps be explained by the dif-
ferences in the location, duration, and lapse of time since the
abandonment of these two gravel pits. The excavation on the
Figarella is still occasionally exploited whereas the excava-
tion on the Fiume Seccu was abandoned in 1972. The pit on
the Fiume Seccu being located near the stream outlet and
practically at the sea level, the impacts are only apparent
upstream of the pit, and even then only moderately. Given
the age of the pit and the high roughness of the channel at
the outlet of the Alder forest, the profile seems more affected
by aggradation than by degradation. The bed load is also fin-
er and more homometric than on the Figarella.

The results presented here diverge with the conclusions of
BAY et al. (1987) and COMHAIRE (1988), according to whom
current sediment delivery to the beach comes primarily from
the Fium Seccu, simply because of human modifications. The

combination of the excavation and the alder forest develop-
ment form a highly effective sediment trap. The general char-
acteristics of the Fium Seccu and its drainage basin do tend
to indicate that this hydrosystem is better adapted to delivery
sediments to the coast than that of the Figarella in spite of
a smaller drainage area (better relief ratio, more adequate
form, better drainage, more weathered substratum (transi-
tion from leucocratic granits in the west to monzogranits with
more biotites and less silice in the east). This is confirmed by
channel morphology: the alluvial fan of the Fium Seccu is
larger than the fan on the Figarella, the bed of the Fiume
Seccu is less degraded, and bed load in transit is abundant,
implying that some channel cleaning is required. Moreover,
land deforestation has been historically more frequent in the
Fiume Seccu basin than in the Figarella basin.

The consequences of the alder forest development in rela-
tion to the changes in sediment transit dynamics following
the abandonment of the gravel pit are thus an important is-
sue. Even when the long profile will have returned to a new
state of equilibrium (which will soon be the case, given the
channel adjustment already accomplished), the prior condi-
tions of sediment transit will not be restored because of the
forest. This section now looks like a cut-off channel in a way
because flow is intermittent during part of the year, and
flooding is highly irregular (high water levels do not occur
every year). There is therefore a risk that a sort of “organic
and sedimentary plug” may develop here, keeping floods from
renewing the fluvial mosaic in the alder forest. In this case,
upstream constructions (road and railway, military base. . .)
would probably be endangered.

CONCLUSIONS

The sediment deficit of the Calvi beach is the result of re-
duced continental sediment input from the basins of the Fi-
garella and the Fium Seccu. Although the delivery of fine and
coarse sediment is possible, given the hydro-climatic and geo-
morphic characteristics of these basins, the in-channel grav-
el-mining pits trap almost all of the sediments in transit,
even years after mining itself has been stopped. Moreover,
the impacts of mining coincide with a contemporary deficit in
sediment supply, typical of northern Mediterranean moun-
tainous river systems, due essentially to agricultural aban-
donment and increased vegetal cover of watershed hillslopes.
The original aspect of this case is that the impacts down-
stream of the stream system affect the heart of regional econ-
omy: the Calvi beach is a central resource to leisure activities.
The problem is thus somewhat different from the examples
taken in the Rhéne basin, where reduced sediment transit
has made it very difficult to mitigate bed incision intensified
by gravel mining, lowering the levels of floodplain water Ta-
bles, and causing serious damage to bridges and dikes (Bra-
VARD et al., in press).

In a management perspective, several possible actions mer-
it consideration:

(1) Gravel mining in French rivers is already prohibited, but
this must be strictly enforced. In some cases, cleaning
may be necessary to avoid undesirable channel instability
in developed areas, (particularly to protect a military

Journal of Coastal Research, Vol. 15, No. 3, 1999



Mining and Sediment Supply in Calvi Bay, France 787

base on the left bank of the Fiume Seccu), but the cleaned

sediment should serve to feed the beach.

The question of whether or not the riparian forest should

be left in the active channel of the Fium Seccu must be

dealt with rapidly as Mediterranean floods may be ex-
tremely violent, like in 1993 in southern Corsica (LOYE-

PiLoT and PASQUIER, 1994). Two alternatives seem plau-

sible, either the forest should be cut even though it is a

natural environment of exceptional structural and func-

tional value (turtle nesting. . .), or else a second channel
should be created to divert floods along the left bank of
the floodplain.

(3) Beach erosion must be considered as inevitable to plan-
ners and development reoriented accordingly, because
even if various alternatives may slow this process, it is
unavoidable in the long run.

(2

-
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