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Carbognin, Paolo Gatto, and Giuseppe Mozzi, National
Research Council, S. Polo 1364, Venice, Italy

9.15.1 | NTRCDUCTI ON

Ravenna is about 60 km south of the Po delta, in a symetric position with respect to Venice
(Figure 9.15.1). Land subsidence in this area has been observed for a long tine but only re-
cently did the rel ated consequences becone critical. Progressively affecting the entire terri-
tory of about 700 kn? (Figure 9.15.2), the subsidence increasingly threatens not only the in-
dustrial area, and the urban zones, but also the surrounding vast marshl and recl amati ons which
could be subnmerged once again. The existence of several buildings and historical nonunents is
jeopardized as well, since their foundations have to be kept dry by punping out water
conti nuously.

It becane clear fromthe first analysis, started in 1970 by the National Research Council
of Venice at the request of the Miunicipality of Ravenna, that the causes of |and subsi dence had
to be mainly ascribed to the renoval of fluids fromthe subsurface (Bertoni, et al., 1973).

The investigation began with the inventory of available stratigraphic, hydrological,
geot echni cal, and geodetic data. Unfortunately no informati on was avail abl e concerni ng physi cal
and nechanical properties of the formations. Good historical data are available for both
pi ezonetry of the aquifers and subsidence. Field neasurenents such as |leveling and hydraulic
head records were carried out al nbst annual ly, using networks of suitably placed bench nmarks and
pi ezoneters, simlarly to what was done for Venice. The prelimnary hydrogeol ogical in-

Figure 9.15.1 Areas of Ravenna and Venezia. They are synmetric with respect to the Po delta.
(From Carbognin, et al., 1978, Figure 13; published with perm ssion of the
Armerican Society of Cvil Engineers.)
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Figure 9.15.2 Map of the area under investigation (District of Ravenna). (From Carbognin, et
al., 1978, Figure 1; published with pernission of the Anerican Society of G vil
Engi neers.)

vestigation will be further inproved by using the information obtained through specifically
programmed test holes. The research already undertaken has, however, provided a good
under standi ng of the overall subsidence occurrence.

After a prelimnary description of the geological environnent, this paper presents the
history of the pressure decline in the aquifer and land settlenment and discusses their
rel ati onshi ps.

9.15.2 HYDROLOG CAL FEATURES

The total thickness of Quaternary sedinments in the Ravenna area ranges between 1500 and 3000
netres and nostly consists of sandy and silty-clay layers of alluvial and marine origin. The
bottom of the Quaternary sedinments follows the structure of the pre-Quaternary substratum
characterized by folds and faulted overfol ds which are parallel to the main tectonic profiles of
the Apennines and include several gas-bearing traps at depths on the order of 2000 m (Figure
9.15.3) (Agip Mneraria, 1969a).

The presence of massive Quaternary deposits confirnse that in the past the geologic
subsi dence was quite pronounced in this area and is still rather active (Salvioni, 1957); it is
apparent that the tectonic stresses acting along a SWdirection tend to increase the Po basin
curvature. The deep structure has influenced the thickness of the Neozoic formations and
consequently the subsidence rate exhibits a non-uniform space distribution (Dal Piaz, 1969).

The stratigraphy of the upper Quaternary sedinents is not defined with accuracy, due to the
partial lack of information. However, it has been possible to reconstruct schematically the map
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Figure 9.15.3 Very schematic cross-section of the Po Valley between Venezi a and Ravenna (Agip
M neraria, 1969a).

of the aquifer system down to 500 m using the relative positions of the intakes of several
punpi ng wells and ot her sparse lithol ogical information.

Bet ween 90 and 430 mthe confined units are well identified and rather continuous (Figure
9.15.4) (Bertoni, et al., 1973). In the upper 90 mthe areal continuity of the sands is quite
limted and the definition of large inportant formations is uncertain. This portion of the
systemis little exploited due both to reduced productivity and possible water pollution from
the overlying polluted unconfined aquifer. Below 430 mthe salt content becones very high (Agip
M neraria, 1972) and the water cannot be used any longer for industrial and/or agricultura
pur poses.

From the information available, the aquitards separating the various sandy formations
appear to be rather continuous with very |low pernmeability. The |ogs suggest that |arge amounts
of silty sedinments are present. The aquifers shown in Figure 9.15.4 consist nostly of fine and
nmedi um sands with occasional shells. However, clayey or silty sands also nay be found which
locally reduce the aquifer transmssivity.

The recharge of this confined nulti-aquifer system cones nmainly fromthe foothills of the
Apennines as well as fromthe Po River basin (Figure 9.15.5) (Carbognin, et al., 1978). It is
clearly inpossible on the basis of the available records to quantify the respective
contributions.

9.15.3 SUBSO L RESOURCES EXPLO TATI ON AND SUBSI DENCE

It was soon quite clear that as in the Venice case the surface settlement was caused by the
renoval of subsoil fluids. Since the withdrawal rate is hard to assess with accuracy, the
behavi our of the subsurface flow field was kept under periodic observation through a network of
120 pi ezonmeters (Figure 9.15.6). A 1972 survey of the area reveal ed that 877 active wells tapped
the 9 confined aquifers. These wells were scattered across the area, but the nost recent and
productive ones were concentrated on the industrial zone (Bertoni, et al., 1973).

Figure 9.15.7 shows the behavior of the piezonetric levels of the various aquifers under-
lying the historical center (Carbognin, et al., 1978). It is evident fromthis figure that:

-- there was a lowering of the hydraulic head bel ow the ground | evel begin-
ning in the 1950’ s;

-- the greatest decline occurred after 1960, sinultaneously with the
devel opment of the nearby industrial zone;

-- aquifers 4 and 5 are the nost intensively exploited

-- among the head gradients found in the aquitards the highest occurs
between aquifers 3 and 4, with a difference of head of 22.50 m

-- in recent years the piezometric |evel tends to be constant;

-- aquifers exhibit a somewhat independent hydraulic behavior (except
perhaps aquifers 1 and 2). This is further evidence that the basin
underlying Ravenna is a real multi-aquifer system

Pi ezonmetric records permitted periodical plotting of equipotential lines. As an exanple, Figure
9.15.8 gives the piezonetric surface in 1977 averaged over all the aquifers between 100 and 430
m (Carbognin, et al., 1978). It nay be observed that the maxi num drawdown of about 40 m occurs

in the industrial zone (it was the sane in 1972). Today, however, a |arge decline extends even
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Figure 9.15.4 Schematic cross-section of the Ravenna aquifer system (From Carbognin, et al.
1978, Figure 3; published with pernmission of the American Society of Cvil
Engi neers.)

to the western and southern parts of the territory due to the increase of water w thdrawn for
agricultural uses, seaside resorts, and new industrial parks springing up on the outskirts of
Ravenna.

The asymmetric cone of depression develops with its major axis from NW to SE, greatly
affecting the coastline. A strong gradient appears in the southern part, corresponding to the
direction of the Apennines recharge.

Between 1972 and 1977, the maximum decline of the piezonetric head has not changed
substantially (see Figure 9.15.7). Nevertheless, even if encouraging, this does not correspond
to the arresting of |and subsidence, as will be seen later.

So far as the geodetic survey of the area is concerned, it was not honbgeneous in tine.
Al though the | and subsi dence began in the early 1950’s, only since 1970 have | and | evel i ngs been
systematically carried out at the sane tinme as the neasurenent of the piezonetric levels. As an
exanpl e, Figure 9.15.9 shows the subsidence experienced from 1972 to 1977. The general increase
of the subsidence in these years is shown by the two maps of Figure 9.15.10. In the evaluation
of the rate of subsidence linear trends are assuned. It may be noted that the area experiencing
subsi dence exceeding 3 cnmy in the latter period is about 30 tines greater than the
corresponding area in the former one. Mreover, a settlement rate exceeding 5 cnly was
experienced in the last few years (Figure 9.15.10b). The maxinmum rate of about 11 cm was
recorded in the industrial zone between 1972 and 1973 and i n Ravenna's historical center about 8
cm was observed

The shape of the subsiding areas is in close correspondence with the cone of depression of
the aquifers in both periods. The tinme and space correlation between ground sinking and water
withdrawals is clearly evidenced in Figure 9.15.11, which shows the average piezonetric |eve
and subsidence from 1950 to 1977 along a line crossing the city and extending to the country
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Figure 9.15.5 Map of the recharge areas of the Ravenna aquifer system (From Carbognin, et
al ., 1978, Figure 4; published with perm ssion of the American Society of Cvi
Engi neers.)

side. This conparison stresses the nearly absolute behavioral identity of these paraneters
(Carbognin, et al., 1978).

From 1949 to 1977 maxi mum subsi dence of about 1.20 mwas recorded in the industrial zone
but in general and especially in recent years (1972-1977) the entire area has been affected at
alarming rates. Bearing in mnd that the ground el evation of 90 per cent of the | and between the
city and the coastline does not exceed 1 mabove sea | evel and that 20 per cent of the latter is
bel ow mean sea level, the situation is becom ng nore and nore serious

In the past, the main cause of subsidence was wongly ascribed to gas exploitation. The
anal yses carried out, though not precisely quantified, allowed us to estinmate its effective
contribution to the subsidence. Wth no doubt gas extraction from the natural deposits
contributes in sone zones to increase land settlenment, but it has had linmted effects. For
i nstance, by superinposing the subsidence contour map of the period 1949-1972 on that of the gas
reservoir of Ravenna Field, a good correspondence is observed between the area of the traps and
area of the lines of equal subsidence, both being elliptic and with their major axes oriented in
a NWSE direction (Bertoni, et al., 1973) (Figure 9.15.12).

Li kewi se a conparison of |and subsidence and the piezonetric |level recorded between 1949
and 1972 along a line crossing the Ravenna Field and industrial zone (Figure 9.15.13) shows a
secondary |l ocal meximum A, of subsidence corresponding to the location of the gas reservoir
but there is no correspondi ng piezonetric decline [for which a mninum does not exist]. On the
ot her hand, the maxi mum B, of subsidence over the industrial zone corresponds to the maxi num of
drawdown. However, this gas reservoir is practically depleted and in 1972 its devel opnent had
al ready achieved 95 per cent of the potential productivity: therefore the present contribution
of gas withdrawal is probably negligible.

Unfortunately little is known about the nore recent offshore gas exploitations and
consequently it is inpossible to say how nmuch they influence the sinking of the coastal areas.
This matter requires further investigation

Among the man-induced causes of subsidence it nmust be renenbered that nmarsh-1and
reclamati on occurred on a large scale in this territory. Since the reclamation works were
conpleted a long tine ago (over 50 years), the contribution of the fill should no | onger have
any influence in the subsidence occurrence.

Nat ural subsidence gives a nonnegligible contribution in the overall occurrence. The bench
mark of Porta Adriana in the historical center provides a useful indication to quantify this

295



Guidebook to studies of land subsidence due to ground-water withdrawal

Figure 9.15.6 Map of the network of piezonmeters in the Ravenna area. (From Carbognin, et al.
1978, Figure 5; published with pernmission of the American Society of Cvil
Engi neers.)

conponent since its elevation was recorded for the first time as early as 1902 (Figure 9.15.14).
The data points of Figure 9.15.14 show that from 1902 to 1950 the subsidence rate was 5.14 mMm'y
(assuming as usual a linear trend in this period), while later on the rate has increased greatly
due to the intensive exploitation of the subsurface resources. Since before 1950 water
consunption was very snall, the value of 5.14 nmy may be considered as indicative of the
geol ogi ¢ conponent of the subsidence in Ravenna

To the present tinme the dom nant factor of Ravenna subsidence is the intensive wthdrawal
of artesian water in the industrial zone, where the apex of the cone of depression is always
found. The mnimal piezonetric levels reached in 1972 in the industrial zone have not changed
but in spite of this additional subsidence occurred in the following years (Figure 9.15.15)
This fact is partly explainable by a delay between the head declines in the aquifers and the
resul ting subsidence. As a second partial explanation it seens |likely also that the maintenance
of a very strong depression in the deepest aquifer over the last five years has introduced a
secondary phenonmenon of an upconing from the salt-water aquifers lying below 430 m i.e., an
irreversible pollution of the fresh-water system and a further conpaction of the clayey soi
aquitard. It is known in fact that some chemical variations of interstitial water in the clay
soils can cause a change in the electrochem cal equilibriumand therefore a collapse

This contam nation by salt water has been confirmed by the chemi cal anal yses of the aquifer
wat ers whi ch evidence a progressive pollution in the industrial zone; this intrusion happened
from the underlying saline water. In the nearby littoral, salt pollution of the sane aquifer
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Figure 9.15.7 Piezometric levels from 1944 to 1977 of the various aquifers below the
hi storical center of Ravenna. (From Carbognin, et al., 1978, fig. 6; published
wi th perm ssion of the Anerican Society of Civil Engineers.)

occurred | ater but never reached the high values recorded in the industrial zone. In the coasta
areas, salt water intrusion would also occur |laterally.

As already shown in Figure 9.15.10b, the greatest sinking area after 1972 includes the
coastline. The consequences are indeed very serious. In fact a striking regression of the
shoreline and in some places the vani shing of the fanobus beaches of Romagna are the npbst severe
ef fect of the sinking of the littoral. Not only coastal processes are responsible for it, as was
bel i eved before.

The foll owi ng exanpl es confirmthe statenent:

Area of Lido Adriano: From 1957 to 1977 the regressi on of the shoreline has
been 126 m In the sane period this zone has experienced a subsidence of
about 45 cm Wth a 4 per mll nean average beach sl ope (conputed up to the
i sobath -8), the subsidence prevails on the process of beach regression
(Figure 9.15.16).

Area of Punta Marina: Between 1957 and 1977, the reported shoreline regres-
sion has been 70 msouth of Punta Marina. The subsi dence during these years
has been 35 cm Here the nmean slope is around 4-5 per mll, and the beach
regression is nostly attributable to the subsidence.

9.15. 4 CONCLUSI ONS

It is now clear that subsidence in the territory of Ravenna is nostly due to the intensive
artesian water exploitation for industrial purposes, and, in nore recent time, for agricultura
uses. In sone places the salt water intrusion has caused further conpaction.

The exploitation of the gas reservoir of Ravenna Field has provided a mnor |oca
contribution to the subsidence; the possibility of a greater influence from the very active
of fshore gas fields is recognized and shoul d be nonitored.

297



Guidebook to studies of land subsidence due to ground-water withdrawal

Figure 9.15.8 Average piezonetric surface in 1977; datumis nean sea |evel. (From Carbognin,
et al., 1978, Figure 7; published with permi ssion of the American. Society of
G vil Engineers.)

Since 1949 the average piezonetric decline has nearly reached 45 min the industrial area
correspondi ngly the average subsi dence has been about 1 m The close rel ationship between | and
settl ement and water w thdrawal s has been clearly proven by the present analysis. Mreover if z
indicates the land subsidence induced by man (i.e., the overall sinking mnus geologica
conponent) and Ah is the piezonetric decline expressed in the sane units, we obtain a value z/Ah
approximately equal to 1/52. This result neans that every 52 cm of withdrawal has produced 1 cm
of subsidence. These values related to the environnental conditions place the Ravenna case anong
the nore alarnming in the world.

Apart fromthe values thenselves, it is interesting to exam ne the trend of the occurrence
It is a matter of concern to find that while the subsidence still seened quite |ocalized around
the industrial zone until 1972, it has assuned a broad increase since 1972. At present, the
subsidence is affecting wide areas at a large rate and the related consequences are becomni ng
highly critical for the survival of the whol e physical and hunan environnent.

The situation is very precarious along the littoral areas where a regression of the
coastline over 150 m has been observed in sone points. This threatens the nost profitable
i ndustry of Romagna, i.e., the tourism

The | ands |yi ng behind the coastal areas are in danger too. Bearing in mind that they lie at
a height of less than 1 mabove ms.l., if the present trend is maintained for 10 years and if
sone sea storm woul d destroy the renmaini ng dunes, 70 per cent of the territory between Ravenna
and the beach (about 200 knf) would permanently be inundated by the sea. Sone urban zones, the
i ndustrial area, all harbor structures and several beach resort centers are in this part of the
muni ci pality. The damages would be incalculable. It is only a hypothesis, but not altogether
unli kel y.
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Figure 9.15.9 Land subsidence in the Ravenna area from 1972 to 1977, expressed in cm (From
Carbognin, et al., 1978, Figure 8; published with perm ssion of the Anerican
Society of Cvil Engineers.)

Al'l this, however, is a sinple projection of the present trend: a precise nodeling is nowin
order. Wth enough information on physical and nmechanical characteristics of the soils it would
be possible to inmplement a mathematical simulation of the subsidence which would allow us to
make real predictions on a long-termbasis and understand the actual behavior of the system In
1974 the authors (Carbognin, et al., 1974) suggested the necessary operations for investigating
the know edge on subsoil and inproving the control of phenonmenon evolution. In any case the
subsi dence control is today no |onger achievable by local intervention, but only on a regiona
scal e because of the vastness of the subsidence occurrence
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Figure 9.15.10 Space distribution of the subsidence rate between 1949-1972 (a) and 1972-77
(b). (From Carbognin, et al., 1978, Figure 10; published with permnission of the
Anerican Society of Cvil Engineers.)
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Figure 9.15.11 Conparison between the average piezonetric |level and the ground | evel over the
city of Ravenna and its rural area. (From Carbognin, et al., 1978, Figure 9;
publ i shed with permi ssion of the American Society of Cvil Engineers.)
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Figure 9.15.16 Schematic representati on of the process of the beach regression at Lido Adriano
ar ea.
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