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SUMMARY 

The problem of salt water intrusion besets almost all the coastal plains of Tusca
ny, creating problems for municipal water supplies and agriculture. 

In this paper, the situation of the Grosseto Plain is discussed. Here, the intense 
summer pumping for water supply and irrigation creates deep cones in the piezome
tric surface. The seasonal recharging re-establishes the piezometric level, but the 
quality of the water declines a bit each year. 

The salinization of the groundwater does not follow the normal pattern of sea 
water intrusion. Indeed, while the chemical and isotopic data clearly indicate mixing 
between fresh and saline waters, the more saline waters take on distinctly alkaline
earth chloride characteristics. 

At present, the most likely hypothesis to explain the anomalous chemistry obser
ved (to be confirmed by further studies) is that much of the sodium in the fossil 
marine water (trapped in the clayey lagoonal sediments) has been exchanged for the 
calcium and magnesium of the clay minerals. 

The strong depression in the piezometric level produced by pumping during the 
summer might cause the water contained in the clays to drain into the gravel aqui
fers, thus mixing with the fresh water and increasing its salinity. 

1. INTRODUCTION 

Almost all of the Tuscan coastal plains are affected to varying degrees by sea 
water intrusion (Fig. 1). Industry, specialized agriculture, and tourist resorts are all 
concentrated on these plains. The aquifers are not exploited rationally; pumping is 
concentrated in the summer months, during which the piezometric surface is locally 
lowered many meters below sea level. The problems created by this excessive and 
incorrect exploitation of the reserves have been compounded by a period of abnor
mally low rainfall that began in 1985; the areas affected by sea water intrusion have 
increased, while the general quality of the water has declined. 

In the Grosseto Plain, sea water intrusion has created serious problems: 
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Fig. 1 - Salt water intrnsion in Thscany. 1: Coastal plains. 2: Areas affected by 
groundwater salinization. 
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a) a reduction in the resources of the municipal water supplies, which depend 
primarily on wells. In particular, the water supply of Castiglione della Pe
scaia, a town whose population of 25,000 swells to 95,000 in the summer, 
has experienced serious water deficits for the past three years; 
b) reductions in the areas seeded with lucrative crops because the salinity of 
the water is too high for irrigation; 
c) damage to the coastal pine groves as a result of the increased salinity of the 
groundwater. 

This paper examines the situation, giving an initial interpretation of the mecha
nisms responsible for the salinization of the groundwater (to be confirmed with more 
detailed studies), and outlines the steps necessary to halt and reverse the process. 

2. GEOLOGY 

The Grosseto Plain is located where the Ombrone and Bruna River valleys open 
out, and covers an area of about 350 square kilometers (Fig. 2). 

The plain is surrounded by hills that do not exceed 800 meters in elevation, in 
which prevalently low permeability rocks, including sandstones, siltstones, marly 
limestones, marls, and shales, are exposed. Small outcrops of permeable Mesozoic 
carbonates occur north and south of Grosseto. 

The Quaternary succession that fills the valleys to a depth of over 200 meters is 
probably underlain by these rocks. 

The subsurface data allow a precise lithostratigraphic reconstruction up to a 
depth of 80-100 m, with which it has been possible to determine the evolution of the 
plain in the recent Quaternary [5, 10]. 

The sea level drop that occurred in the last glacial stage (-100 m with respect to 
present sea level) caused the Ombrone and Bruna rivers to erode two deep valleys, 
which joined in proximity of the sea. The subsequent Versilian Transgression tran
sformed the valleys into rias which were later filled by the sediments transported by 
the two rivers. 

The initial sediments were for the most part coarse grained (gravels and sands)i 
later, as the climate became milder, the deposition of fine grained sediments prevai
led. During the filling of the rias the depositional environment varied (between 
fluvial, lagoonal, and beach), as is indicated by the characteristics of both the 
sediments and the fossils they contain. 

The filling of the valleys occurred in historic times [11]. Sediments carried by 
the Ombrone produced a baymouth bar which closed the gulf, forming a lagoon. In 
historic times, the introduction of agriculture resulted in an increase in the volume of 
sand transported by the Ombrone River, which caused the coast to advance. Procee
ding inland along the plain, the sands underlie lagoonal sediments, although they do 
not occur more than 6-7 km from the sea (Fig. 3). 

The southern half of the lagoon was filled first, because of the greater sediment 
load transported by the Ombrone; the northern half was in large part reclaimed with 
fill, though there are still some marshy areas. 

It is important, from the perspective of this study, to note that a considerable 
thickness of fine lagoonal sediments is extremely recent in age: some lignite found 
in a well at a depth of 20 meters in a well half way between Grosseto and the coast 
was dated with 14C to just 8000 years. 
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Fig. 2- Simplified geological map of the Grosseto Plain. 1: Recent alluvial deposits. 
2: Sandy sediments of the Ombrone River. 3: Dune sands. 4: Fill deposits. 5: Sligh
tly permeable or impermeable Pre-Quaternary rocks (sandstones, siltstone, marls, 
marly limestones, shales). 6: Mesozoic carbonate rocks, high permeable because of 
fracturing. T11e trace of the cross-section (Fig. 3) is shown. 

3. HYDROGEOLOGY 

3.1 Groundwater 

The main aquifers of the plain are fluvial gravels that are present at various 
depths within the Upper Pleistocene sediments (Fig. 3). 

The most continuous horizon occurs at a depth of about 40 meters in the vicinity 
of Grosseto, where the Ombrone opens out onto the plain. This horizon becomes 
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Fig. 3 - Geological cross-section of the Grosseto Plain. 1: Sand. 2: Clay and silt. 3: 
Gravel and sand. 4: Sandstones and siltstones. 

deeper and thinner both to the NW and towards the sea, where it is at a depth of 100 
meters. There are other less continuous gravels above this horizon that follow the 
same pattern. It is therefore evident that the gravels were deposited for the most part 
by the Ombrone. 

The gravel levels are confined aquifers, except near the Ombrone, where they 
come extremely close to the surface, and in some marginal areas of the plain. 

The specific discharges of the wells that exploit these aquifers -- for the most 
part irrigation wells, but also the wells of the municipal water supplies of Grosseto 
and Castiglione della Pescaia -- vary from 20-30 1/s/m in the vicinity of the Ombro
ne, to less than 5 1/s/m around Castiglione. The transmissivity varies from 10-2 to 
w-3 m2/s. 

3.2 Groundwater dynamics 

With regards to groundwater dynamics, five piezometric reconstructions, done 
in differing years and seasons, are available. Two were done in July and December 
1983 [8], on the basis of measurements made in 220 wells, and two more in August
September 1984 and April 1985 [4], on the basis of measurements made in 268 
wells. The fifth reconstruction, done on the basis of measurements of just 76 wells, 
was carried out in October 1990 [12] to determine the major changes in the last five 
years. 

Even though the wells which were measured do not all draw from the same 
aquifers, the piezometric measurements made under static conditions correlate well; 
we are therefore dealing with a multilayered aquifer in which communication bet
ween the different layers allows the water pressure to equalize, forming a single 
piezometric surface. (Figs. 4 and 5) 

The aquifers are fed by the hills, especially in correspondence with the alluvial 
fans of the streams. A sizable fraction of the water is supplied by the Ombrone, and 
a much lesser fraction by the Bruna. North of Grosseto (Roselle), the contribution of 
the carbonates is evident. 

The situation in spring, at the end of the rainy season (Fig. 4), differs conside
rably from that at the end of the summer, following the heavy pumping for irrigation 
(Fig. 5). The piezometric surface, which in spring is uniformly above sea level, 
drops below it in large areas by the end of the summer. In particular, there is an 
especially deep piezometric cone west of Grosseto, where a farm extracts large 
quantities of water. 
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3.3. Groundwater chemistry 

The electrical conductivity contours of the well waters (Fig. 6) highlight the 
areas with salinities greater than that of normal fresh water, which, in the plain, is 
less than 1 mS/cm. The conductivities higher than normal found North of Grosseto 
are related to the supply of thermomineral water by the Mesozoic carbonates, as is 
indicated by prevalently sulfate chemistry of the groundwater (more than 1 g/1 sulfa
tes) [8] and its temperature (Fig. 7), which is distinctly higher than that normally 
found below ground (17 °C). 

There is a large zone inland of the coastal dunes in which the groundwater has 
high conductivities, up to more than 15 mS/cm. The prevalently chloride chemistry 
of the waters (up to 25 mg/1) seems to suggest a marine origin for the water. 

Fig. 4 - Isopiezometric map of the Grosseto Plain, April 1985. 1: lsopiezometric 
lines, m a.s.l. 2: Flow lines. 3: Measurement wells. 4: Pre-Quaternary rocks. 
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According to the GE. T.AS study of 1984 [8], the marine water intrusion is 
limited to the coastal sands, while the underlying gravels are isolated by impermea
ble layers, and, because of a ridge in the substrate, are not directly in contact with 
sea water. These conditions prevented the salinization of the waters contained in the 
gravels. 

Since then the situation has deteriorated substantially, as a consequence of in
creased groundwater pumping and because abnormally low rainfalls, especially 
between 1985 and 1990, decreased the rate of recharging. One can in fact observe 
(Fig. 8) that the lens of fresh water perched on the salt water in correspondence with 
the coastal dunes has almost completely disappeared. As a result the coastal pine 
groves have suffered, and many trees are sick or dying [6]. In addition, the zone of 

Fig. 5 - Isopiezometric map of the Grosseto Plain, August-September I 984. 1: /so
piezometric lines, m a. s.l. 2: Flow lines. 3: Measurement wells. 4: Pre-Quaternary 
rocks. The piezometric suiface is below sea level in the dotted areas. 
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salinization has expanded, and the salinities have increased. 
A study carried out for the town of Castiglione della Pescaia [3] has shown that 

the salinization of the groundwater in the Grosseto Plain is more complex than had 
been suggested by the GE. T.AS study. It displays, in some cases, peculiar characte
ristics that do not fit into the normal pattern of sea water intrusion. 

First, the salinization also affects the groundwater confined in the gravels; 
moreover, the wells of the Castiglione water supply with the most saline water are 
those that draw from the deepest aquifers. In addition, wells with fairly saline waters 
can be found at considerable distances from the sea, and at elevations higher than 20 
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Fig. 6 - Groundwater electrical conductivities in the Grosseto Plain, December 
1983. 1: Isoconductive lines, mS/cm. 2: Measure wells. 3: Areas with chloride 
mineralized groundwater (salt water intrusion). 4: Areas with sulfate mineralized 
groundwater (supply ofthemwmineral water). Redrawn from [8]. 
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meters. The most important thing to note however is that the chemistry of this water 
does not agree with simple mixing of fresh water and sea water. 

The chemical data (Thble I) show that the waters can be divided into three 
groups on compositional grounds (Fig. 9): 

a) alkaline-earth bicarbonate waters 
b) alkaline-earth chloride waters 
c) waters with characteristics intermediate between those of the two preceding 
groups. 

The waters of group a), which come from the springs of the area and from the 
wells with low electrical conductivities, are normal ground waters with the typical 

Fig. 7 - Groundwater temperatures in the Grosseto Plain, December 1990. 1: 
Temperatures, oc. 2: Measurement wells. 3: Pre-Quaternary rocks. 
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chemical composition of meteoric waters that have circulated at shallow depths for 
relatively short periods of time. 

The composition of the waters of group b), which come from the wells with 
higher electrical conductivities, is relatively rare, and their genesis cannot be attribu
ted to simple processes within the geological context of the area. In fact, if their 
high chloride content would suggest mixing of superficial waters with sea water, 
their low sodium content contrasts with this hypothesis. 

On the other hand, the prevalence of Ca + Mg over Na (average ratio 3: 1), that 
generally is a characteristic of alkaline-earth sulfate or alkaline-earth bicarbonate 
waters, in this case is not balanced by the low sulfate and bicarbonate concentra
tions. 

Fig. 8 - Groundwater electrical conductivities in the Grosseto Plain, December 
1990. 1: Isoconductive lines, mS!cm. 2: Measurement wells. 3: Areas with chloride 
mineralized groundwater (salt water intrusion). 4: Areas with groundwater sulfate 
mineralized (supply of thermomineral water). 
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1able I- Chemical composition of analyzed waters of Castiglione della Pescaia. 

SAMPLE Cond. Ca Mg Na K HC0
3 

Cl so, N0
3 

TDS 

W1 1150 78,4 42,6 89,0 2,3 280,6 202,1 29,8 21,7 746 
W2 1130 79,8 40,6 81,0 2,2 267,8 186,1 43,7 28,0 730 
W3 1099 84,0 43,0 78,7 2,0 283,6 173,7 41,3 33,5 740 
W4 951 64,5 34,3 68,1 3,9 255,6 140,7 39,8 22,3 629 
W5 1880 142,0 79,2 112,0 3,1 266,6 464,4 31,2 31,6 1130 
W6 4557 365,0 196,5 236,2 6,6 195,8 1413,4 95,0 20,5 2529 

W7 2260 183,4 90,0 131,0 3,1 238,5 593,8 49,5 38,4 1328 
S8 915 94,4 31,1 57,5 2,2 325,7 105,3 62,9 6,2 685 
S9 593 73,0 17,1 21,6 1,5 283,7 35,4 17,8 0,5 450 
S10 632 81,2 14,2 26,2 1,2 288,0 48,6 22,0 0,5 481 
Sll 719 78,4 20,8 37,0 1,9 318,4 60,6 15,0 0,5 532 
W12 1311 92,0 43,0 107,4 2,4 295,2 244,6 42,2 29,3 855 
W13 1225 85,0 42,2 101,0 2,0 283,6 207,4 50,0 32,1 803 
W14 2607 258,6 73,1 193,0 4,0 456,9 469,7 185,0 115,2 1756 
W15 7150 647,4 268,0 377,5 15,4 369,0 2198,0 105,6 3,7 3981 
W16 5640 450,0 198,8 385,0 17,4 406,3 1697,0 120,0 18,6 3293 
W17 1238 90,6 41,7 97,1 2,3 281,2 230,4 51,0 28,9 822 
W18 1835 146,0 67,8 111,8 3,5 226,9 455,5 80,0 16,1 1108 

W = Wells S = Springs. Data expressed as mg/1; conducivity expressed as p.S at 25 °C. 

TDS = Total Dissolved Solids (calculated). 

These contradictory characteristics are also revealed by a comparison of the 
ternary diagrams (Fig. 10), in which sea water is also plotted for reference. 
With regards to the anions (Fig. 10 a), the samples plot along a distinct trend that 
goes from the superficial waters to sea water (which would support the hypothesis of 
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Fig. 9- Langelier-Ludwig diagram, obtained from reaction values for the groundwa
ters of Castiglione della Pescaia. 
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Fig. 10 - Ternary diagrams (a: anions; b: cations) for the groundwaters of Casti
glione della Pescaia. 

direct mixing between the two terms). However, this trend is not matched by the 
cations (Fig 10 b), which instead display a relative enrichment in magnesium and 
calcium, with respect to sea water as well. 

This relationship is made even clearer by the chloride-magnesium correlation 
diagram (Fig. 11). 

Even though the isotopic data available are only partial (Table II), they also 
confirm the hypothesis of mixing between fresh and mineralized water [9]. In fact 
the degree of heavy isotope enrichment agrees with the salinity. 

The waters of group c), which came from wells with intermediate conductivi
ties, are the result of mixing between the waters of groups a) and b). 
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Fig. 11 - Correlation Cl - Mg for the groundwaters of Castiglione della Pescaia. 
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7/Jble II- Isotopic composition of some groundwaters of Castiglione della Pescaia. 

SAMPLE TDS (mg/1) C1(mg/1) so %. 0180%. 

W4 629 141 -37,5 -6,71 

W18 1108 455 -36,6 -6,40 

W6 2529 1413 -6,11 

W16 3293 1697 -36,2 -6,05 

W15 3981 2198 -34,9 -5,88 

In summary, the chemical and isotopic data clearly indicate mixing between 
fresh and saline waters, though it is equally clear that the process involved is not 
simple mixing between fresh water and sea water [9]. Indeed, though the waters do 
become enriched in chloride and, to a lesser degree, magnesium with increasing 
salinity, they take on distinctly alkaline-earth chloride characteristics. 

It is difficult to determine the origin of this mineralized end member. 
In Southern Thscany, magnesium rich waters are generally associated with 

circulation in the Calcare Cavernoso formation (dolomitic limestones and 
anhydrites), but in this case the magnesium is not accompanied by an equivalent 
sulfate concentration, as would be expected for waters upwelling from this forma
tion, and which does occur, for exemple, in the waters of Roselle. 

An alternative hypothesis for the origin of these alkaline-earth chloride waters is 
that they derive from deeply circulating "metamorphic" waters that rose through 
fractures and mixed with the superficial waters. 

The picture is complicated by the fact that there are many springs in this part of 
Thscany, which are related to a granitic pluton that is close to the surface. It could 
therefore be possible that mineralized waters upwell and mix with the groundwaters, 
especially since the temperature of the groundwater reaches fairly high values (20-25 
°C) in some places (Fig. 7). 

At present, the most likely hypothesis is that the anomalous chemistry observed 
in the groundwaters of the plain is due to some sort of ionic exchange mechanism 
[7]. Specifically, it is probable that much of the sodium in the fossil marine water 
(trapped in the clayey lagoonal sediments) has been exchanged for the calcium and 
magnesium of the clay minerals [1], even if the reverse is more commonly obser
ved. 

The strong depression in the piezometric level produced by irrigation during the 
summer might cause the water contained in the clays to drain into the gravels, thus 
mixing with the fresh water and increasing its salinity. One must in fact recall that 
the sediments of the plain are extremely recent, and are consequently still under
going consolidation through compaction and the expulsion of connate waters. 

4. CONCLUSIONS 

To fully understand the mechanisms governing the salinization of the groundwa
ters of the Grosseto Plain, further studies of the hydrodynamics of the various aqui-
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fers, the chemistry of the waters, and their interactions with the host rocks are 
necessary. 

It is in any case clear that the increasing salinization of the groundwater is a 
result of the intense summer pumping (estimated to be about 7500 lis in the Grosseto 
Plain), whi9h creates deep cones in the piezometric surface. The winter and spring 
rains succeed in reestablishing the hydrodynamic situation, and the water table 
returns above sea level throughout the area. However, the quality of the water dete
riorates year by year, and the areas in which the well water is unsuitable not just for 
drinking, but also for irrigation, are expanding. In addition, irrigation with saline 
grondwater taints the topsoil [2] and the fields beeome unusable. 

The situation represents a serious threat to the economy of the area, which is in 
large part agricultural. Not only are the arable lands reduced, but the lucrative crops 
(strawberries, asparagus) give way to others that yield less (tomatoes, beets). 

The Region of Tuscany has commissioned the Department of Earth Sciences of 
the University of Florence to investigate the mechanisms governing the salinization 
of the Grosseto Plain and determine the steps necessary to halt and reverse the 
process. 

The following steps can be recommended now, independently of the study of the 
process: 
a) Limitation or curtailment of pumping in the coastal dunes, to allow the refurbish
ment of the lens of fresh water that is vital to the health of the pine groves. 
b) Reduced pumping in the areas with the greatest salinization, and, above all, a 
different aerial distribution of the wells: to avoid the formation of sharp depressions 
in the piezometric surface, the same quantity of water must be pumped from a grea
ter number of wells. 
c) The use of different water resources. In particular, irrigation through the use of 
surface waters or wells drilled in the areas with the highest productivities and the 
best quality water. 
d) Artificial recharging: it is possible to use the network of irrigation canals that are 
fed by the Ombrone to recharg~ free aquifer during the winter, when the river's 
discharge is high. In particular, we shall examine the possibility of digging a seepa
ge canal parallel to the coast along the coastal dunes, which could produce a dyna-
mic barrier capable of halting the intrusion of sea water. · 
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