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Abstract. Paganico is a little village located in the southeast- From a hydrogeological point of view, this area is con-
ern portion of the Lucca Plain (northwestern Tuscany, Italy).sequently characterized by two water tables: a temporary
Since the seventies, a few square kilometers’ area aroundne, housed in the superficial silty-sandy horizon (perched
Paganico has been involved in the opening of small cav-aquifer), and a second one, confined, associated with the
ities (sinkhole-like) on the land surface. At the beginning lower gravel-pebbly horizon (aquifer). The perched aquifer
they were very small and sporadic. Later on the phenom-and confined aquifer are separated by an impermeable silty-
ena were characterized by a significant extension, increasclayey horizon. According to the observations resulting from
ing in frequency and size (up to 2m in diameter and depth) this study, the latter probably tends to fracture by desiccation
causing inconvenience to local people, agricultural opera-during the dry season, originating water exchange between
tions and occasionally a little damage (cracks to buildings,the two water tables during the first important autumnal rain-
fencing walls and outside floorings). fall, depending on the pumping conditions, which lower the
The cavities prevalently occur at the end of the dry sea-piezometric surface of the confined aquifer. Cracking would
son, during or immediately after the first intense rainy eventsalso characterize the superficial horizon. Thus, the water ex-
that is, between the end of summer and early autumn. Evechange would produce erosional phenomena in the superfi-
so0, the predisposition and triggering causes at present are notal material, with removal of the fine fraction and collapse.
completely clarified. Therefore this study is aimed at individ- This process could be at the origin of the cavities opening.
uating the triggering and evolution mechanism of the Pagan-
ico sinkhole-like features, particularly referring to the strati-
graphic, hydrpgeologlcal and geotechnical features of the N |ntroduction
volved materials.

Another important issue made clear with this research isgjnkholes are common in many countries and in different
represented by the overexploitation of the local aquifer, Char‘geological and morphological environments, involving both

acterized by particular hydro-structural conditions. In fact, yeqrock and cover materials (Waltham and Fookes, 2003;
the Paganico underground shows three horizons with dif\\51tham et al., 2005; Parise and Florea, 2008; Galve et al.,
ferent lithologic, hydrogeological and geotechnical proper-a009: Del Prete et al., 2010). Bates and Jackson’s (1987)
ties: a superficial silty-sandy horizon (2-3m thick), which gjossary defines sinkhole as a circular depression in karst ar-
is particularly involved in collapses; an intermediate silty- g5 a definition similarly proposed by Waltham et al. (2005).

clayey horizon (2-4 m thick); and a lower and thick gravel- The |atter authors, however, highlight a certain confusion in

pebbly horizon, characterized by important water resourcegsing this term, by not always associating sinkholes to karst
and heavy pumping. Since the seventies, such water pumpingreas. On the other hand, they emphasize how the term sink-

rose considerably due to the local demographic (well field),nole is very descriptive, and this may justify a larger use.
industrial (paper manufacture) and agricultural development.
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42 M. Dell’Aringa et al.: Small sinkhole-like features in alluvial plains

The Paganico cavities do not belong to karst environments
They are very small (generally 60—70cm in diameter and i
depth) and open in an alluvial plain in which the bedrock is %
very deep (more than 350 m) and not necessarily carbona
(Ghelardoni et al., 1968). Similar phenomena were observe( s
also by Marr (1955), Warn (1966), Garcia-Ruiz et al. (1986), (i
Higgins and Schoner (1997), Sbrilli (2004) and Davidson ¢
(2012).

For the reasons just discussed, the term sinkhole-like fea
ture seems more proper and will be used in this paper. i

Since the seventies the area around Paganico, a little vil g
lage in the southeastern part of the Lucca Plain (Tuscany e — 2
Fig. 1), has been involved in the formation of soil collapses | ® e
and small holes. At the beginning, the phenomena were iso --- suyser
lated and characterized by diameter and depth of only few
decimeters. Inhabitants were not troubled because the zorfgg. 1. Location map of the study area and main groundwater with-
was mainly rural, and ploughing often hid them. Since thedrawals (by Google).
seventies and especially the following decade, the phenom-

ena intensity has increased: the sinkhole-like features have q | th ficial water level and its relationshi
opened more frequently, while in some cases the dimensioff "¢ ahalyze the superticial water Ievel and 1S relalionsnip

have reached 2m in diameter and depth. According to IO_With the potentiomet_ric _surface_ of the confined aquifer. Un-
cal people, they also caused problems with agricultural ma_fortun.ately, the monitoring period was short, due to the de-
chinery and operators and little damage to small and olgPtruction of the piezometer by ploughing.

buildings, outside walls and floorings. The opening of the

cavities seems mainly to occur at the end of the dry seasop  Geological setting

(September—October), during the first intense rainfall events.

The Paganico area is particularly rich in groundwatern the Lucca Plain several geological, hydrogeological and
(Nardi et al., 1987). Since the remote past, the apparentlyaleogeographic studies were carried out (Nardi et al., 1987;
inexhaustible aquifer housed in gravel and pebbles has beeRederici and Mazzanti, 1988; Puccinelli, 1991). The Lucca
exposed to considerable withdrawal and several water welPlain bedrock, on which predominately Pleistocene fluvial-
fields were established starting from the 1960s (Fig. 1).Jacustrine sediments lie, is formed of different tectonic units
Moreover, in this area there are also many domestic and agricTuscan Nappe, Pisan Mountains Metamorphic Core Com-
cultural wells. In time, the water pumping considerably in- plex, Internal and External Ligurian Units). Since the early
creased, owing to the demographic development of the arepliocene, they have been involved in extensional processes,
and agricultural needs, but also in relation to the birth of oneoriginating large depressions. In the Upper Villafranchian
of the most important Italian and European paper industry(according to Trevisan et al., 1971; Cantini et al., 2001; Sarti
poles. It is well known that paper production needs largeet al., 2001), the Lucca depression was covered by a vast
amounts of water (approximately 100-208 per ton). lake (Bientina Lake), with deposition of clayey-silty-sandy

The considerable water demand in this section of thesediments, interbedded by fluvial pebbles in the upper por-
Lucca Plain induced a strong drawdown, with progressivetion. After the lake-filling (Wirm), the Lucca Plain began
aquifer impoverishment, subsidence (Canuti et al., 2005)to take its actual form, as consequence of the erosional and
drying up of many Roman-type superficial wells, loss of depositional phases of the ancient Serchio River. The allu-
several resurgences which characterized the area in the paghl deposits, mainly gravels and pebbles in a sandy-silty ma-
(Nardi et al., 1987), and the formation of small sinkhole-like trix, have variable thickness and depth increasing towards the
features around Paganico. south. They are covered by more recent sandy-silty deposits,

This study is a contribution to understanding the causesocally named Bellettoné. The latter are recognizable as far
of the sinkhole-like features. Many surveys were carriedas hundreds of meters south of Paganico, partially surmount-
out in order to provide convincing explanations concerninging the lacustrine deposits of the ancient Bientina Lake.
the triggering causes and developing mechanism: collection The lithostratigraphic sketch map of the study area, recon-
of existing data (e.g. location of past cavities, stratigraphicstructed by means of surface lithostratigraphic, geotechnical
and hydrogeological data), on-site survey (individuation of data and boreholes, is shown in Fig. 2, while Fig. 3 repre-
new cavities, acquisition of new stratigraphic data by meanssents a lithostratigraphic section of the area most affected by
of two boreholes, collecting of piezometric data and soil sinkhole-like features.
samples), and grain size analyses. Moreover, a Casagrande
piezometer was set up in the superficial horizon to observe
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tratigraphic units (from top to bottom):

— sandy silt, 2-3m thick, whose southern limit is in-
cluded between the railway Lucca-Florence and the:
motorway Pisa-Florence (1 in Fig. 2); to the east it be- &35
comes clayey silt (2 in Fig. 2); ;

— clay, silty clay and clayey silt, 2—4 m thick in the Pa- -
ganico area, increasing towards the south; the northeri
limit coincides with the shore of the ancient Bientina
Lake (3 in Fig. 2); X

— gravel and pebbles in sandy matrix (approximately 10 i.\ i

m thick), with intercalation of sandy and clayey lens =5 e

(Fig. 3). P T

T e T R T

Sandy silt 2 Clayey silt 3 Clay and @S5 Borehole Section
1 (Belletione) | (Bellettone’) silty clay ®CP Casagrande Piezometer

3 Hydrogeological characterization

) L ) Fig. 2. Lithostratigraphic sketch map of the study area.
Owing to grain size features and geometrical structure of

sediments, in the Paganico area two water levels are rec-
ognizable, separated by an impermeable horizon (lacustrin

clayey silt). The first one is temporary, held in a perched ., s
aquifer (silty-sandy level) and directly fed by local rainfall; JgEE——
the second one is housed in the confined aquifer, gener'l
ally under pressure, made of coarse alluvial deposits (grave |
and pebbles). This is mainly fed by groundwater coming . . “
from the Serchio River (through paleochannels) and tor- I -
rents circulating in permeable deposits, and from perme-
able rocks cropping out in the reliefs surrounding the area.
Due to its high hydraulic conductivity and transmissivity Fig. 3. Lithostratigraphic section of the area most affected by
(K=102-10%ms !, T =102-103m?s 1, respec- sinkhole-like features.

tively), this aquifer is highly exploited. Fig. 4 shows the gen-
eral groundwater flow direction in the aquifer of the Lucca

Plain, in which the NW-SE direction (according to the an- perched aquifer and its relationship with the potentiometric

cient course of the Serchio River) is recognizable. , ; X
. . . surface of the confined aquifer, a Casagrande piezometer was
The perched aquifer has a medium-low hydraulic conduc-_ .\ = 'c o ol norizon. The monitoring period. from
tivity (K =10°%+-10""ms™1, from literature date, on the P P ' gp ;

4 . oo May 2008 to February 2009, was short because the piezome-
basis of sediments grain size) and shows a temporary water ! L .

. . . er was destroyed by ploughing activity. Nevertheless the first
table, being exclusively recharged by intense and prolonge

. . i g ) . data collected may provide useful remarks. In Fig. 5 the wa-
rainfall. Due to its hydraulic conductivity value, this horizon ) .
. . . Lo ter levels for both the perched and confined aquifers collected
is more properly an aquitard, but in order to simplify and

St . L ’ in different periods are shown. The piezometric level of the
considering its position and structure, it will be considered . . . .
. confined aquifer was measured in borehole S9 (see Fig. 1),
as a perched aquifer.

The piezometric level of the confined aquifer generally about 10m from the Casagrande piezometer.

maintains a depth of about 13 m below the topographic sur- The results of this short monitoring period show as the two

X . . : : . piezometric surfaces are effectively separated. For example,
face near Paganico. The piezometric fluctuation quite rapidl . ) X :
. : “on 7 July 2008 the piezometric level of the confined aquifer
follows the rainfall trend, characterized by an annual maxi-

. falls in the superficial horizon, but the superficial water ta-
mum between autumn and winter, and a secondary one i . . i ) .
ble was not measured. It is possible that in some periods in

spring. During the dry seasons, the confined aquifer tends t0 hich the clayey horizon allows the hydraulic communica-

depressur.|ze_, suffering from deficiency of water recharge an(‘{ivon, there is a hydraulic equilibrium. However, it probably
overexploitation.

lasts only a short time.

Magazzini (1998) studied the vertic properties of the
soil using the Coefficient of Linear Extensibility (COLE)
(USDA-NRCS, 1999), namely the ratio of the difference

F——————————— Area most affected by small sinkhole-like features

Railway

S9 Borehole 0 200 m

In order to understand the hydrodynamic regime of the
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Fig. 4. Chief and secondary groundwater flow directions in the i
Lucca Plain (after Nardi et al., 1987, modified).

-3

between the moist length and dry length of a clod to its dry
length. According to the author, in the dry season the imper-
meable level between the perched and the confined aquifer
below suffers cracking phenomena (Fig. 6), with a volumeFig. 5. Comparison between the piezometric levels observed in the
variation between 3 and 12cm per meter in thickness. ThePerched aquifgr and in the confined aquifer. On 24.03.2010 the
author proved that cracking already begins with 30 % in soil ©@sagrande piezometer was destroyed.

moisture, attributing a vertic behaviour. Vertic properties are

defined as soil characteristics caused by the seasonal changes ) . .

in volume, or shrinking and swelling. Cracks that open and'S 9enerally circular, with a diameter and depth of a few

close periodically, slickensides, wedge-shaped structural agiecimeters, but often small vertical conduits (diameter ap-
gregates that are tilted at an angle from the horizontal, verProximately within 10 cm) have been observed. The main as-
tical infillings, and high linear extensibility values are good sessed sinkhole-like features and vertical conduits are more

examples of properties associated with vertic soils (Gray andn@n 500 (number in continuous evolution) and have been
Nickelsen, 1989: USDA-NRCS, 1999). Thus, water can ﬂOWSl_delwded on the basis of diameter and depth (Table 1 and
through the slickensides, eroding sediments (Jones, 1994:;'9' 7)_' . _ . .

Meisina, 2006). Tang et al. (2008) observed that this type \(ertlcal conduits and sinkhole-like featureg (Fig. 8a) can
of sediment may crack depending on temperature, thicknesge |soIat_ed qnd arranged at random, or be aligned along par-
of soil layer, times of wetting and drying cycles, and type of ticular directions (usually NS, more rarely E-W). Alterna-

soil. These factors control the number of intersections andiVelY: they can be grouped as “swarms”, often in parallel

crack segments, and average crack length and width. simivith the ditches direction. This different way of distribution

lar geological situations were also observed by Higgins andVas Observed also by Verachtert et al. (2010).
Schoner (1997) in California, where cracking reaches the From the bottom of the cavities, horizontal cylindrical tun-
gravel body as much as 10 m below the surface. nels, a few centimeters large, often depart (Fig. 8b). The

Magazzini (1998) moreover observed that desiccation carsinknole-like features can take different shapes such as cylin-
also produce fracturing in the sandy silt @¢lletton&, but  drical, conical, truncated-conical, and barrel-shape. (Fig. 9).
with lower intensity: 1-3 cm per meter in thickness with 26 % Approximately 60% of the Paganico _smkhole-hke fea-_
of moisture. These phenomena probably have a double ef'€S aré arranged in swarms, namely in groups of cavi-
fect: they increase the perched aquifer permeability (but therdi€S Substantially aligned (98 %), particularly according to
are not at present specific data resulting from on-site surN—S direction. This orientation could be attributable to two

veys) and assure hydraulic connection between aquitard antPUSES: (2) the cavities are often near N-S-oriented ditches;
aquifer through the impermeable level. and (b) ploughing furrows generally follow this direction and
could represent potential water infiltration and circulation

points. Only a few cases (2 %) showed a different direction of
4 Small sinkhole-like features the swarms, for example E-W, again attributable to presence
of ditches.
The study area has been subject to small sinkhole-like fea- Sinkhole-like features and vertical conduits seem to de-
tures for several decades, but only during the eighties didvelop in lithotypes characterized by prevailing silty-sandy
the collapses reach significant dimensions. The classic shadeaction, while they tend to disappear in clayey-silty deposits.
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Table 1. Morphometric characteristics of the Paganico cavities and relative distribution.

Diameter Depth No. Distribution
(m) (m) (%)

Large sinkhole-like features 0.7-2.8 0.6-2.0 10 2

Medium sinkhole-like features  0.3-0.7 0.3-0.6 76 15
Small sinkhole-like features 0.1-0.3 0.1-0.6 207 41
Vertical conduits 0.01-0.1 0.3-05 213 42

= S Nix; iy

e n e e o

T Lackof SE [T e litle VO | Prevalence |5 | Prevalence [T Prevelence of SF
ERLNEST Il isoktea ve [TBT] S sieg S |4 |GE™™ s |5rap [N pristects

Fig. 6. An example of deep soil cracks affecting clay deposit near

Paganico (the scarp is approximately 2 m high). Fig. 7. Distribution of the sinkhole-like features in the Paganico
area.

Even though the cavities especially involve tlizefiettoné
deposit, they occur only when this particular stratigraphic ¢
sequence is present (from top to bottom, Fig. 3): sandy sil
(recent alluvial deposits of Serchio River Béllettoné);
silty clay (palustrine deposits); coarse alluvial deposits (pale-¢
ochannels of Serchio River). The vertical conduits are mainly
common south of Paganico (sandy silt), while the sinkhole-§
like features prevail in the village (Fig. 7), where the sandy
fraction increases. Fig. 8. (a) Vertical conduit (left) and sinkhole-like feature (right);
Actually, some people attributed the origin of the tunnels (b) sub-horizontal tunnels departing from the bottom of the cavity.
and conduits to animal activity. However, most of the scien-
tists who analyzed the phenomena tend to exclude this possi-
bility. The tunnels dug by animals are usually chaotic, while of the contact betweenBellettoné and underlying palus-
those examined in the Paganico area often show symmetryrine sediments. In the zones without cavities, a considerable
Moreover, no signs of animal transit were found, such as ex<layey fraction was observed.
crement, fur, etc. The area most affected by sinkhole-like features is located
In order to characterize the grain size distribution of the near the Paganico water well field, where gullies sometimes
materials involved, 26 grain size analyses were carried outleveloped (see Fig. 11e). They probably result from superfi-
on samples collected in the upper and lower parts of thecial horizontal tunnels, in which the erosional processes in-
cavities and in areas not involved (at depth between 15 andluced the vault thinning and collapse. As explained later, the
100 cm from the ground surface). The results (Fig. 10) condarger dimension of these particular horizontal tunnels are
firm that sinkhole-like features and vertical conduits mainly probably associated with the greater erosional intensity near
involve the sandy silt and tend to disappear where the cothe well field, resulting from the higher hydraulic gradient
hesive fraction increases, substantially stopping in proximitybetween perched aquifer and confined aquifer. The formation
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AvAran

Fig. 9. Schematic sections of sinkhole-like features individuated in
the Paganico area: (1) cylindrical, (2) conical, (3) truncated-conical
(4) barrel.

'Fig. 11. Hypothesized evolutionary steps in sinkhole-like features
formation: (a) little holes of water circulation along soil fractures;
(b) partial hollow zonejc) vault fall showing horizontal tunnels;
(d) horizontal tunnels(e) gully.

o — Analyzing the various shapes individuated on-site, both as
sinknole ko foaturas || precursory events and intermediate steps determining the for-
— sempleotcavybotom | | mation of the cavities, it is possible to hypothesize the evolu-

| tionary process:

passing (%)

Sample of upper part of
cavity

Samplo boloning 1. at the beginning of the rainy period the formation of
. ‘ micro-holes occurs along the vertical fractures pro-
0.001 001 01 1 1 duced by soil desiccation (Fig. 11a);

diameter {mm})

2. water seepage causes erosional phenomena, originat-

Fig. 10. Grain size distribution of the samples collected in the Pa- ing a little hollow at the surface (Fig. 11b);

ganico area.

3. the percolating water increases the erosional power,
enlarging the micro-holes which become vertical con-
duits; moreover water tends to also circulate in the hor-
izontal cracks, enlarging them due to hydraulic gradi-
ent and mechanical erosion. This phenomenon espe-
cially occurs along the contact between the sandy silt
and the underlying clayey deposits, forming from cen-
timetric to metric horizontal tunnels (Fig. 11c).

of gullies was observed also by Gutiérrez et al. (1997), while
Verachtert et al. (2010) attribute their formation to the pro-
gressive collapse of several contiguous cavities.

Itis interesting to notice the complete absence of sinkhole-
like features and vertical conduits north of the Pisa-Florence
motorway (Fig. 7), where superficial clayey deposits, directly
lying on the gravelly sediments, are present (eastern part in
Fig. 3). 4. the intersection between horizontal tunnels and ver-

tical conduits determines a soil structural fragility,

and the collapse can occur, originating a small cavit
5 Development mechanism (Fig. 11d); P 9 J Y

As mentioned above, the small sinkhole-like features mai_nly 5. in some cases, actually not frequent in the study area,
develop from September/October to March, after long rainy collapse of superficial, long horizontal tunnels may re-
periods or during heavy rainstorms (in the study area these sult in the formation of gullies (Fig. 11e).

are common in autumn). The development mechanism orig-

inating the cavities seems to follow two possible ways. The Some video still shots carried out by the Capannori Munic-
first one concerns the cavities far from ditches. In this casejpality seem to confirm the proposed developing model. The
the origin is probably associated with leakage between thémages show: (a) the presence of underground horizontal tun-
perched and the confined aquifers, which should induce eronels, containing debris deposits, probably attributable to pre-
sional phenomena through the desiccation cracks of the siltyvious falls (Fig. 12a); (b) the tunnels’ shape, rounded at the
clayey level. The second mechanism regards the sinkholevault and “v-shape” at the base, indicating runoff (Fig. 12a);
like features close to ditches, with the possible cause linkedc) the presence of fractures and micro-holes on the cavities
to the relation between the perched aquifer and the streamault, proving their vertical continuity (Fig. 12b). Moreover,
flow, as better explained in the following paragraphs. the images show the presence of abundant plant root systems
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(Fig. 12a). According to Sanglerat et al. (1984), vegetation is
important in raising the erosional processes rate in swelling
clay, favoring soil desiccation and cracking by suction. If
cavities and horizontal tunnels are large, the roots becomi|
hanging and unable to absorb water. In time this induces the§
plant to wither and this may be considered as a premonitory
sign of the presence of cavities in the ground. \ :
The model proposed for Paganico presents analogies alony
with that suggested by Higgins and Schoner (1997), StUdying:ig. 12.Video still shot images (courtesy of Capannori Municipal-
cavities in silty-sandy sediments in central California. In the i) () internal part of horizontal tunne(B)detail of tunnel vault

same way, analyzing piping phenomena in several regions of, which fractures, roots and micro-holes are recognizable.
Britain, Jones et al. (1997) ascribe the evolution from desic-

cation cracks to piping to water erosion. Soil subject to pip-

ing lies on clayey deposits, characterized by vertic properties mo [ syt
and high shrinkage potential, likewise at Paganico.
1 | b
5.1 1st development mechanism — sinkholes-like g gkand
features associated with water flow between perched 2 e petie
. . . d d
aquifer and confined aquifer -~ — Sonar
3 micro-sinkhole
A perched aquifer

water level

The sequence (Fig. 13) begins at the end of the dry seasa
(step a), when the confined aquifer water level (CAWL; po- .,
tentiometric surface) is low (not under pressure), while the
perched aquifer water level (PAWL) is absent. In summer the -
superficial sediments desiccate. In autumn the rainy period
start, and the piezometric levels of aquifers grow (b). In re- 2|
lation to different hydraulic conductivity, the reaction time IR
to rainfall of CAWL and PAWL is different (short for the — °| E&
confined aquifer, longer for the perched one). However, the

PAWL, if present, is always higher than CAWL. As a con- Fig. 13. Evolution sequence of sinkhole-like features produced by
sequence, hydraulic flow from the perched to the confinedyater flow between perched and confined aquifeasdry period;
aquifer can occur through desiccation cracks, which are de¢b) during and after rainy periodgc) following rainy cycle; (d)
veloped both in the intermediate clayey horizon and in the sucollapse.
perficial silty-sandy sediments. The presence of water in the
perched aquifer induces the soil volume to increase, closing
the cracks (b). The same phenomenon was observed also lgyacks in the clayey sediments. This, together with the slight
Van Breemen and Buurman (1998) and Tang et al. (2008) irgradient at the contact between sandy silt and clay, probably
other geographical environments. Contemporaneously, watefavor a sub-horizontal movement of water along the contact,
involved in leakage exerts erosional actions along the frac-due to the different hydraulic conductivity of the sediments.
tures, opposing to the complete closing. Swelling also oc-This erosional power of water flow should slowly produce
curs in the clayey horizon, but probably after a certain delay,horizontal tunnels (b2, b3). The intersection between verti-
allowing erosional phenomena in the cracks during the firstcal conduits and horizontal tunnels creates portions of struc-
rainfall. tural weakness in which underground collapses may occur
At the end of the rainy period (b1l) the PAWL slowly (b3). The evolution of horizontal tunnels and cavities may
reaches the maximum level, with a certain time lag as regardstop when the PAWL disappears and resumes in the follow-
the CAWL (reached previously, b). During the bl phase,ing rainy period (c, c1, d). On-site surveys really allow the
leakage is intense, due to the greater difference of height besbservation that, despite the return of rainy periods, tunnels
tween the piezometric levels. Thus cracks are further erodedyreserve their features due to sediments’ plasticity.
becoming little vertical conduits (b1, b2). Not all the desicca- The erosional process involving the superficial sandy silt
tion cracks become vertical conduits, but only those in whichmay be quickened by leakage when the piezometric levels
the erosional power is greater. A predisposing factor may beallow it. In time, sequences of rainy periods imply the pro-
for instance, the presence of local ground depressions (assgressive increase of the cavities size till the collapse (d1,
ciated with ploughing), which can intercept the runoff. d2). The material eroded is then probably dispersed by wa-
Moreover, it is possible (but actually it has not been ter flow. Therefore, the erosional processes are activated by
proven) that cracks in the silty-sandy deposits do not join theleakage phenomena. This is not a simple particle capture

jrd confined aquifer
water level

water infiltration
and flow
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under pumping effects (Panno et al., 1994; Leake, 2004) 0 sz
subsidence induced by compacting (Rosepiler and Reilingel %%
1977; Melidoro et al., 1996; Galloway et al., 1999; Del Prete 3
etal., 2010). ;
In order to individuate the area most exposed to leakage:
a schematic and simplified map of the hydraulic gradients
between PAWL and CAWL was produced (Fig. 14) making &
two assumptions: (1) since continuous measures of PAWL
fluctuation are not available, it was considered at the grounc:
surface; (2) the CAWL, stressed by intense pumping, was
considered at the minimum level, namely below the gravel;
aquifer “roof” (testified by several piezometric surveys in dry L3
seasons). This approach individuates the study area into fol sg
classes of sinkhole-like features susceptibility:

— class | { =0): area lacking in cavities and conduits,

21w s T

where lacustrine clayey deposits are present; I e Cass B R ——
— class |_| (0.1<i <0.6): area With sporadic cavities and Fig. 14.Hydraulic gradienti) map; class li{= 0): lack of sinkhole-
conduits, where clayey silt is present; like features and vertical conduits; class 1{& i < 0.6): sporadic
) ) . phenomena; class Il (6<i < 1): 70% of identified phenomena
—class Il (0.6<i <1.0): area with large number (ginkhole-like features: diameter and depth m; vertical conduits:

(70 % of total) of cavities (diameter and deptti m)  diameter 4 cm); class IV (1< i < 1.9): 20% of identified phe-
and conduits (diameter4cm), where sandy silt is nomena (sinkhole-like features: diameter 0.7-2,8 m, depth 0.6—2m;
present; vertical conduits diameter: 4-8 cm).

— class IV (1.0<i < 1.9): area located close to the Pa-

ganico groundwater well field, characterized by the re- 41y recharges the ditches, which drain the fields, while
maining 20 % of phenomena, including the larger cav- e pawL has a longer response time (Fig. 15b). This de-
ities (diameter from 0.7 to 2.8 m, depth from 0.6 10 ormines water flow between ditch and sides, with alternate
2.0m), vertical conduits (diameter from 4 to 8 ¢m), and gjrection basing on the water level variation (Fig. 16bc). The
gullies, where sandy silt is present. phenomenon continues until reaching a substantial equilib-
Comparing the hydraulic gradient map (Fig. 14) with the rium (F|g. 16d)_. These flows likely produce_z er(_)s_lonz_il phe-
nomena in particular weakness zones of soil, originating ver-

sinkhole-like features distribution (Fig. 7), an increase in . ! i )
number and dimension of phenomena is recognizable wherB°a| conduits (along the vertical cracks) and horizontal tun-

the hydraulic gradient is higher. Sinkhole-like features devel-_nelS (along the horizontal pIain,.Wh_ere flow is more last-
oping far from ditches preferentially originate where pump- ing). In some cases, the communication between cavities and

ing is stronger, determining a higher drawdown in the con-C2nals was proved by a flexible rule.
fined aquifer, as close to the Paganico well field. Actually, this model should be more complex, because

in some situations and in consideration of the hydro-
5.2 2nd development mechanism — swarms of stratigraphic conditions, the two developing mechanisms
sinkhole-like features associated with water flow could coexist.
between perched aquifer and ditches

Several sinkhole-like features (swarms) may be aligneds Conclusions
along the same direction (Fig. 15a) and connected by hori-
zontal tunnels (Fig. 15b). Approximately 60 % of the identi- The study carried out in the Paganico area allowed for
fied cavities belong to N-S-oriented swarms. This should bahe individuation of some important factors in the forma-
in relation to several reasons: (1) the contact between sandijon of sinkhole-like features. If the triggering cause is
silt (“Bellettoné&) and silty clay (lacustrine deposits) slopes basically certain (rainfall intense and prolonged, able to
to the south; (2) the ploughing furrows, which direct the sur- originate a water table in the perched aquifer and stream
face runoff and increase infiltration rate and erosion, are N-flow in ditches), some uncertainties remain regarding the
S-oriented; (3) ditches and canals are mainly N—S-oriented. predisposing factors. One of the most important is surely
Figure 16 synthesizes the mechanism of water flow be-the lithostratigraphic-hydrogeological structure. This con-
tween ditches and water table. In summer, the silty-sandysists of superficial silty-sandy levelsBellettoné&, medium-
sediments tend to dry and crack (Fig. 16a). Autumnal rainfalllow hydraulic conductivity), lying over almost impermeable
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‘ sandy silt

clay and
silty clay

0] gaveland
| pebble

confined aguier
plezomelric level

water infiltration
and flow

b Fig. 16. Supposed developing sequence for sinkhole-like features
caused by flows between water table and ditcliay ¢ry period;

(b), beginning heavy rainfall{c), just after rainfall;(d), approxi-
gpately 10-15days after the rainfall period).

Fig. 15. (a) Swarm of filled sinkhole-like features N-S-oriented
(the cavities are recognizable by more green grass, due to great
moisture).(b) Sketch of sinkhole-like features connected by sub-

horizontal or lightly sloping tunnels. .
ghtly sioping case the small cavities were formed as the result of the slow

decomposition of tree stumps in an area with high water
clayey-silty sediments. Below, a very permeable gravel levelfaP!e. followed by rapid decomposition and vertical holes
is present, hosting a considerable groundwater circulationlorMed when pumping and water table drawdown resulted in
This aquifer is particularly stressed by pumping wells (Pa-2€ration (G. R. Davidson, personal communication, 2013).
ganico well field, wells of several paper factories, and nu- To better comprehend the origin of the small sinkhole-like
merous domestic wells), determining a strong drawdown. orfeatures at Paganico, several studies are still needed. One of
the other hand, the superficial silty-sandy sediments (perchef!® MOSt important actions should be to perform a continu-
aquifer) may occasionally house a temporary water table, afOUs monitoring of the water level in the perched aquifer and
ter intense and prolonged rainfall its relationship with both the confined aquifer and ditches by
It has been hypothesized that at the end of the dry seasoff1€ans of Casagrande piezometers, in the attempt to quan-

both the superficial silty-sandy horizon and the clayey-siltt'fy the ralnf_all amount able_ to generate this water Ie\_/el.
below may suffer desiccation phenomena, originating verti-Further studies should be directed towards the analysis of

cal and horizontal cracks. During rainfall following the dry e soil desiccation phenomena and the complete geotech-
season, such cracks favor water circulation, saturation anHICBJ characterization of involved materials. In particular,
formation of a water level in the perched aquifer, which 9ata on index properties, plasticity, compressibility and de-
is involved in vertical leakage. This induces erosional phe-9r€€ Of saturation certainly would help in understanding the
nomena in the superficial silty-sandy horizon, formation of §Welllng/shrlnklng occurrence. Specific hydraulic conductiv-

vertical conduits and horizontal tunnels and collapse of thely @nd tracer tests can be useful in determining the perme-
weaker areas. ability features of the soils.

The sinkhole-like features seem more frequent near Finally, on the basis of the results obtained in this re-
ditches limiting fields, where the erosional processes areearch, in order to reduce or rather to eliminate the sinkhole-
probably associated with water flow between the water tabld'Ke features hazgrd In the_ Paganico area, the hydraulic pres-
and the ditches during intense rainfall. sure of the confined aquifer should be increased, keeping

The lithostratigraphic-hydrogeologic structure of Pagan-N€ Piezometric level above the aquifer “roof”. This basi-
ico seems therefore to represent the most important factof@ly consists in limiting and controlling the groundwater
in developing sinkhole-like features. In fact, in spite of the expl0|tat|'o.n.assomated with the Paganico well flel(js and/or
presence of paper factories and water wells, there are not calising artificial water recharge techniques. Alternatively, the

ities either to the north (lacking the intermediate clayey-silty well fields ?hOUId_ be moved_ to more favorable areas _from_ a
horizon) or to the south (lacking the superficial silty-sandy Nydro-stratigraphic standpoint. Moreover, the Paganico vil-

sediments). Both situations imply the presence of only Onelage should be linked to the aqueduct network to eliminate or

aquifer and consequently there is no leakage. Pumping caffduce domestic well activity.

induce cavities only if the cone of depression develops in the Altérnative water supplying should also be individuated
typical lithostratigraphic situations just described, as in theOr Paper factories (e.9., water recycling, external derivation),

Paganico wellfield area. This confirms the importance of the? Problem that has been discussed for many years but has

strong drawdown induced by pumping in the gravelly con- €mained unsolved so far.
fined aquifer. In the past, when exploitation was moderate,
the water pressure in the aquifer prevented this phenomenon,
while several resurgences were present in the Paganico area.
Relationships between pumping and sinkhole-like features
were also emphasized by Davidson (2012), even if in that
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