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SINKHOLE CLUSTERS AFTER HEAVY RAINSTORMS
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Abstract

Sinkholes are the most common geological hazard in karst terrains. Generally triggered by rainstorms or by changes
in the hydrological/hydrogeological regime, they display a wide range of morphologies and sizes. Typically, the main
difficulty in evaluating the sinkhole hazard is represented by the collection of reliable data about time of occurrence of
the events, which is a mandatory requirement for the estimation of the hazard. In this paper, we document a dozen sink-
holes triggered by a heavy rainstorm that occurred during the first week of September 2014 in the Gargano Promontory
of Apulia (southeastern lItaly). Following a description of the rainstorm, two clusters of sinkholes are described, starting
with the identification of the sinkhole type and of the main morphometric characteristics. Even though it is very likely that
the documented sinkholes are only a fraction of those caused by the September 2014 rainstorm, this documentation
provides insights for the collection of important sinkhole data produced by a specific, triggering storm.

Introduction

Sinkholes (or dolines) are closed depressions with internal drainage, widely regarded as one of the main diagnostic
landforms of epigenic karst (Ford and Williams, 2007; Palmer, 2007; Gutiérrez, 2010; De Waele et al., 2011). Sinkholes
display a wide range of morphologies (cylindrical, conical, bowl- or pan-shaped), varying in size up to hundreds of me-
ters across and typically from a few to tens of meters deep (Gutiérrez et al., 2008, 2014). The origin of a sinkhole can
be natural, if related to the presence of soluble rocks, or anthropogenic. In this latter case, anthropogenic sinkholes
indicate a connection to a man-made underground cavity (De Bruyn and Bell, 2001; Parise and Gunn, 2007; Waltham
and Lu, 2007; Parise, 2012, 2015).

Natural sinkholes are typically triggered by rainfall events and by the consequent effect these events might have on
groundwater circulation (White and White, 1984; Kovaci¢ and Ravbar, 2010; Lei et al., 2016). Another significant trigger
is seismic shocks, which may work in creating new sinkholes, or in enlarging those already existing (Kawashima et al.,
2010; Parise et al., 2010; Borgatti et al., 2013).

Sinkholes are typically described by their spatial distribution and density (Day, 1983; Hung et al., 2002; Angel et al.
2004; Gao et al., 2005; Kemmerly, 2006; Lyew-Ayee et al., 2006; Bautista et al., 2011), in relation to the built-up environ-
ment (He et al., 2003; Scheidt et al., 2005; Brinkmann et al., 2008; Cooper, 2008), or to geological and morphological
settings (Panno et al., 1994; Denizman, 2003; Florea, 2005; Del Prete et al., 2010; Basso et al., 2013; Fragoso-Servéon
et al., 2014), often without entering into specific details about date of occurrence. Other studies focus on the integration
of different approaches, for the identification of the sinkhole-prone areas, from stratigraphy to geophysical techniques,
to the use of digital elevation models (Ezersky et al., 2009; Frumkin et al., 2011; Margiotta et al., 2012, 2016; Miao et
al., 2013; Wu et al., 2016).

Detailed documentation about sinkholes, aimed at ascertaining their direct relationships with the triggering factor
(rainfall, earthquake, etc.), is not always easily accessible in the scientific literature. With the exception of some states
in the United States (namely, Florida, Kentucky and lllinois, where there is high awareness about sinkhole problems;
see in this regard, White et al., 1986; Tihansky, 1999; Brinkmann et al., 2007, 2008; Brinkmann, 2013, and references
therein; Polk et al., 2015), in the rest of the world, attention toward sinkholes is typically not so high. It is definitely lower
than that paid to other geological hazards such as landslides, floods, or tsunamis. Post-event sinkhole surveys rarely
have the amount of information necessary to fully link each event to its precise time of occurrence. This often represents
the main drawback in the process of sinkhole hazard evaluation, as knowledge of the temporal occurrence is manda-
tory at this goal (Gutierrez-Santolalla et al., 2005; Farrant and Cooper, 2008; Galve et al., 2011; Heidari et al., 2011).

Even if sinkhole occurrence in Italy is not frequent, when compared to other geological hazards such as landslides
or floods, there are many regions highly prone to these events due to the widespread presence of carbonate or evapo-
rite rocks. These rocks are highly susceptible to dissolution processes, which may be locally enhanced or favored by a
number of human activities (lovine et al., 2010, 2016; Vigna et al., 2010; Parise, 2012; Zini et al., 2015; De Waele et al.,
2017). Within the framework of a project by the Institute of Research for Geo-Hydrological Protection of the National
Research Council of Italy (CNR IRPI), dedicated to evaluation of natural and anthropogenic hazards in karst, Parise
and Vennari (2013) built a chronological database on sinkhole occurrence in Italy that contains information about sink-
holes. These include morphometric data, damage, and triggering factors. In this database, sinkholes are divided on the
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Figure 1. Map showing location of the study area and the events triggered by the September 1-6, 2014, intense rainfall event in the
Gargano Promontory.

basis of cave origin: natural or anthropogenic. Time of occurrence and location of sinkholes are known for every event,
with different levels of accuracy and certainty, based upon a careful examination of the information source from each
event.

In this paper, aimed at contributing to increase the documentation between sinkholes and triggering factors, we
present data about a number of sinkholes that occurred, together with other geological hazards such as landslides and
floods (Fig. 1), in consequence of the rainstorm that hit the Gargano Promontory in northern Apulia, during the first
week of September 2014. We are strongly convinced that availability of a large amount of reliable information about
sinkhole occurrence, and their main morphometric features at the time of the formation, is a fundamental piece of evi-
dence contributing to properly move toward assessment of the sinkhole hazard. With such a goal, we document and
describe the observed sinkholes to improve the available sinkhole data from the karst of Apulia.

Sinkholes in Apulia

In the CNR IRPI database (Parise and Vennari, 2013), the Apulia region (southeastern Italy) is one region with the
highest sinkhole occurrence (Delle Rose and Parise, 2002; Bruno et al., 2008; Fidelibus et al., 2011; Festa et al., 2012;
Margiotta et al., 2012). Sinkholes have repeatedly caused serious damage to infrastructures and buildings, but above
all, to human life (Parise and Lollino, 2011), with more than 650 evacuees and injured, and one victim reported. For ex-
ample, 140 events have been collected from 1925 to 2017 in Apulia, 85 that have an anthropogenic origin, while 50 are
related to the presence of a natural cavity (Fiore and Parise, 2013; Parise and Vennari, 2013, 2017; Lollino et al., 2013).
The remaining events are with “unknown origin,” meaning that the presence of an underground cavity is clear, but no
certain data about the sinkhole origin is available.

Sinkhole occurrences in Apulia represent a serious geological hazard (Fig. 2), for which it is essential to have a
complete knowledge of the cause. To properly evaluate such a hazard, it is necessary to reach a good understand-
ing of the development and type of the caves at the sinkhole origin, and their stability conditions (Parise, 2010). Most
of the sinkholes that produced damage are related to man-made underground cavities. Anthropogenic cavities are
widespread in Apulia. They have been excavated since ancient time, due to distinct but complementary needs: urban
development demanding building materials; and the necessity to keep developing agricultural practices at the surface,
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Figure 2. Spatial distribution of sinkholes in
Apulia Region (data from CNR IRPI catalogue,
updated to January 2017). The different origin
of sinkholes is marked by different colors (see
key). The inset horizontal histogram shows per-
centages of sinkholes for the different origins.
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in a land where products such as olive oil and wine have always been important (Parise, 2010; Negri et al., 2015).

The temporal distribution of sinkholes in Apulia during the period analyzed shows an increase of events in recent de-
cades. The number of sinkhole occurrences in the last five years is higher than the other periods (Fig. 3). This is due to
a growing availability of sinkhole data in scientific documents. Also, increasing attention is given to these phenomena,
as more sinkhole information is published in the media. The number of sinkhole occurrences has grown. In particular,
the number of events linked to natural caves is rising over the last decade. Anthropogenic sinkhole occurrences have
gone down since 2010.

The most affected province by sinkhole is Foggia, in northern Apulia. Sinkholes can be triggered by several causes,
both of natural and man-induced origin. Maintenance works, or a pipeline rupture can activate the event. However, the
main triggering factor is rainfall, due to dissolution processes that can produce a sinkhole.

Materials and Methods

Aimed at characterizing the sinkholes formed in Gargano during the September 2014 storm, the rainfall data were
collected, taking into account records from the available rain gauges closest to the sinkhole occurrence sites. They
were analyzed to identify the rainfall intensity during different phases of the storm, and to evaluate rainfall intensity val-
ues and duration with respect to the average area rainfall.

The two clusters of sinkholes produced by the rainstorm - due to small size of the features and to unavailability
of post-storm aerial photos - were analyzed by collecting geological and morphometric data through field surveys.
For each sinkhole, several morphometric parameters were measured, following the classical studies about sinkhole
morphometry. These included parameters
such as diameter, shape and depth, sink- sp -
hole location in geomorphological unit at
larger scale, and observations on the geo-
logical materials exposed along the sink-
hole walls. Data from caving surveys were
further obtained from local cavers. The 30
data were field-checked, and discussed
with the surveyors, to integrate additional 20 -
data from underground explorations.
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storm - represents a set of highly valuable information addressed toward a proper assessment of the return time of such
events, and their relation with particular values of rainfall intensity or of cumulated rainfall.

Results

Morphology of the Gargano Promontory is mostly controlled by E-W and NW-SE-trending faults (Funiciello et al.,
1991; Gambini and Tozzi, 1996; Brankman and Aydin, 2004). Karst is well-developed over the entire area, as well as in
the rest of the region: the main karst features are represented by a multitude of sinkholes, reaching a maximum density
of up to 100 per square kilometer in the Chiancate area (Castiglioni and Sauro, 2000; Simone and Fiore, 2014). Due to
widespread outcroppings of soluble rocks (Bosellini et al., 1999), surface hydrography is limited to a few, short, ephem-
eral drainages along slopes that bound the elevated central plateau (reaching 1000 m a.s.l.) and to minor drainages in
the alluvial and coastal plains surrounding the Gargano Promontory.

As concerns the September 1-6, 2014, rainstorm, 12 small sinkholes have been documented near the villages of
Monte Sant’/Angelo and San Marco in Lamis. This is certainly a conservative estimate, since the particularly dense
forests covering large portions of Gargano make difficult the identification of such features, especially when small.
Nevertheless, two sinkhole clusters have been identified and are described below. Due to the remote areas, where
most sinkholes developed and the difficulty to detect them, no precise information is available on the time or period of
sinkhole occurrence. We could only state that they were related to the September 1-6 rainstorm, based upon local wit-
nesses. Morphology and shape of the documented features indicate an origin as collapse or cover-collapse sinkholes
(Gutiérrez et al. 2008, 2014).

Storm Event Description

During the first week of September 2014, a complex, long-lasting rainstorm occurred in large sectors of the Apulia
Region, with the most intense rainfall being registered in the Gargano Promontory. It was due to a vortex of low pressure
that remained stationary for several days between the lower Adriatic Sea and the Balkans Area.

In particular, on September 1, 2014, a cold front coming from northern Europe moved to lower latitudes and caused
scattered precipitation along the Apulia peninsula. In the following days, this cold front fueled the low-pressure vortex
and, given the particular weather conditions, remained blocked until September 6, creating a prolonged instability,
mainly on the Gargano area. This instability was powered by the thermal contrast between cooler air present in the
vortex, from NE, and the lower warm and humid layers of the atmosphere in contact with the Adriatic Sea (Martinotti et
al., 2015). Total rainfall measured during the event (September 1-6), in terms of cumulated rainfall, was especially high,
with a peak of over 500 mm on some sectors of Gargano (Fig. 4).

The rain gauges located in Cagnano Varano, San Marco in Lamis and San Giovanni Rotondo (Fig. 5a) allowed to
derive a cumulated rainfall chart that highlights how the heavy rainfall persisted for the entire week (Figs. 5b, c, d). It
shows that the whole area was not hit at the same time: in San Giovanni Rotondo and San Marco in Lamis, the rainfall
intensity was almost steady starting from September 3, while in Cagnano Varano two main, distinct rainfall events can
be identified: namely, in the morning of September 4,
and on September 6. Maps of cumulated daily rain-
fall (Fig. 6) highlight how the maximum values during
September 3-4 are concentrated in the central area of
the Gargano Promontory, while those during Septem-
ber 5-6 are focused in the NE sector. Severity of the
storm event is particularly indicated by the fact that
the majority of the rain gauges documented the maxi-
mum, cumulated rainfall ever registered in a period of
five days (Table 1).

Observed Sinkholes

Sinkholes that occurred in Gargano are natural
events quite common in karst areas (Parise, 2008;
Gutierrez et al., 2014; Parise et al., 2015a), as a result
of intense or prolonged rainfall events that increase the
surface and underground outflow. The outflow speed
of large water quantities may be able to remove un-
consolidated soil, creating new paths for underground
water circulation. As consequence, the surface ma-
terial will collapse in the underlying cavities or karst

Figure 4. Cumulated rainfall for the whole event, from September 1-6, conduits (Parise et al., 2015b).
2014 (source: Civil Protection Service of Apulia Region). During the heavy rainfall event in September 2014,
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several sinkholes occurred in the Gargano Promontory.
Twelve sinkholes have been documented and became

Table 1. Maximum cumulated rainfall registered for five days
by the rain gauges, compared with the maximum historical

. . records.
the object of surveys and measurements. They are likely
only a small percentage of the events effectively triggered . September 2014 Maximum historical
by the rainstorm, but the extremely dense forest cover- ~ Rain gauge event, mm registered, mm
ing large sectors of Gargano obscured sinkhole occur-
rences San Marco in Lamis 519.0° 430.6

' . . San Giovanni Rotondo 585.8° 263.6

The dqcumented sinkholes are grouped ,ln two clus- Vico del Gargano 309 8° 263.6
ters, one in a rural area north of M(?nte Sant’Angelo, ar!d Cagnano Varano 342 2a 270.7
the other in a small area near the village of San Marco in  sannicandro G. 75.8 3114
Lamis. Their main features are reported in Table 2, while  Bosco Umbra 288.8 501
in the following we provide a more detailed description. Monte S. Angelo 300.82 296.8
Vieste 164.2 187

Sinkholes at Monte Sant’Angelo were observed in a ru-
ral area north of the village: six sinkholes, linked to natural
cavities, were documented in an area extending about 1500 m2. Based upon the testimonies of local people, they were
activated during the September 2014 storm and subsequently were slightly enlarged. In the Bosco Quarto area, terra
rossa deposits, ranging in thickness from a few decimeters to several meters, cover the limestone, karstified bedrock
- a situation very common in Gargano, as well as in the Murge sub-karst area of central Apulia.

One sinkhole (No. 1, Table 2; Fig. 7c) is included within the limits of a larger solution doline, while most of the others
are small openings in the ground (Nos. 2 and 3, Table 2; Fig. 7d), or slight depressions of limited size (the sinkhole pair
No. 5 and 6, Table 2; Fig. 7e). The largest sinkholes (No. 4, Table 2; Figs. 7a, b) appeared to be deep (from the surface),
25.2 m, and large 12 m. Actually, speleological survey showed that after the first pit, visible from the ground, a passage
allows access to other, deeper spaces, until reaching the maximum depth of 120 m (Figs. 8 and 9). The cave is vertically
developed, and the bad conditions of the hosting rocks (characterized by several joint families and intense weathering,
with the likely detachment of rocks) make the descent quite difficult. At the ground surface, the original circular shape
of the sinkhole was later modified by secondary enlargements, due to minor failures involving the extremely steep to
vertical walls. At least two more sinkholes have been recorded in the surroundings of Monte Sant’Angelo, but they were
filled in by landowners before it was possible to observe, measure and document them.

Additional sinkholes were triggered in the village of San Marco in Lamis, again concentrated in a cluster (Figs. 10
and 11). This second cluster of sinkholes mostly affected the epikarst (Klimchouk, 2000; Williams, 2008), consisting of

aHighest maximum cumulated rainfall events.
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Figure 5a. Rain gauges in the Gargano Promontory. In the map (a), the red color marks the rain gauges used for recon-
struction of the rainfall histograms, respectively shown in Figures 5b, ¢, d.

32 « Journal of Cave and Karst Studies, March 2018



Parise, Pisano, and Vennari

Figure 6. Cumulated ' 01/09/2014 |1 ‘ 03/09/2014
- - i -

daily rainfall registered
during the first week of
September, 2014 in the
area (source: Civil Pro-
tection Service of Apulia
Region). Key for colors
as in Figure 4.

limestone rocks and pinnacles, immersed in terra rossa deposits. Five natural sinkholes were created (Fig. 11). In par-
ticular, four of them affect the lower sector of a large karst depression. The features’ shapes are predominantly circular,
but the dimensions are quite assorted. The smallest sinkhole has a diameter of 1.5 m and a depth of 1.5 m (No. 11, Table
2; Fig. 10d). It is placed along the boundary of a wider feature, outlined by circular cracks on the ground. This feature
did not open as a true sinkhole. On the other hand, the biggest sinkhole (No. 8, Table 2; Figs. 10, 11a, c) has a diameter
of 6 m and it is 5.4 m deep. At the base of this sinkhole, the presence of karst conduits (not accessible by man due to
the small size), testify to the occurrence of subsurface flow, with likely removal of material, which left unsupported soil
above, leading to sinkhole formation. Morphometry and shape of most of the observed sinkholes indicates that they
belong to the typologies of collapse or cover-collapse sinkholes (Waltham et al., 2005; Gutierrez et al., 2014).

z 3 y 7 ELNVESE i
L3 i %] & '3 v

Figure 7. Sinkholes triggered by the September 1-6, 2014, intense rainfall event in the Gargano Promontory at Monte Sant’Angelo: a) ap-
proaching the Abisso San Matteo sinkhole (person for scale); b) close up of the entrance at Abisso San Matteo sinkhole (10.2 x 12 m wide);

c) 2 m deep sinkhole; d) small sinkhole, covered by tree branches (1 x 1.5 m wide); e) couple of small-sized and slightly visible ground
depressions, nearby the Abisso San Matteo sinkhole (person for scale).
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Table 2. Morphometric data of documented sinkholes triggered by the September 1-6, 2014 intense rainfall event in the Gargano

Promontory.
No. Site Depth, m Width, m Shape Notes Type

1 Bosco Quarto, Monte Sant’Angelo 1.5 3 x1.5 circular collapse sinkhole

2 Bosco Quarto, Monte Sant’Angelo 3.3 1x0.4 elongated cover-collapse sinkhole
3  Bosco Quarto, Monte Sant’Angelo 0.5 1x1.5 circular cover-collapse sinkhole
4 Bosco Quarto, Monte Sant’Angelo 120 10.2 x 12 circular collapse sinkhole

5 Bosco Quarto, Monte Sant’Angelo 0.4 2x2 circular glc?r?neéclzitkeec:?/to #6 cover-collapse sinkhole
6  Bosco Quarto, Monte Sant’Angelo 0.4 1.5 x 1.5 circular glc?r?neéclzitkeec:?/to #5 cover-collapse sinkhole
7  Cime-Bosco Rosso, San Marco in Lamis 5 4 x3 circular cover-collapse sinkhole
8 road San Marco in Lamis — Sannicandro Garganico 5.4 5.7 %6 circular cover-collapse sinkhole
9 road San Marco in Lamis — Sannicandro Garganico 6.3 2.7 x2 elliptical cover-collapse sinkhole
10 road San Marco in Lamis — Sannicandro Garganico 1 5.5x5 circular cover-collapse sinkhole
11 road San Marco in Lamis — Sannicandro Garganico 1.5 1.5 x 1.5 circular within a larger doline cover-collapse sinkhole
12 road San Marco in Lamis — Sannicandro Garganico 3.5 1.8 x2 circular cover-collapse sinkhole

20

10

Me?ers

Figure 8: Profile of the Abisso San Matteo sinkhole (marked as PU
2656 in the regional register of natural caves, managed by Federa-
zione Speleologica Pugliese, http://www.catasto.fspuglia.it), as ob-
tained from the speleological survey (courtesy of Gruppo Speleo-
logico San Giovanni Rotondo). The cave reaches a depth of =120 m
from the ground surface.
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Figure 9. Series of shafts within the Abisso San Matteo sinkhole
(photos courtesy of Gruppo Speleologico San Giovanni Rotondo).
The photograph at the bottom is an upward view of the first 25 m
of the cave.
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Discussion

In karst, it is not an easy matter to understand the main hydrological features at the surface and the groundwater
circulation, due to peculiarity of karst terrains, and to their hydrogeological characteristics (Bonacci, 1995; Worthington,
1999; Worthington et al., 2001; White, 2002; Gunn, 2007; Palmer, 2010; Parise, 2016). This is even more complicated
during heavy rainstorms and floods (White and White, 1984; Parise, 2003; Delrieu et al., 2005; Bonacci et al., 2006;
Jourde et al., 2007; Delle Rose and Parise, 2010), with . _ :
response to the storm that may heavily change with rain-
fall intensity or duration, as well as the cumulated amount
of rainfall. For these reasons, it is extremely important to
document any karst landscape changes occurring after
significant rainstorms, both to contribute to future evalu-
ation of the likely sinkhole hazard, and for collecting data
aimed at the full comprehension of the water-flow circula-
tion at the surface and subsurface (Parise and Pascali,
2003).

The Gargano Promontory is one of the main karst sub-
sectors of Apulia. However, not many studies are avail-
able to provide data about origin and evolution of the
karst features in the area. The information presented in
this article, even though not numerous, and definitely not %
exhaustive, is, nevertheless, a worthy amount of data to ~ ==#& i
characterize the effects of the heavy rainstorms that hit MW -
the area. Further, we were able to identify the typology of 7
the produced sinkholes, and to link the timing of sinkhole i
formation to the September 2014 storm. Knowledge of the
time of sinkhole occurrence is typically the most difficult
information to obtain. This often hinders any possibility to
link the sinkholes to triggering factors, and particularly to
rainfalls (Brinkmann and Parise, 2010).

ol 3

Conclusions

Data presented here, added to those already available
about sinkhole chronology in Apulia (see Parise and Ven-
nari, 2013, 2017), may help to build a sufficient amount
of information to develop further studies. These can be
aimed at evaluating the sinkhole hazard in the Gargano
Promontory and in the entire region. Hazard evaluation is
a complex task that is rarely actually reached, mostly due
to lack of data about the connection between a triggering
event and sinkhole occurrence.

Figure 11. Sinkholes triggered by the September 1-6, 2014, intense
rainfall event in the Gargano Promontory at San Marco in Lamis: a)
and c) the main sinkhole of the group, 5.4 m deep; b) small-sized
sinkhole opened at the boundary of a closed depression (person
for scale); d) small-sized sinkhole within a greater depressed area,
S marked by lowering of the ground over an area about 25 m wide
he San Marco in Lamis group. (person for scale).

S e >

Figure 10. The main sinkhole in t
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