Age And Speleogenesis Of Gypsum Caves In Emilia-Romagna (N Italy)

Andrea Columbu"!, Veronica Chiarini*?, Jo De Waele?, Russell Drysdale'”, Jon Woodhead*, John
Hellstrom* and Paolo Forti?

ISchool of Geography, University of Melbourne (Australia), University of Melbourne, 221 Bouverie street, 3010,
Melbourne, Australia acolumbu@student.unimelb.edu.au andrea.columbu2@unibo.it rnd@unimelb.edu.au
“Department of Biological, Geological and Environmental Sciences, University of Bologna, Via Zamboni 67, 40127
Bologna, Italy vero.ch88@hotmail.it jo.dewaele@unibo.it paolo.forti@unibo.it

*University of Savoie, Laboratoire EDYTEM, bd de la Mer Caspienne, Le Bourget du Lac cedex, F-73376, France
School of Earth Sciences, University of Melbourne, Corner Swanston & Elgin streets, 3010, Melbourne, Australia
jdwood@unimelb.edu.au j.hellstrom@unimelb.edu.au

Affiliation:

Abstract

More than 600 caves have been surveyed in the Triassic and Messinian gypsum beds of the Northern Apennines (Emilia-Romagna
region, N Italy). Despite the fact that these caves have been studied for a very long time, their age was inaccurately believed to
be Late Glacial. In fact, the fast dissolution of gypsum and the regional uplift of the mountain chain lead to the belief that
speleogenesis could have started only recently.

Dating of the infilling sediments can assess a minimum age of the cave passages. U-Th dating of carbonate speleothems sampled
in these gypsum caves has been carried out in several karst areas in the region. The results show that caves started forming at least
~600 kyrs ago, and that caves were mainly carved during relatively cold climate stages, when rivers formed terraces at the surface
and aggradation caused paragenesis in the stable and active cave levels. The carbonate speleothems, on the other hand, mainly

formed during warm and wet intervals.
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1. Introduction

Messinian gypsum outcropping in Emilia Romagna (North
Italy) hosts more than 600 caves (De Waele et al. 2011). In
this area, speleogenesis was inaccurately assigned to the Late
Pleistocene-Holocene, with peaks during the late glacial
(Demaria 2002; Forti 2003; Pasini 2012). Scarce radiometric
ages (Forti and Chiesi 2001; Forti 2003), archeological (Miari
2007; Negrini 2007) and paleontological (Pasini 1969) find-
ings sustained this idea. Speleogenesis in gypsum can occur
up to hundred times faster than in carbonates (Klimchouk
2000); at the same time, the high solubility of gypsum makes
the surface outcrops subjected to intense karst denudation,
which can lead to the demolition of the underground cave sys-
tems. These are the main reasons why the age of the currently
explorable caves, hence the inception of speleogenesis, has
been underestimated. Establishing the age of a cave is not an
easy task (Sasowsky 1998), especially in the cases where direct
approaches, as dating speleogenetic byproducts (Polyak et al.
1998, 2016; Plan et al. 2012), are inapplicable. Thus, ages are
most of the time estimated by dating cave infilling sediments
(Audra et al. 2006), such as speleothems, fossils, artefacts, etc..
However, even with this methodology the age of speleogen-
esis could considerably be miscalculated, if dated materials
are much younger than cave carving processes. Besides radio-
metric dating, cave evolutionary models should be sustained
by geological, paleoclimatic and paleo-environmental consid-
erations, in order to procure a truly reliable timing for karst
processes.

We studied a dozen caves belonging to five different karst sys-
tems carved in the Emilia Romagna gypsum areas by dating,
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using the U-Th method, twenty carbonate speleothems. Radi-
ometric ages were then used to build a solid karst evolutionary
model, in turn anchored to previously dated local geological
events and the connection between climate cycles and speleo-
genesis (Columbu et al. 2015). This model, besides allowing
to precisely estimate the age of speleogenesis in this portion
of the Apennine chain, may also be applied to other gypsum
karst areas having similar geological and climatic conditions.

2. Area of study, material and methods

Messinian gypsum in Emilia Romagna region belongs to the
Vena del Gesso Formation (Vai and Martini 2001; Lugli et al,
2010), outcropping with well-recognisable cuesta-like mor-
phologies. The formation is infrequently overlain by marine
silt and clays (Argille Azzurre Fm. - Amorosi et al. 1998), lit-
toral sandstones (Sabbie Gialle Fm. - Cyr and Granger 2008)
and continental sediments (continental Quaternary - Amo-
rosi et al. 2015). The explored caves and relative samples are
(bracketed IDs refer to speleothems sampled in the quoted
cave or in the area of the cave entrance - Fig. 1 for some exam-
ples): Abisso Mezzano (RT), 3 Anelli (3A), Abisso 50 (A50),
Pozzo Pollini (PP), Grotta Oliver (GO) and Galleria Princi-
pale caves (RTy) in the Re Tiberio - Monte Tondo system;
Spipola cave (SpD, Sp1, and SpS) in the Spipola-Acquafredda
system; Peroni (P2 and P3) and Mornig (Mor2) caves in the
Castelnuovo system; Rio Basino (RBT, RB1, and RB3) cave
in the Rio Stella-Rio Basino system; Monte Mauro (MM2
and MM4) and Banditi (Bal.1, Ba2.1 and BaBig) caves in the
Monte Mauro system. All are epigenic caves, sub-horizontal
in section; karst systems report stacked-like juxtaposition of
these multi-level sub-horizontal passages. Their formation is



Figure 1. Calcite speleothems of the Emilia Romagna gypsum
caves. A) The active flowstone forming on the riverbed of Rio Basino
(photo Piero Lucci); B) A50 flowstone of Abisso 50, grown around

76 ka (MIS5a); C. The Banditi flowstone (a portion of BaBig) which
grew during isotope stage MIS5e (photo Jo De Waele); D. One of the
Monte Mauro flowstones (MM2) found in the forest, with the gypsum
cave immediately dissolved but calcite flowstone preserved. This
flowstone appears to have grown in two distinct periods somewhere
between 240 and 320 kyrs ago (comprising both MIS9 and MIS7); E.
Active flowstone in the Mornig cave (photo Francesco Grazioli).

linked to the lowering and stabilization of the local base level
(i.e. rivers) (Columbu et al. 2015), considering that the rapid
uplifting affecting the area triggers the incision of the North-
ern Apennines flank valleys. Speleothems are mostly calcite
flowstones, and only three calcite stalagmites were sampled
(BaBig, Mor2, SpS). Top and bottom of each speleothem was
dated with the U-Th methodology; for the tallest speleothems,
age constraints were improved by several internal dates. U-Th
is the more widely used methodology for dating carbonate
speleothems (Richards and Dorale 2003). Preparation of sub-
samples for dating, mass spectrometer setting and statistical
treatment of the final data strictly followed the protocols in
force at the University of Melbourne - School of Earth Sci-
ences, reported elsewhere in detail (Hellstrom 2003, 2006;
Drysdale et al. 2009, 2012).

3. Results, discussion and final remarks

U-Th results are shown in Table 1; all speleothems grew
during periods of relative warm and wet climate (Fig. 2) con-
sidering the last ~800 kyrs (Columbu et al. 2017). Conversely,
sub-horizontal cave tunnels formed mostly during stages of
relative cold and dry climates (Columbu et al. 2015). In fact,
cave level altitudes correlate with strath river terraces that, in

Figure 2. Speleogenetic processes over the last ~800 ka. Stars indi-
cate the basal ages of the studied speleothems (except for the sample
Ba2 at ~380 ka, which reported only the top age; Holocenic ages are
aggregated in a single star). The ages mainly fit with periods of warm
and wet climate (yellow shading). The formation of the different

cave levels (rectangles) is correlated with the cold-dry climate stage
(gray shading) that occurred before the warm-wet period indicated
by the age of the speleothems (see figure 3 and text), simultaneous
with the deposition of most of the fluvial terrace sediments along the
main river of the area (squares) (Cyr and Granger 2008; Picotti and
Pazzaglia 2008; Wegmann and Pazzaglia 2009). The climatic curve
(and MIS subdivision) refers to the 8180 benthic stack of Lisiecki and
Raymo (2005). First caves were carved at least ~630 kyrs ago, 200
kyrs after the retreat of the Adriatic Sea.

the area of study, were all formed mostly during glaciation
peaks (Cyr and Granger 2008; Picotti and Pazzaglia 2008;
Wegmann and Pazzaglia 2009) (Fig. 3). An epigenic sub-
horizontal cave tunnel is excavated parallel to the piezomet-
ric level at the same altitude as the base level (Fig. 3). During
periods of climate deterioration, vegetation on the valley
slopes is scarce, meaning that a high quantity of regolith is
produced and available. Loose sediments are gravitation-
ally conveyed toward the valley bottoms forming the terrace
deposits. River terraces testify periods of stability in the paleo
base level longer than 1,000 years (Wegmann and Pazzaglia
2009). This time-span is sufficiently long for the excavation
of the epigenic sub-horizontal caves (Columbu et al. 2015),
which operate as through-flow channels (Klimchouk 2000)
transporting water from the sinking points (i.e. dolines or
blind valleys) to the resurgences. During the following warm-
wet period vegetation abounds, increasing the level of CO, in
the soils. At the same time, cave carving proceeds slowly and
tunnels previously formed are entrenched. These appear to be
ideal environmental conditions for the formation of carbon-
ate speleothems (Columbu et al. 2015) (Fig. 3). At the end of
warm periods, the stability of base levels terminates and val-
leys, as well as fluvial terraces deposits, are incised. Gypsum
karst systems react to the new hydrological situation by exca-
vating deep and narrow vertical shafts, as the 30 m deep one
visible in Monte Tondo (De Waele et al. 2013) (Fig. 3). Once
base level gets stable at a new (lower) altitudinal position,
another sub-horizontal cave passage is excavated, and the
cyclical above-described speleogenetic process can start all
over again.

Following the previous discussion, we used the U-Th spe-
leothems’ ages as temporal reference to establish the age of
speleogenesis (Fig. 2). Cave formation is assigned to the first
cold period before the warm stage that allowed the deposition
of speleothems (Figs. 2 and 3). Major caves formed during
marine isotopic stage (MIS) 14, 12, 10, 8, 6, 3, 2 and 1, but
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Figure 3. Schematic model of the formation of sub-horizontal cave
levels and fluvial terraces in relation to cyclic climate changes. River
terraces, formed during cold climates, record periods of stability in
the paleo base level longer than 1,000 years (Wegmann and Pazzaglia
2009). Contemporaneously, sub-horizontal cave tunnels are carved at
the same altitude. The oldest generation of speleothems in a certain
cave level were deposited when the newly born cave reached a vadose
status, during periods of relatively warm climates. The first cold pe-
riod before the warm stage indicated by the speleothems is considered
as the minimal age for the formation of the caves.

also during the glacial-like climate pulsations MIS5d and 5b
(Fig. 2). The oldest speleothems in our collection provide a
basal age of >580 ka (Bal) and 468.00 ***/ ,, ka (MM4 flow-
stone). This suggests that caves already existed in the area at
least since MIS15 (i.e. ~600 kyrs ago, testified by Bal age and
the oldest possible MM4 age). Assigning the timing of spe-
leogenesis to the coldest period just before MIS15 (MIS16),
the excavation of the first caves likely occurred at least 630
kyrs ago. It could be argued that speleogenesis might have
occurred even before, but speleothems representing that age
were not sampled/analysed. Furthermore, geological and geo-
morphological considerations make this hypothesis unrealis-
tic. In fact, the top age of the Sabbie Gialle Fm. (the terminal
marine sequence covering the gypsum) is attested at 780-820
ka (= ~800 ka) (Falgueres 2003; Muttoni et al. 2011). Thus,
the area was submerged at least until ~800 ka, a condition
that made the formation of epigenic gypsum caves impossi-
ble. These epigenic caves could only have formed when the
karstifiable aquifer was unconfined, meaning that the major-
ity of sediments overlying the gypsum were removed before
the inception of the first speleogenetic events. Moreover, these
cave systems need a mature hydrological network at the sur-
face able to efficiently convey water into the underground (i.e.
formation of sinkholes, protovalleys, etc.). 200,000 years (i.e.
from ~800 ka to ~630 ka) is considered a sufficient and rea-
sonable timespan to permit the dismantling of most marine
sediments covering the gypsum beds and for the creation of
an efficient hydrological surface drainage network (Columbu
et al. 2017).

With these new data, we sensibly reviewed the age of speleo-
genesis in the Northern Italian gypsum terrains, procuring
solid geochronological and geomorphological evidences. In
parallel, we established an evolutionary speleological model
based on the cyclical dualism between speleothems being
formed during relative wet and warm climate stages and main
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sub-horizontal caves being carved during periods of relative
dry and cold climate stages. This model may also be applied
to other gypsum karst areas having similar geological and
climatic conditions, which would be useful for refining the
timing of other gypsum karst systems.
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Table 1. U-Th radiometric dating results. Mass of samples, *U content, the uranium and thorium isotope activity ratios, and the corrected
ages are provided. Uncertainties are expressed in 20 notation. Ages are calculated using equation 1 of Hellstrom (2006) and the U and Th decay
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