Quaternary Research (2024), 118, 75-87
doi:10.1017/qua.2023.52

Research Article

Exploring a Mallorca cave flooding during the Little Ice Age using
nondestructive techniques on a stalagmite: micro-CT and XRF
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Abstract

This study focuses on characterizing a discontinuity within the Sedn stalagmite (4.75-7.75 cm) by means of two nondestructive techniques:
(1) high-resolution micro-computed tomography (micro-CT) and (2) X-ray fluorescence (XRF) core scanning (XRFCS). Micro-CT was
used to study the stalagmite density, and XRFCS was applied to obtain the qualitative elemental composition and colour measurements.
The new data obtained from nondestructive techniques have been combined with previously published geochemical data and fabric deter-
minations from the same stalagmite found in Sa Balma des Quarté cave in Mallorca. The two methodologies applied in the present study
have improved the characterization of the distinctive horizon. The micro-CT images identified the layer as a minor event due the high air
content. The distinctive horizon is characterized by a high Ti-content, indicating the arrival of terrigenous particles. Based on those obser-
vations, together with the fact that the micrite layer appears filling the gaps between the older columnar fabric, we argue that the micrite
layer may represent a major flooding event inside the cave after the year 1616 + 23 CE and before the year 1623 + 28 CE, which can be
related to an extreme rainfall event. This hypothesis is further supported by the observed cave flooding during the autumn of 2018.
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INTRODUCTION western Mediterranean Basin have caused numerous catastrophic
floods in several countries, with human casualties (Pastor et al.,
2001), like those during autumn 2018 in Mallorca Island
(Grimalt-Gelabert et al., 2020, 2021). Studying past extreme events
can be useful in dealing with the coming challenges as conse-
quences of global warming. Considering the climate sensitivity of
this region, numerous studies based on speleothems have recon-
structed the climate of different periods in the past (Hodge,
2004; Hodge et al, 2008; Dumitru et al, 2018; Torner et al,
2019; Cisneros et al, 2021) as well as past sea levels (Vesica
et al,, 2001; Polyak et al.,, 2018; Dumitru et al., 2019).

During the Little Ice Age (LIA; 1275 to 1850 CE in Cisneros
et al. [2016]), frequent extreme rain events have been described
in previous global studies. For instance, some of these extreme
events in the western Mediterranean region were: an increase in
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The Mediterranean region is considered to be highly vulnerable to
global warming (Giorgi., 2006). It is considered a hot spot in terms
of future climate change scenarios outlined by climate models, with
expected drastic hydrological changes, such as intense precipitation
events and extreme periods of drought (Gibelin and Deque, 2003;
Giorgi, 2006; Ulbrich et al, 2006; Giorgi and Lionello, 2008;
Sheffield and Wood, 2008; Mariotti et al., 2008; Drobinsky et al.,
2020). Although the total annual precipitation in the Balearic
region is decreasing, the contribution of minimum and maximum
daily precipitation (in respect to the average: up to 4 mm and above
64 mm, respectively) to the yearly total is increasing (Homar et al.,
2010). During the last few decades, intense rain events in the

© The Author(s), 2023. Published by Cambridge University Press on behalf of Quaternary Research Center. This is an Open Access article, distributed under the terms of the Creative
Commons Attribution licence (http://creativecommons.org/licenses/by/4.0), which permits unrestricted re- use, distribution and reproduction, provided the original article is properly
cited.

Check for
https://doi.org/10.1017/qua.2023.52 Published online by Cambridge University Press updates


https://orcid.org/0000-0001-7698-6628
https://orcid.org/0000-0002-3131-1085
mailto:mercecisnerosb@gmail.com
https://doi.org/10.1017/qua.2023.52
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/qua.2023.52&domain=pdf
https://doi.org/10.1017/qua.2023.52

76

coincident with frequent North Atlantic Oscillation (NAO)
phases (Ait Brahim et al., 2018; Ramos-Roman et al., 2018); the
most important flood of the last millennium in the Ebro River
basin (Balasch et al, 2019); increased lake levels in southern
Spain (Martin-Puertas et al., 2010); and flood event enhancement
in the Iberian Peninsula (Barriendos and Martin-Vide, 1998;
Benito et al., 2003; Moreno et al., 2008; Barriendos et al., 2019).
The general LIA climate variability has been attributed to repeated
volcanic eruptions in a short time (Crowley, 2000; Robock, 2000;
Bertler et al., 2011; Miller et al., 2012; McGregor et al., 2015), solar
minima (Bard et al., 2000; Mayewski et al., 2006; Ammann et al.,
2007), and changes in the thermohaline circulation (Broecker,
2000, 2001; Lund et al., 2006).

Regarding the techniques used in this study, micro-computed
tomography (micro-CT) and X-ray fluorescence (XRF) core scan-
ning (henceforth XRFCS) allow rapid, continuous, nondestruc-
tive, repetitive, and high-resolution analyses of sedimentary
sequences (Frigola et al., 2015). Consequently, these techniques
are very valuable techniques in earth science research (Mees
et al., 2003). Micro-CT is a 3D imaging and analysis method to
investigate internal structures of a large variety of objects, includ-
ing geomaterials (Cnudde and Boone, 2013). XRFCS allows anal-
ysis of the qualitative elemental composition for elements between
aluminjum and uranium with resolutions up to 100 um (Jansen
et al,, 1998; Rothwell and Rack, 2006). This technique is widely
applied in geosciences studies to better characterize the sources
of and processes responsible for the final deposits (Moreno
et al., 2004; Morellén et al., 2011; Nieto-Moreno et al., 2011;
Rodrigo-Gamiz et al., 2011; Frigola et al., 2015; Cisneros et al.,
2016; Torner et al.,, 2019; Cerda-Domeénech et al., 2020).

In reference to the application of both techniques to
speleothems, the number of studies is scarce but growing, particu-
larly in recent years. Since the pioneering work of Mickler et al.
(2004), which explored the potential of micro-CT to determine
the growth axis, this technique has been applied in speleothems
with diverse objectives: studying 3D textures of speleothems, like
those that develop inside historic walls (Martinez-Martinez et al.,
2010); exploring the potential of the stalagmite for fluid-inclusion
analyses (Zisu et al., 2012); obtaining paleoclimate proxies in unsec-
tioned stalagmites (Walczak et al., 2015); characterizing petrological
features (Vanghi et al,, 2015); and explaining U-Th outliers (Bajo
et al,, 2016). The XRFCS technique has been applied in speleothems
for reconstructing variations in atmospheric sulphate (Frisia et al.,
2005), paleoclimate and paleoenvironmental changes (Dandurand
et al, 2011; Martinez-Pillado et al, 2020), volcanic eruptions
(Badertscher et al, 2014), and paleoflood events in caves (Finné
et al,, 2015; Denniston and Luetscher, 2017) and as a tool for spe-
leothem trace element analysis (Vansteenberge et al., 2020).

Speleothems have also been used as proxies for extreme rainfall
or other hydrologic drivers of cave flooding (Gazquez et al., 2014;
Gonzalez-Lemos et al., 2015; Denniston and Luetscher, 2017). For
instance, elevated Ti data (obtained by XRFCS) compared with
the calcite matrix in speleothems have been used to identify pale-
ofloods events in southern Greece (Finné et al., 2015). In addition,
previous studies have traced cave floods in the form of detrital lay-
ers recorded in stalagmites (Borsato et al., 2003; Dorale et al.,
2005; Dasgupta et al., 2010).

In the present study, the micro-CT and XRFCS techniques are
coupled to explore a discontinuity in the studied speleothem
(Séan stalagmite, Sa Balma des Quarté cave, Mallorca). After
combining the results with geochemical data and fabric observa-
tions of the stalagmite previously published in Cisneros et al.
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(2021), we present here the first description of a cave flooding
event based on a speleothem from the central-western
Mediterranean region.

CAVE AND CLIMATIC SETTINGS

The Sean stalagmite was recovered from Sa Balma des Quarté cave,
located in the southeastern part of Mallorca in the Balearic Islands
(see Fig. la and b).The cavity is formed in upper Miocene reef
limestone (Ginés et al., 2014) and is located near a cliff that reaches
a maximum height of 20 m, running parallel to the coast. The
Miocene calcarenites are rich in marine microfossils. The length
of the cave is 70 m and consists basically of a wide chamber formed
by collapse (Fig. 1c and d), characterized by a rich decoration of
speleothems (Bermejo et al.,, 2014). The bottom of the chamber
is 12.5 m from the surface and 10.5 m above sea level. The access
to the cave consists of a small vertical hole in the outside rock shel-
ter. According to the monitoring results (Cisneros et al., 2021), the
cave annual ventilation begins to be enhanced by the end of
autumn. During winter and spring is when the cave is more venti-
lated. At present, the surrounding area consists of a forest formed
by Mediterranean vegetation (species like Quercus ilex, Pistacia len-
tiscus, or genus Juniperus; Bolds, 1996), which is rather undisturbed
by human activities.

Sa Balma des Quarté cave is dominated by seepage flow
(Cisneros et al., 2021). Despite that, evidence of episodic water
flows has been observed in one side of the cave after the extreme
rain event that occurred during autumn 2018 in Mallorca Island
(Grimalt-Gelabert et al., 2021, 2020; Fig. 2).

Climate in Balearic Islands corresponds to a typical
Mediterranean pattern, being characterized by mild, wet winters
and warm to hot, dry summers (Lionello et al., 2006). The max-
imum rainfall occurs during the autumn and decreases during the
winter and spring, with a very dry summer season. In Mallorca
Island, present-day rainfall is characterized by high irregularity,
with alternation of dry and wet years, and is affected by intense
precipitation events related to cyclogenic Mediterranean condi-
tions and the geographic trends of the island (the precipitation
in the northern mountains is usually higher than in the southern
zones; Grimalt-Gelabert et al., 2020). Heavy rainstorms, which
can occasionally produce 400 mm of rain in 24 hours, are typical
and affect mainly the mountainous area in the northwestern part
of the island, as well as on the east coast (Grimalt and Rossello,
2018), where the studied cave is located (Fig. 1b).

The rainfall distribution on the western Mediterranean region
has been associated with atmospheric circulation patterns as the
NAO. Positive NAO modes cause stronger winter storms crossing
the Atlantic on a more northerly track, reducing the transport of
humidity over the Mediterranean and enhancing the evapora-
tion—precipitation balance (Tsimplis and Josey, 2001; Lionello
and Sanna, 2005).

MATERIAL AND METHODS

This study aims to characterize a discontinuity in the Sean stalag-
mite by means of two nondestructive techniques: (1) high-
resolution micro-CT and (2) XRFCS. Micro-CT was applied in
a section of the Sedn stalagmite (4.75-7.75 cm) where the discon-
tinuity was observed and where a thin section had been previously
performed. XRFCS was used in the same section to obtain the
qualitative elemental composition and colour measurements by
means of a high-resolution colour line-scan camera.
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Figure 1. Studied area. (a) Map of the western Mediterranean showing Balearic Islands, where Mallorca is located. (b) Distribution of the superficial hydrology of
Mallorca Island; streams are indicated in blue and watersheds in red (adapted from Grimalt-Gelabert et al., 2020). Location of Sa Balma des Quarté cave is indi-
cated as well as the municipalities most affected by the severe flood that occurred on October 9, 2018 (Grimalt-Gelabert et al., 2021). (c) Topography of Sa Balma
des Quarté cave (Bermejo et al., 2014). Position of the vertical profile in part d is also indicated. Blue circles correspond to the location of the speleothems recov-
ered in situ. (d) Vertical profile (“G-g” section in Bermejo et al., 2014). Filled circles in c and d represent sites where evidence of cave flooding was observed after the

extreme rain event of October 2018.

The data derived from the nondestructive techniques, which
are presented for the first time in this study, are combined with
geochemical data (8'°0, 8'°C, trace element ratios, and U/Th
dates) and fabric observations performed on the Sedn stalagmite
and published in Cisneros et al. (2021). A second stalagmite
from the same cave, named Multieix (Cisneros et al., 2021), is
taken into account at some points of the discussion, as it overlaps
with the Sean stalagmite.

Sedn stalagmite and previous data

The Sean stalagmite was found broken in the lower part of Sa
Balma des Quart6 cave (Fig. 1). Before analysis, the stalagmite
was cut into two halves, and the fabric and the discontinuities
along the axial length were determined using optical microscopy
of thin sections (Cisneros et al., 2021).

The internal microstratigraphy of the Sedn stalagmite (approx.
12 x5 cm) was characterized following the methodology and the
nomenclature proposed by Martin-Chivelet et al. (2017). Sean
has a regular and flat external surface and a cylindrical shape
and presents a white and translucent surface along the growth
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axis (Fig. 3). It has been divided in two unconformity-bounded
units (UBUs): UBU2 from the base to 6.00 cm and UBU1 from
6.00 cm to the top. In a general way, the morphostratigraphic
units could be described as flat-topped with well-defined and sub-
horizontal growth layers, and aggradational stacking pattern sets
(Mufoz-Garcia et al., 2016) are generalized along this stalagmite.
Most of the speleothem is characterized by columnar calcite fab-
rics and a remarkable and uniform lamination (<1 mm) along the
growth axis. For a more detailed characterization of the entire sta-
lagmite, refer to the supplementary material in Cisneros et al.
(2021).

The age of the Sedn stalagmite is based on U-Th dating of
nine samples, published in Cisneros et al. (2021; Table 1) and per-
formed according to the procedures of Edwards et al. (1987). Ages
were obtained with a Neptune Thermo Finnigan Multi-Collector
ICP-MS at the University of Minnesota (USA). Ages are corrected
taking into account an initial >**Th/***Th atomic ratio of (4.4 +
2.2) x 107° (Cheng et al., 2013).

The age model was produced using the R statistics package
Bchron (Parnell et al., 2008). It was performed in two sections
to minimize uncertainties: from the bottom to the unconformity
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Figure 2. Pictures of evidence of flood into Sa Balma des Quart6 cave in November 2018: (a and b) in the upper part of the cave, gours containing water (blue

lines); (c) in the lower part of the cave, marks of water flows (purple lines).

at 6.00 cm and from there to the top. One U-Th age was excluded
to minimize the outlier probability in the adjacent dates (Cisneros
et al,, 2021).

The lower and upper boundaries of the age uncertainties,
according to all the age models obtained by Bchron, have statisti-
cally the same significance (95%). The results show that Sean grew
quite continuously between 1421 CE and 1880 CE with a mean
growth rate of 0.4 mm/yr (from 0.1 to 0.9 mm/yr).

UBUL1 and UBU2 are separated by a brown millimetric layer
ca. 6.00 cm that seems to correspond to a detrital or allogenic
horizon. At 6.00 cm from the top, this millimetric brown layer
shows micrite fabric, and above this layer, some isolated mosaic
fabrics have been also observed. Around 6.00 cm, skeletal compo-
nents have been also distinguished, which could correspond to a
gastropod of 1400 um length. (Fig. 4). Although the brown layer
follows the general lamination pattern, its thickness varies

GROWTH
FABRICS AGE MODEL RATES
. 0 01
S SEAN i
4 4
S To— -
]
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;E — T T T T T T 12 +——17rrm
S 800 1200 1600 2000 0 0.5 1
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Figure 3. Synthetized description of the Sedn stalagmite (from Cisneros et al., 2021). The brown dashed line indicates the layer/unconformity ca. 6.00 cm. Shown in
relation to the fabric pictures are those around 6.00 cm (from top to bottom): top, isolated mosaic fabrics (Mo) above the micrite layer (m), columnar fabric below
(C), cross-polarized light; bottom, columnar (C), mosaic (Mo), and micrite (m) fabrics, plane-polarized light. U-Th age model performed on Bchron. Red plots are the
final age models. Black diamonds represent the U-Th ages (2 error). Grey dashed lines correspond to the total range of ages covered by all the age models
obtained with Bchron, which have statistically the same significance (95&per; confidence interval).
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Table 1. Summary of the results of U-Th analyses used in the age model of the
Seén stalagmite (20 error) and published in Cisneros et al. (2021).

Year

Sample distance from the top (cm) of Seén

stalagmite (corrected)?

0.6 1852.9 + 18.8
1.4 1837.9 + 53.9
3.2 1697.9 + 11.8
5.4 1660.6 + 15.1
6.6 1602.4 + 1.7
8.4 1459.1 + 135
9 1486.0 + 6.6
10 924.7 + 29.0
11 1493.0 + 23.6

®Age in italics is not included in the age model. All years are CE.

between 1.3 and 2.5 mm. The thickness of the detrital horizon is
0.25 mm (located between 6.25 and 6.00 cm). According to the
age model (Cisneros et al, 2021), the distinctive horizon was
accumulated after 1616 + 23 CE (6.25 cm) and before 1623 +
28 CE (6.00 cm). Because the growth rates around the micrite
layer were similar to the average growth rates obtained from the
UBU?2 part, the previous study concluded that no significant ero-
sion took place (Cisneros et al., 2021; Fig. 3).

Stable isotopes and trace element samples were manually
microdrilled at 1 mm intervals along the growth axis. Although
8'%0 data in the centimetres around the brown layer are similar
to the mean values of the entire stalagmite record (from 4.7 to
—4.9 %o), 8'%0 values right along the detrital horizon tend to
be more depleted (Cisneros et al., 2021). 3'3C values just before
the beginning of the layer are enriched considering the rest of
the record (6.25 cm, —6.50 %o), and values tend to be more
depleted along the layer (—8.2 %o). In reference to trace elements
(Mg/Ca, Sr/Ca, and Ba/Ca), the values of the ratios present fluc-
tuations during the detrital horizon, and the general trend is to
decrease (from 7.33 to 5.47, from 0.13 to 0.083, from 0.009 to
0.006, respectively.

Figure 4. Fabric picture of the Seén stalagmite thin section ca. 6.00 cm. Columnar
(C), mosaic (Mo), and micrite (m) fabrics, plane-polarized light. The arrow indicates
the gastropod test.
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To gain a better understanding of the event that affected the
cave and caused the brown layer in Sean, a second stalagmite
from the same cave has been included in the “Discussion.” This
stalagmite, named Multieix, was found ~5m distant from
where the Sean stalagmite was lying (Fig. 1¢). The particular mor-
phology and length of this stalagmite, which presents three differ-
ent growth axes, has been also observed in remaining active
stalagmites in a specific site within the cave, just where it was
found. This suggests that it was recovered near its growth position,
although its base was not identified. Considering all of this,
Multieix’s growth position is located approximately 2 m higher
than the Sedn site. The Multieix stalagmite is 30.5 cm in length
and grew from the year 302 BCE to 1844 CE. Only its top 5 cm
grew up simultaneously with Sean (during the 1503-1844 CE
period). No new data for the Multieix stalagmite are presented
in this study; more detailed information can be found in
Cisneros et al. (2021).

Micro-CT scanning

The density of the stalagmite has been studied in Sedn ca. 6.00 cm
(~4.75-7.75 cm) using micro-CT scanning with a Multitom
CORE X-ray CT system in the CORELAB, University of
Barcelona. The scanner was operated at a tube voltage of
140kV and an intensity of 33 W. The exposure time was
800 ms, the voxel size was 33 pm, and the number of projections
was 1500. Reconstructed images of the relative density values were
exported as 16-bit images using the AVIZO (FEI) software. This
technique allows obtaining slices with voxel resolution ranging
from 5 to 300 pm (Frigola et al., 2015). The micro-CT scanning
results are expressed in this study as 2D images in a colour
map scale denoting relative density values.

XRFCS

The qualitative elemental composition of the Sean stalagmite was
studied between ~4.75 and 7.75 cm from the top, corresponding
to the same segment used for micro-CT analyses, with an
Avaatech XRF core-scanner system (CORELAB, University of
Barcelona). The scanning resolution was 200 pm, and the mea-
sured window was adjusted to 8 mm to align with the laminae
of the stalagmite. Analyses were focused on the left part of the
growing axis. Elements with atomic weights between aluminium
and iron were analysed at 10 kV, 1.95 mA, and a 60 s exposure
time, while elements with atomic weights between iron and lead
were analysed at 30 kV, 1.95 mA, and a 90 s exposure time.

The colour measurements were conducted along the left side
of the growth axis of the entire Sedn stalagmite. A high-resolution
(70 micron pixels) visible image of the Sean stalagmite was
obtained with a colour line-scan camera mounted in the
Avaatech XRFCS System. The acquisition software provides
images in several formats and also numerical colour values in
RGB and CIE-Lab coordinates at the same high resolution.
Visible pictures do not require any additional treatment, as is
shown in Figure 3. The L*a*b* values (colour coordinates) are
at the scale of uniform colour defined by the Commission
Internationale de ’Eclairage (CIE; Muiioz et al.,, 2015). L* corre-
sponds to lightness and ranged in value from 0 (black) to 100
(white). The proxies a* and b* represent variations between red-
green and yellow-blue, respectively, ranging in values between
—120 and 120 (Westland, 2012). Colour coordinates enable recog-
nition of changes in the carbonate content, as well as the presence
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Figure 5. Micro-computed tomography (micro-CT) and X-ray fluorescence (XRF) core scanning (XRFCS) results (this study) from the boundary of the two
unconformity-bounded units (UBUs) in Sean (4.75-7.75 cm). Left, Colour map from micro-CT between (HU, Hounsfield units); horizontal grey bar indicates the detri-
tal layer (from 6.00 cm to 6.25 cm). Right panel (from left to right), Coordinates of colour CIE L (Lightness)*a*b*; S, Ti, Ca, and Mn elements (expressed as peak
area). XRFCS measurements were carried out on the left part of the growth axis of the stalagmite. Vertical and discontinuous black line (above the left image)

indicates the line of measurements.

of iron and clays (Mix et al., 1992; Nederbragt and Thurow, 2004;
Rogerson et al., 2006; Debret et al., 2011).

RESULTS
Micro-CT scanning

Micro-CT scanning provides a density colour map that reveals
certain differences in the analysed section at around 6.00 cm of
the Sean stalagmite (Fig. 5, left panel). Along the growth axis, a
continuous lamination has been observed, consisting of dense
laminae (25,081-15,673.5 Hounsfield units [HU]) alternating
with more porous laminae (15,673.5-6266 HU).

Colour-map densities < 6266 HU correspond to air measure-
ments, and the 15,673.5 HU value to dispersions of the X-ray
beam due to the edge effect. The brown lamina at ca. 6.00 cm pre-
sents high air content (~6266 HU), and below this lamina, certain
lineal structures are observed, which are not present in UBUIL.
The 2D images point out a high air content in the brown layer
across the entire stalagmite and not only in the surface of the
split stalagmite. Thus, in agreement with Vanghi et al. (2015),
micro-CT has improved the characterization of the speleothem,
providing information about spatial distribution of porosity and
stratigraphic architecture.

XRFCS results

Colour measurements and qualitative elemental composition results
obtained for the boundary between the two UBUs of Sean at ca.
6.00 cm are shown in Figure 5. Colour measurements (L*a*b* val-
ues for colour coordinates) obtained from the high-resolution pic-
tures define an abrupt change in the boundary between both
UBUs of Sedn (ca. 6.00 cm). Parameters b* (yellow-blue) and L*
(lightness) indicate more differences in the boundary than parame-
ter a* (red-green). The three parameters increase their values along
the brown layer starting at 6.25 cm until 5.90 cm.

Regarding XRFCS results, where S, Ti, Mn, and Ca profiles are
expressed as peak areas (Fig. 5), the examined section displays
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significant oscillations in the analysed elements. All of these ele-
ments exhibit a certain enhancement beginning around 6.50 cm.
S values decrease around 6.75 cm and increase around 6.00 cm.
The S record shows several oscillations but without any significant
change associated with the UBU limit. Ti shows an abrupt
enhancement from 6.20 cm until 6.00 cm (~1617 + 25 CE to
1623 + 28 CE), reaching the maximum values at 6.00 cm. In
the Mn profile, a remarkably rapid increase occurs at ca.
4.70 cm (1671 + 13 CE), and the lowest values were obtained at
5.60 cm (1642 + 26 CE). This element also shows a relative
enhancement at ca. 6.00 cm. With regard to Ca, maxima values
occurred at 6.80 cm (1585 + 16 CE), and around 6.00 cm, this ele-
ment shows a relatively less abrupt increase than the other ele-
ments presented here. At the beginning of the brown layer
(6.25 cm), Ca values are low (~480,000 peak area) and tend to
decrease and, later, to be enhanced until 6.00 cm (~554,000
peak area).

DISCUSSION

Interpretation of the allogenic or detrital horizon: sediment
sources and causes

The micrite layer at ca. 6.00 cm marks the limit between the two
described UBUs of the Sean stalagmite (Fig. 5). This layer is asso-
ciated with a significant Ti peak and is also accompanied by
abrupt changes in the colour parameters, according to the results
obtained by the XRFCS (Fig. 5). The brown layer follows the
general lamination according to micro-CT scanning results; no
important signs of erosion or hiatuses in the deposition have
been detected; and thus, Sean apparently grew quite continuously.
Although a microhiatus cannot be absolutely disregarded, this
unconformity consists of a minor event that does not seem to
be responding to longer-term variations in drip rates or drastic
changes in the growth rates.

In the study by Finné et al. (2015) in southern Greece, elevated
Ti (obtained by XRFCS) compared with the calcite matrix has
been used to identify paleoflood events. In the Sedn stalagmite,
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the presence of high Ti values and also of a micrite layer suggests
the enhanced arrival of terrigenous particles, corresponding to an
allogenic or detrital horizon.

In this study, among the potential sources of this distinctive
layer, the influence of a large volcanic eruption was initially con-
sidered, because such events have frequently been attributed to
the dominant cold temperatures of the LIA (Crowley, 2000;
Robock, 2000; Bertler et al., 2011; Miller et al., 2012; McGregor
et al, 2015). Nevertheless, this layer is not related to any
sulphur (S) peak or 8'°C enrichment in the Sein stalagmite
(Fig. 6d and f), both of which are typically detected in records
associated with volcanic eruptions at other locations (Frisia
et al,, 2008; Badertscher et al., 2014). In addition, according to
the global and Northern Hemisphere volcanic eruptions recorded
by Gao et al. (2008) and Crowley and Unterman (2012) for the
last centuries, the period coincident with this distinctive layer of
the Sean stalagmite is not characterized by the most severe
eruptions recorded (Fig. 61).

One mechanism capable of transporting the material of the
distinctive layer to our cave, which is interpreted according to
the significant Ti peak obtained by means of the XRFCS in the
brown layer (Fig. 6g), is the supply of dust aerosols. Numerous
studies have demonstrated the influence of Saharan dust in our
study area (Goudie and Middleton, 2001; Moreno et al.,, 2002)
and its contribution to the red Mediterranean soils (Mubhs et al.,
2010). In addition, Saharan dust has been detected in cave soil
sediments in Mallorca (Fornds et al, 2009) and in stalagmites
from the eastern Mediterranean through Sr and U isotopes
(Frumkin and Stein, 2004). Saharan dust is mostly supplied by
wet deposition (“muddy rain”), when the air mass becomes
fresh after being in contact with the sea, while dry deposition
only takes place occasionally (Fiol et al., 2005).

The period during which the distinctive horizon was accumu-
lated according to the age model (1616 + 23 CE to 1623 + 28
CE) is coincident with a drop in sea-surface temperature (SST) con-
sidering the available multidecadal timescale reconstruction derived
from marine sediments recovered in the study area (Cisneros et al,
2016; Fig. 6). The years of the distinctive horizon have been char-
acterized by positive and negative NAO phases (Fig. 6k), according
to the multiannual reconstruction of Faust et al. (2016). If the §'30
record is interpreted as hydroclimate variability (Cisneros et al,
2021), the values obtained for the period corresponding to the
brown layer, which are similar to the mean values of the entire sta-
lagmite record, do not indicate years that were especially wet or dry
or that experienced extreme rain or drought events (Fig. 6e). Hence,
it is not feasible to determine whether this episode corresponds to a
deposition of dry or wet dust.

In agreement with previous studies, the distinctive layer and
the Ti peak detected in the Sean stalagmite could be interpreted
as a cave flood tracer (Borsato et al., 2003; Dorale et al., 2005;
Dasgupta et al,, 2010; Finné et al.,, 2015) and/or as a proxy for
extreme rainfall or other hydrologic drivers of cave flooding
(Gazquez et al., 2014; Denniston and Luetscher, 2017).

Although Sa Balma des Quartd cave is dominated by seepage
flow (Cisneros et al., 2021) and has been described as a very
dry cave in the present day, evidence of episodic water flows
has been observed in one side of the cave during October 2018
after an extreme rain event that may have led to the inundation
of the base of the cave (Figs. 1d and 2). An inundation like that
one occurring in the past could easily have covered the 6.00 cm
of Sean studied here, which would be the length of the stalagmite
at the moment of the flooding (Fig. 7). The hypothesis of the cave
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flooding agrees with the fact that the micrite layer fills the gaps
between the older columnar fabric (Fig. 4).

When considering the distinctive layer of the Sedn stalagmite
as an allogenic or detrital horizon, distinction between an abso-
lute external source of the sediment (allogenic material) or abso-
lute in situ fine sediments mobilized by water (detrital material)
cannot be established. However, the presence of the gastropod
in the distinctive layer of the stalagmite (Fig. 4) likely points to
the mobilisation by water of the in situ sediments. The Miocene
calcarenites of the karst system are rich in these marine microfos-
sils, which could arrive in suspension to the stalagmite and be
fixed by the next calcite growth. The arrival of the gastropod to
the surface of the stalagmite via drip water or by falling down
from the limestone of the cave ceiling cannot be excluded.

Present and past cave floodings and extreme rain events

On October 9, 2018, an extreme rain event occurred in Mallorca,
resulting in a severe flood due to the high intensity and amount of
precipitation. The flood took place on the eastern coastline of the
island, affecting the municipalities of Sant Lloren¢ des Cardassar,
Arta, and to a lesser extent, Capdepera and Manacor, and was the
most severe flood occurring in Sant Lloreng in the last 80 yr
(Grimalt-Gelabert et al.,, 2021; Fig. 1b). The amount of rainfall
in Sant Lloreng during October 9, 2018, was 257 mm, and the
effects were severe: nine lives were lost, several bridges and infra-
structures collapsed, and numerous vehicles were dragged
(Grimalt-Gelabert et al., 2020, 2021). Several weeks later, on 16
November, we visited Sa Balma des Quarté cave and found
clear evidence of cave flooding as a consequence of the extreme
event. The group of gours in the upper part of the cave were
full of water for the first time in the 5 yr of monitoring (Fig. 2),
and water flow tracks were observed in the cave sediments of
the lower part of the cave (Figs. 1d and 2). Typically, Sa Balma
des Quart6 cave has been described as a very dry cave in the pre-
sent day, and the gours of the upper part of the cave have been
described as being empty of water (Bermejo et al, 2014).
Regarding the floor of the lower part of the cave, it is covered
by sediments and acts like a sediment sink (Bermejo et al.,
2014); observation of flow tracks in the sediments have not
been frequent during the last years.

These observations inside the cave indicate a response associ-
ated with extreme rainfall events and reinforce the hypothesis that
the micrite layer of the Sean stalagmite can be interpreted as a
result of past cave flooding, which occurred after 1616 + 23 CE
(6.25 cm) and before 1623 + 28 CE (6.00 cm). The cave was pos-
sibly flooded by an extreme rain event, with enough water to cover
the 6.00 cm length of the Sean stalagmite. The water could flow
over the detrital sediments deposited earlier in the cave, supplying
these sediments to the stalagmite surface (Fig. 7). Nevertheless, it
cannot be discarded that the water inflow could introduce sedi-
ments from the external surface into the cave. It should be
noted that the length of the Sean stalagmite regarding the current
position of the cave floor could possibly be different from today
due to the sediments supplied by the inflow water.

The calcite growth previous to the micrite layer shows colum-
nar fabrics and micro-CT scanning results that point out signifi-
cant high relative density values (>15,673.5 HU), as was expected
to find associated with this kind of fabric (Vanghi et al., 2015;
Fig. 5). Columnar fabrics have usually been related to constant
drip rates (Frisia, 2015) that in some way could be associated
with rather constant climatic conditions. These conditions could
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Figure 6. Results presented in this study from the Sean stalagmite compared with previously published data for the Sean and Multieix stalagmites, North Atlantic
Oscillation (NAO) reconstruction and volcanism activity. (a-e) Ba/Ca, Sr/Ca, Mg/Ca, §'3C, and §*®0 records for the Sean stalagmite. §'3C, 880 records from Multieix
are also shown in lighter colours (Cisneros et al., 2021). (f and g) S and Ti from X-ray fluorescence (XRF) core scanning (XRFCS) analyses (this study). (h and i)
Growth rates and U/Th ages (diamonds) of Sean and Multieix stalagmites (Cisneros et al., 2021). (j) Mg/Ca sea-surface temperature (SST) from north Minorca
(Cisneros et al., 2016). (k) NAO reconstruction (Faust et al., 2016). (1) Northern and global volcanism (Gao et al., 2008; Crowley and Unterman, 2012). Both subpe-
riods of Little Ice Age (LIAa and LIAb) and the Industrial Era (IE) are also indicated. Brown vertical band indicates discontinuity and brown layer observed in Sean
(~6.00 cm), which corresponds to the limit between both unconformity-bounded units (UBUs) in the Sean stalagmite.
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Figure 7. Hypothetical reconstruction of the cave flooding during the seventeenth
century. Topography corresponds to the vertical profile of Sa Balma des Quarté
cave (“G-g” section in Bermejo et al., 2014) also shown in Fig. 1d. Blue circles corre-
spond to the locations where the speleothems were found, which are separated by a
distance of ~5 m. Sean’s growth position is located approximately 2 m lower than
the Multieix site. The hypothetical flood level, which is represented in qualitative
terms, would have covered the 6.00 cm length of the Sean stalagmite in that
moment. The evidence of cave flooding observed after the extreme rain event of
October 2018 (gours with water in the upper part and water flow marks in the
lower part) is also indicated.

be interpreted to be predominant during a few years before 1615
+ 23 CE.

The micrite layer presents a high air content according to the
micro-CT data and a significant abrupt Ti increase, as well as a
slight enhancement of Mn and Ca, according to the XRFCS
data. In this micrite layer, 5'®0 values tend to be more depleted
and the values of the trace element ratios tend to decrease
(Fig. 6a-e). The more depleted 880 values could indicate a
reduction of the evaporation due the contact of the stalagmite sur-
face with the water flow as a consequence of the cave flood.
Regarding the decreasing trend of Mg/Ca ratio (Fig. 6¢), the rel-
ative enhancement of Ca detected by XRFCS analyses along the
detrital horizon should be noted (until 6.00 cm; 1623 + 28 CE;
Fig. 5). Despite this relative Ca enhancement along the detrital
horizon, Ca values tend to decrease at the beginning of the
brown layer. Previous studies have recorded reduced Ca peak
areas in clay horizons (Finné et al., 2015).

Concerning the contact time between the “muddy” water and
the stalagmite surface, we can only assert that the posterior calcite
growth, according to the age model, had already precipitated ca.
1623 + 28 CE (~6 yr later). It should be noted that: (1) the two
U/Th age uncertainties obtained close to the detrital horizon at
ca. 6.00cm (5.4 cm, 1660 + 15 CE; and 6.6.00 cm, 1602 + 8
CE) are really low, and (2) growth rates around the micrite
layer are similar to the mean obtained in the UBU2 of the Sean
stalagmite (Cisneros et al., 2021; Fig. 6h and i). The time during
which no layers of clean calcite (without detrital material) precip-
itated could indicate that the water inflow volume supplied by the
rainfall was severe (Fig. 7). It should be noted that after the
extreme rain event of October 2018, only a few centimetres of
water were found in the gours of the upper part of the cave
weeks later (Fig. 2a and b). Thus, the extreme rain that occurred
in 2018 was possibly less severe than the past event of the seven-
teenth century, as it covered the 6.00 cm length of the Sean stalag-
mite (Fig. 7).

Mosaic fabrics have been observed after the micrite layer of the
Sean stalagmite (Cisneros et al., 2021). This kind of fabric has
been reported as a product of dissolution of columnar calcite
and re-precipitation of mosaic calcite driven by an influx of
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undersaturated waters causing dissolution of a preexisting fabric
(Frisia, 2015). The presence of isolated crystals in mosaic after
the micrite layer could possibly be associated with new contacts
(occasional and/or intermittent) between the muddy water and
the stalagmite surface. We consider the occurrence of the contacts
as occasional and/or intermittent, because no important hiatus
was detected in the record. Moreover, based on the minor event
indicated by micro-CT images and fabric observations, the
unconformity of the Sedn stalagmite does not appear to align
with significant shifts in growth rates or prolonged fluctuations
in drip rates.

After the cave flooding of 2018 and those that occurred during
the seventeenth century, it is likely that the stagnant water grad-
ually dissipated through infiltration into deeper levels within the
karst. It should be noted that the coeval stalagmite, Multieix,
does not present any evidence of allogenic or detrital sediments
around these years. This stalagmite should have a length in that
moment of ~25cm and presents a very low growth rate
(Fig. 6h). Multieix’s growth position is located approximately
5 m away from the Sedn site but also ~2 m higher (Figs. 1c and
7). According to that, the probability that the water covered this
stalagmite is much less than in the case of Sedn. After the extreme
rain event of 2018, no accumulated water or gours containing
water were observed in the Multieix site.

The east of Mallorca, where Sa Balma de Quartd cave is
located, shows the ideal conditions for episodes of heavy rain,
in particular in situations of eastern cyclonic advection or
Mediterranean depressions, as on the eastern coastline of the
Iberian Peninsula (Grimalt-Gelabert et al., 2021). Previous studies
based on historical documents have pointed out floods around
Mallorca Island during the seventeenth century, particularly dur-
ing the autumn of the years 1618, 1620, 1635, 1655, and 1683
(Campaner y Fuertes, 1881).

It should be noted that the most extreme rain event docu-
mented in the last 1000 yr occurred during November 1617
(Pino et al., 2018), when catastrophic floods have been described
in more than 124 municipalities from the Mediterranean coast in
the Iberian Peninsula, between Alacant and Perpignan. These
floods caused general overflows and severe damage throughout
the region, including the complete destruction of more than
445 infrastructures (Thorndycraft et al., 2006; Pino et al., 2018).
In addition, the overflows of the Llobregat and Ter Rivers in
Catalonia exceeded the magnitude of the events recorded for
the last 3000 yr (Thorndycraft et al., 2006).

The fact that no more distinctive horizons have been detected
during this period suggests the possibility of a very severe event
recorded within the Sedn stalagmite. While it is feasible to con-
duct more comprehensive research into the timing of the event,
the intensity of the recorded event after 1616 + 23 CE and before
1623 + 28 CE likely aligns with the extreme rain event that took
place in November 1617.

The micro-CT and XRFCS methodologies applied in this study
have allowed a better characterization of the flood layer and its
surroundings in the stalagmite and a better comprehension of
the past flood event. The high relative density values (>15,673.5
HU) obtained by the micro-CT scanning in the calcite growth
previous to the micrite layer (columnar fabrics) suggest that rather
constant climatic conditions were predominant during a few years
before 1615 + 23 CE. Micro-CT results also indicated no impor-
tant signs of erosion or hiatuses in the deposition of the Sedn sta-
lagmite, which apparently indicates continuous growth. In
addition, the information provided by the 2D images and the
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high air content (~6266 HU) obtained in the distinctive horizon
pointed out that the event, which caused the lamina, affected
entire width of the stalagmite and not only the surface of the
split stalagmite. According to the XRFCS data, there was an
abrupt enhancement of Ti between ~1617 + 25 CE and 1623 +
28 CE (from 6.20 cm until 6.00 cm), confirming the enhanced
arrival of terrigenous particles corresponding to the distinctive
horizon.

CONCLUSIONS AND FUTURE PERSPECTIVES

In this study, we present new data of the characterization of a dis-
continuity in the Sedn stalagmite using two nondestructive tech-
niques: (1) high-resolution micro-CT and (2) XRFCS. Both
techniques were applied to the 4.75-7.75 cm segment of the sta-
lagmite. Micro-CT was used to study stalagmite density, while
XRFCS was applied to obtain qualitative elemental composition
and colour measurements by means of high-resolution colour
line-scan camera. The results from these nondestructive tech-
niques are combined with previous geochemical data (5'°0,
8'3C, trace element ratios, and U/Th dates) and fabric observa-
tions published in Cisneros et al. (2021), which were performed
in the same stalagmite from Sa Balma des Quartd cave in
Mallorca.

The discontinuity in the Sedn stalagmite was characterized in a
previous study by Cisneros et al. (2021) as a millimetric brown
layer with micrite fabric. Other observations included isolated
mosaic fabrics above this layer, the presence of a gastropod, the
layer filling gaps between older columnar fabric, and no signifi-
cant difference in growth rates. The distinctive horizon was accu-
mulated after 1616 + 23 CE (6.25 cm) and before 1623 + 28 CE
(6.00 cm) and could correspond to an allogenic horizon.

The two methodologies applied in the present study have
improved the characterization of the distinctive horizon. Mainly,
they have provided information about spatial distribution of
porosity and stratigraphic architecture (micro-CT) and qualitative
composition of the layer (XRFCS), allowing a better understand-
ing of its sediment sources and causes.

On the one hand, by means of the micro-CT scanning, the
high relative density values (>15,673.5 HU) obtained below the
micrite layer (columnar fabrics) suggest that rather constant cli-
matic conditions were predominant during a few years before
1615 + 23 CE. This technique also indicated no important signs
of erosion or hiatuses in the deposition of the Sean stalagmite,
which indicates that it grew continuously. In addition, the infor-
mation provided by the 2D images and the high air content
(~6266 HU) obtained in the distinctive horizon indicated that
the event that caused the lamina affected the entire width of the
stalagmite and not only the surface of the split stalagmite.. This
information, together with the fact that micrite is filling the
older columnar fabrics, suggests a cave flood event as a cause of
the distinctive horizon. On the other hand, according to the
XRFCS data, an abrupt enhancement of Ti occurred between
~1617 + 25 CE and 1623 + 28 CE (from 6.20 cm until
6.00 cm), which confirms the enhanced arrival of terrigenous par-
ticles, corresponding to the distinctive horizon. The terrigenous
particles could correspond to an absolute external source of the
sediment (allogenic material) or absolute in situ fine sediments
mobilized by water (detrital material).

Although cave floodings in other regions have been identified
by previous studies using detrital layers, this is the first time that
such an event has been documented by an individual flood layer
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in the studied area and period, representing an opportunity to use
speleothems to describe past extreme events in the Mallorcan cli-
mate. The hypothesis of the cave flooding during the seventeenth
century is reinforced by the observations in the cave response to
the 2018 extreme rainfall that occurred in Mallorca.

A second stalagmite from the same cave, named Multieix,
which overlaps with the Sedn stalagmite (Cisneros et al., 2021),
has been used to better understand the cave flooding in the
past. The absence of any allogenic/detrital horizon in this stalag-
mite during the seventeenth century suggests that no sediment
transported by water reached its location (which was 2 m higher
than Sean and had a length of 25 cm at that time). Therefore, the
flood did not extend to this elevated section of the cave.

Studies based on historical documents have pointed out floods
around Mallorca Island during the seventeenth century, particu-
larly during the autumn of the years 1618, 1620, 1635, 1655,
and 1683 (Campaner y Fuertes, 1881). However, the most extreme
rain event documented in the last 1000 yr occurred during
November 1617 (Pino et al., 2018), when catastrophic floods
have been described in more than 124 municipalities from the
Mediterranean coast in the Iberian Peninsula, between Alacant
and Perpignan.

The fact that no more distinctive horizons have been detected
in the Sean stalagmite during this period probably suggests that
the event recorded after 1616 + 23 CE and before 1623 + 28
CE could have been very severe. Although more detailed investi-
gation about the moment of the flood can be developed, the
severity of the event recorded by the Sedn stalagmite possibly cor-
responds to the extreme rain event of November 1617.

Thus, the two nondestructive techniques (micro-CT and
XRFCS) used in this study to characterize the discontinuity of
the Sedn stalagmite have allowed a better characterization of the
detrital layer, which strongly suggests its causal relation with a
flood. Micro-CT and XRFCS techniques hold significant potential
for advancing our comprehension of the mechanisms responsible
for discontinuities within a stalagmite, while preserving the integ-
rity of the stalagmite itself. These techniques can complement the
information derived from other data sources, such as fabric obser-
vations, thereby enhancing our understanding of the causes and
sources of the sediment forming the distinct horizons within a
stalagmite.
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