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A B S T R A C T   

During the Bronze and Iron Age, Sardinia was home of one of the most technologically advanced Mediterranean 
societies (the Nuragic culture). Given its key geographical location, the island was also the fulcrum of deep 
cultural exchanges. Toward the end of the Iron Age, Phoenicians, and especially Carthaginians and Romans, 
massively frequented Sardinia for different purposes. This marks an important cultural transition for the region, 
as the ancient Nuragic-related society terminated. At the same time, this impacted the subsistence and land use 
practices. Together with middle to late Holocene climate changes, the novel anthropic activities had a pivotal 
role in shaping the landscape around the island. However, high resolution climate and environmental records for 
these culturally important phases are still lacking in Sardinia. Thus, this paper explores palaeoenvironmental 
changes from the Bronze Age to post Iron Ages times by using carbonate speleothems from Suttaterra de Sarpis 
Cave (Urzulei, central east Sardinia), strategically located nearby the Or Murales Nuragic Village. U–Th ages (n 
= 20) indicate that five stalagmites comprehensively span the last ~7000 years. Peculiarly, they all show an 
evident stratigraphic discontinuity. Age models attest that hiatuses can be at times associated with the discon-
tinuities, spanning periods of ~1200 to ~200 years. Importantly, the discontinuities occurred from the Late Iron 
Age to the Roman period. Based on fabric observations, trace elements and δ13C- δ18O analyses, the disconti-
nuities are primarily attributed to a progressive change of land use above the cave. We suppose that deforestation 
aimed to clearance for agriculture and livestock practices probably was the most impacting factor for infiltration 
dynamics and soil state, thus affecting the studied speleothems, although archaeological and historical data are 
absent for the specific study area. Instead, this is in line with the cultural transition occurring in Sardinia toward 
the end of the Iron Age, with novel agricultural practices imported by the overseas populations. The anthropic 
disturbance to the millennial-long karst equilibrium possibly overprinted the response of speleothem proxies to 
climate oscillations, although future higher resolution analyses are necessary to better investigate the evolution 
of climate during the Holocene as well as its role in the development of ancient civilizations. Indeed, this is the 
first speleothem-based Holocene palaeoenvironmental reconstruction accomplished in Sardinia. Considering the 
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paucity of natural lakes in this key location, speleothems here demonstrate their potential in exploring human- 
driven palaeoenvironmental changes during times of cultural transitions within the Mediterranean context.   

1. Introduction 

Sardinia, the second largest Mediterranean island, hosts one of the 
most important Bronze and Iron Age heritages of Italy and possibly of 
entire Europe (Dyson and Rowland, 2007). The most iconic artifact 
attributed to this period is the Nuraghe tower (1750-1150 BCE, hereafter 
called Nuraghe); nowadays, around 5100 of these dry-stone towers are 
still standing, adding to the many bedrock-carved funerary chambers, 
ritual/religious monolithic monuments and sacred pits encompassing 
the whole Bronze Age (BA) and Iron Age (IA). The function of Nuraghe is 
still debated, and likely changed through time (defensive and lookout, 
residence for important families, storage, ritual, etc.). Importantly, vil-
lages were built around many Nuraghes (Depalmas and Melis, 2011), 
and the activities of the inhabitants, such as agriculture, herding, timber 
logging, etc, developed in the surrounding areas. These activities were 
crucial to influence land use during the BA, IA and afterwards. 

The BA-IA architectonic heritage documents the advanced techno-
logical and cultural status of Sardinia within the Mediterranean context. 
It is also clear that the island was a key-location for commerce. For 
example, goods were easily imported, while autochthonous products, 
especially metals, were exported around the Mediterranean and conti-
nental Europe (Eshel et al., 2019). This enduring relation with overseas 
populations favoured the exchange of knowledge too, in relation to arts, 
engineering and/or use of soil and subsistence strategies (Depalmas and 
Melis, 2011). For example, in the phase called “orientalising” 
(~700-600 BCE), as commonly reported also in other locations around 
the Mediterranean (Burkert, 1992), there is evidence of a change in local 
pottery production influenced by Levantine shapes and technology. 

Notwithstanding, the IA Sardinian culture suddenly terminated at 
around 525 BCE because of the massive arrivals of Punic people (from 
Carthage, current Tunisia). Later (238 BCE), Romans took control of the 
island (Lilliu, 1999). Critically, the environmental scenario where this 
complex history evolved has never been explored in detail. More in 
general, Sardinia is still lacking high-resolution dated palaeoclimate and 
palaeoenvironmental reconstructions across BA, IA, and post-IA times. 
Overall, middle to late Holocene climate and environment is still poorly 
known. This leads to strong limitations in understanding: i) the role of 
climate in the development and demise of ancient Sardinian civiliza-
tions; ii) the interrelation between environmental changes, cultural ex-
changes, and land use. Yet, there is no chronologically constrained 
timeline about the use of soils during these times, as well as about the 
evolution of agriculture and farming practices. Indeed, the full under-
standing of ancient civilizations is ultimately related in comprehending 
the environment they lived in, and if anthropic activities had a role in 
shaping the landscape. Because of this incomplete background, a 
comprehensive picture regarding the demise of such an advanced civi-
lisation is still missing. 

The scarcity of inland palaeoenvironmental and palaeoclimate data 
from Sardinia can be attributed to the lack of natural lakes with 
extended watersheds; hence comprehensive reconstructions based on 
lacustrine sediments are scanty. To our knowledge, the most thorough 
Holocene lake-based climate reconstructions, spanning the last 8000 
years, has been published only recently (Beffa et al., 2016; Pedrotta 
et al., 2021). 

This paper aims to provide the first palaeoenvironmental recon-
struction from BA to post IA times based on speleothems (cave second-
ary carbonate deposits). In contrast to lakes, caves abound in Sardinia as 
karst terrains constitute a relevant part of the territory (Carmignani 
et al., 2001; De Waele, 2009; D’Angeli et al., 2015). Geochemical fea-
tures of speleothems such as calcite carbon (δ13C) and oxygen (δ18O) 
stable isotope ratios and trace elements (Mg, Sr, Ba, P, etc) give 

information on environmental changes occurring at the surface 
(McDermott, 2004; Fairchild and Treble, 2009), either naturally- (i.e. 
climate impact) or human- (i.e. land use impact) induced. Additionally, 
the fabric of calcite speleothems can deliver further evidence on the 
hydrological conditions during carbonate deposition (Frisia, 2015; 
Martín-Chivelet et al., 2017), intimately related to climate and envi-
ronmental processes occurring at the surface. Considering that dating of 
speleothems is highly reliable (Drysdale et al., 2020; Faraji et al., 2021), 
these deposits have been successfully exploited to explore Holocene 
palaeoclimate-environment variations in different areas (e.g., Ridley 
et al., 2015; Voarintsoa et al., 2017; Flohr et al., 2017; Lechleitner et al., 
2018; Allan et al., 2018; Baldini et al., 2019; Surić et al., 2021; Columbu 
et al., 2023), but, up to now, only pre Holocene records are available for 
Sardinia (Columbu et al., 2017, 2019). 

This work focuses on five stalagmites sampled in Sarpis Cave (central 
east Sardinia). This cave is strategically located nearby the Or Murales 
Nuragic village, one of the largest ancient settlements in the Supramonte 
area (Lilliu, 1999). Key importance for this study is that all the selected 
speleothems report a marked stratigraphic discontinuity. Speleothems’ 
fabric is here discussed, and their stratigraphy is placed into a Holocene 
chronological timeframe based on U–Th dating. Samples have also been 
analysed for δ13C-δ18O and trace elements, to reconstruct past climate 
and/or anthropic driven environmental changes occurring at the study 
site. This paper primarily examines the environmental significance of 
the speleothem properties (stratigraphy, geochemical and petrographic 
characteristics). The aim is to disentangle the potential role of climate 
and/or land use changes above the studied cave, as well as to compre-
hend any likely interconnection between climate and anthropic factors. 
Along with this, we present the first Holocene speleothem-based 
palaeoenvironmental archive for Sardinia. 

2. Area of study 

Sardinia is the second largest Mediterranean island, placed in the 
middle of the western side of the basin. Evidences of BA-IA architecture 
are widespread all around the island, with ca. 5100 Nuraghes (there are 
possibly up to 7000, although the interpretation is controversial) and 
almost 300 Nuragic villages mapped so far (Fig. 1). Sarpis Cave is 
located in the Supramonte karst area (central eastern portion of Sardi-
nia); it is a 200 m long single-gallery cave capped by maximum 15 m of 
Middle to Upper Jurassic dolostone. The latter, together with upper 
Jurassic calcarenites, lie unconformably on the Palaeozoic basement 
composed of low grade metamorphic units, quartz diorites and grano-
diorites (Fig. 1). For the aim of this study, it is important to highlight that 
Sarpis Cave is located at ca. 1 km from the Or Murales Nuragic Village 
(Fig. 1), originally counting at least 100 circular stone-wall structures 
(the base of huts) all around the main Nuraghe. The small Curcuri creek 
separates the village from the cave; the gently east dipping surface above 
the cave appears very suitable for conducting anthropic activities in the 
surroundings of the village (Fig. 1). Nowadays, vegetation in the study 
area is typical Mediterranean with bushes and widespread trees (mostly 
stone oaks, Quercus ilex). However, the Supramonte area in general is 
well known for olive and grapevine cultivation due to the suitable 
climate. 

3. Materials 

Five stalagmites were sampled for this study, named Sarp1 to Sarp5 
(Fig. 2). Following the natural heritage conservation guidelines 
(Columbu et al., 2021), only broken specimens were collected. Such 
ethical approach implies uncertainty in reconstructing the exact location 
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Fig. 1. Area of study. From top, map of Sardinia, reporting the Nuraghe towers (white circles) and nuragic villages (red circles), provided by the publicly available 
online database www.nurnet.net. The green rectangle points to the area of the Or Murales Nuragic village and Sarpis Cave, for which the geological context is 
provided. Sarpis Cave and Or Murales are ca. 1 km apart, separated by the small Curcuri creek. In the middle, the geological cross-sections show that the slope above 
the cave is minimal, and this area is easily accessible from the village, thus representing an ideal location for anthropic activities. The pictures at the bottom show the 
main room of Sarpis Cave (Photo V. Crobu) and the actual status of Or Murales village (Photo M. Cossu). 
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whence the specimens come from. All speleothems are composed of 
calcite (see results). Sample length is moderate: 160, 85, 150, 120, and 
190 mm for Sarp1 to 5 respectively. Diameters vary from a minimum of 
70 mm in Sarp2 to a maximum of 100 mm in Sarp5. Layering is visible, 
at naked eye, in all speleothems (Fig. 2). The most striking peculiarity 
characterising all samples is an evident macro discontinuity that is at 
94.5 mm from the top in Sarp1, 49.5 mm in Sarp2, 65.5 mm in Sarp3, 
79.5 mm in Sarp4 and 109.5 mm in Sarp5 (Fig. 2). At naked eye, it is 
evident that this discontinuity separates two different growth units. 
Indeed, besides the marked colour variation and calcite porosity, there is 
an enlargement of the stalagmites’ diameter above the main disconti-
nuity (Fig. Sup. 1). Moreover, below the discontinuity the shape of the 
layers is predominantly cylindrical, while it is mostly irregular, and at 
times flat, above the discontinuity. There are other discontinuities in 
each stalagmite, but they do not find clear inter-sample stratigraphic 
correlations. Thus, we refer to the feature describe above as the main 
discontinuity. 

4. Methods 

Greyscale images, following Vanghi et al. (2018), were applied to 
consistently identify the main growth patterns seen at naked-eye. This 
approach allows to detect more compact vs more porous calcite along 
the speleothems’ layers vertical stacking (Faraji et al., 2022), being a 
useful tool to visualize stratigraphic discontinuities. In turn, differences 
in porosity are thought to reflect hydrogeological variations within the 
karst network (Frisia, 2015; Vanghi et al., 2018; Faraji et al., 2022). 
Greyscale values were calculated on high resolution RGB images of the 

speleothems’ polished surface by ImageJ software, along a 1-pixel res-
olution line-scan. This corresponds to a resolution of 43 μm, 44 μm, 46 
μm, 45 μm and 44 μm from Sarp1 to Sarp5 respectively. Each pixel value 
is the grey intensity of the 16-bit images, ranging from black (value 0) to 
white (value 255). Grey values were obtained averaging RGB intensities 
and then used to construct microstratigraphic logs based on light in-
tensity, which were implemented by petrographic observations. For the 
latter, thin sections were prepared and examined under a Zeiss Axio-
Zoom V16 operating at the Earth Sciences Department, University of 
Pisa. Fabrics were described according to Frisia (2015). 

For U–Th dating, powdered subsamples of around ~100 mg were 
milled along a discrete number of speleothem laminae (Fig. 2), using a 
Dremel hand drill mounting a 2 mm diameter bit. A total of 20 samples 
were first dissolved using HNO3 then spiked with a solution of known 
236U/233U/229Th ratio. U and Th compounds were precipitated using a 
Fe solution, then extracted separately using decontaminated resin col-
umns and sequential washes of 6 N HCl and ultra-clean water to extract 
Th and U, respectively. Finally, the solution was mixed with 2% HNO3 +

0.1% HF before analysis on a Thermo Fisher Neptune Plus MC–ICP–MS. 
Final ages were calculated, assuming a 230Th/232Th atomic ratio of 4.4 
± 2.2 × 10− 6 and applying refined decay constants (Cheng et al., 2013). 
They are expressed in ka BP (thousand years before present, where 
present is 1950). The entire U–Th procedure, carried out at the Institute 
of Global Environmental Change, Xi’an Jiaotong University (China), 
strictly followed well-tested protocols (e.g. Cheng et al., 2020). For each 
stalagmite, a U–Th sampling strategy was set up to target the following 
areas: 1) top and bottom of each stalagmite, to determine the entire 
period of carbonate deposition; 2) layers just above and below the main 

Fig. 2. Samples and analyses. The 5 stalagmites investigated in this study, reporting the subsampling location for U–Th, δ13C-δ18O and trace elements analyses. Thin 
sections were instead taken from convenient locations from above, across and below the main discontinuities (see Fig. 3). The figure also reports the U–Th ages ±
uncertainties (in ka). 
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discontinuity, in order to constrain its chronology and detect potential 
hiatuses. The presence of hiatuses was then tested by creating age-depth 
models with the COPRA algorithm (Breitenbach et al., 2012). Indeed, 
COPRA allows the user to manually insert hiatuses at certain depths, and 
running the model accordingly; this function was applied for those 
speleothems where, within age uncertainties, the existence of a hiatus 
was more likely to occur (e.g. Sarp2, Sarp3 and Sarp4). Comparison of 
both scenarios (non-hiatus and hiatus-bearing models) are provided 
when both circumstances are feasible, helping in better understanding 
the depositional history of the samples. 

For stable isotopes ratios, ~1 mg of calcite was drilled along the 
speleothem axis (Fig. 2) by a Dremel hand drill mounting a 1 mm 
diameter bit, with a constant spacing of 3 mm. The Hendy test (Hendy, 

1971) was carried out along the growth layers just below and above the 
detected discontinuities (Fig. 2), to discern any relevant change in 
depositional conditions (i.e. equilibrium vs non-equilibrium) between 
the two main fabrics. Analyses were done at the Institute of Earth Sci-
ences and Georesources of the Italian National Research Council, Pisa. 
Briefly, powdered samples of about 0.6 mg were dissolved in H3PO4 
(100%) and reacted at 70 ◦C for 1 h; the resulting gas was analysed by 
using a Delta Plus (Thermo Fisher) Isotope Ratio Mass Spectrometer 
coupled to a Gas Bench II (Thermo Fisher). Results were reported rela-
tive to the V-PDB international standard. Sample results were corrected 
using the international IAEA standard NBS-18 and a set of three internal 
standards (MOM, MS, NEW12), previously calibrated using NBS-18 and 
NBS-19 and by inter-laboratory comparisons. Analytical uncertainties 

Fig. 3. Greyscale analyses. Variation of grey values (left axis and black curves) on Sarp samples. The blue curve highlights the principal fabrics (on the right, opaque 
porous, mixed and translucent compact) given by the greyscale. The same are identified with a coloured bar (on the bottom of each sample). The x-axis is reported as 
distance from the main discontinuity (red vertical line), with negative and positive depths indicating portions below and above the discontinuity respectively. 
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are 0.10‰ and 0.12‰ for δ13C and δ18O, respectively. 
Trace elements were measured 15 mm above and below the main 

discontinuities, in order to represent the major shift in precipitation 
environmental parameters across the main discontinuity. Analyses were 
performed by LA-ICP MS, using a 213 nm Nd:YAG laser ablation system 
(New Wave Research Inc.) coupled to an iCAP TQ ICP MS (Thermo 
Scientific) housed at the Centro Interdipartimentale Grandi Strumenti 
(CIGS) of the University of Modena and Reggio Emilia (Gatti et al., 2022; 
Cipriani et al., 2023). Elemental data were acquired through linear scans 
(i.e. one line scan per sample) along the regions of interest by using a 
spot-size of 55 μm, a scan speed of 15 μm/s, a repetition rate of 10 Hz 
and an energy density of ~5 J/cm2. Helium (0.6 L/min) was used as 
carrier gas. To avoid external contamination, the sample surface was 
carefully pre-ablated before the actual analyses. The following isotopes 
(m/z) were collected: 7Li, 23Na, 24Mg, 29Si, 31P, 44Ca, 48Ti, 55Mn, 57Fe, 
63Cu, 66Zn, 85Rb, 88Sr, 89Y, 138Ba, 208Pb and 238U, for a total sweep time 
of ~0.4 s. The system was tuned for maximum sensitivity, while keeping 
low-oxide levels in the plasma (ThO/Th < 1%). Data were calibrated 
with an in-house R script by using NIST612 glass as external reference 
material and Ca as internal standard; in addition, the nano-powder 
pressed pellets NFHS-2-NP and JCt-1 were measured as quality control 
reference material (Weber et al., 2018; Boer et al., 2022). 

5. Results 

5.1. Fabric 

The stratigraphic analyses detected three predominant fabrics (Faraji 
et al., 2022) (Fig. 3): 1) translucent compact, when greyscale values are 
below 150, and calcite optically appears darker under natural lights; 2) 
opaque porous, when greyscale values are above 180, and calcite opti-
cally appears lighter under natural lights; 3) mixed, when greyscale 

values range between 150 and 180, for those sections that are neither 
purely compact nor purely porous. The greyscale clearly identifies the 
main growth units seen at naked-eye. Below the main discontinuity, 
Sarp1 to 4 are composed of translucent compact and mixed calcite 
fabrics (Fig. 3). Sarp1, 3 and 4 denote an alternation of these two, with 
Sarp3 and 4 also having a ca. 10 mm short section, around 115 and 110 
mm from the top respectively, made of opaque porous fabric. Sarp2, 
below the discontinuity, is entirely composed of translucent compact 
calcite. Sarp5 instead, below the discontinuity, shows opaque porous 
and mixed fabric. The latter takes place within the first 17 mm below the 
discontinuity. Above the discontinuity, all samples are composed of 
opaque porous calcite. Thus, the main discontinuity is here defined for 
all samples by the sharp shift toward opaque porous calcite (Fig. 3). 

Microscopically, elongated columnar calcite (Frisia, 2015) domi-
nates the portion of the stalagmites below the discontinuity (Fig. 4). 
Some portions of Sarp1, 2 and 4 also show fascicular optic columnar 
calcite. Instead, microcrystalline columnar calcite is prevalent in all 
stalagmites above the discontinuity (Fig. 4). Sarp4 also shows dendritic 
calcite. It is possible to note that the main discontinuity invariably 
separates columnar elongated and columnar microcrystalline calcite 
(Figs. 4 and 5). Additionally, in Sarp2 there are evidences of diagenesis 
just above the discontinuity. 

According to Frisia (2015), the microcrystalline columnar and den-
dritic calcite types are characterised by high intracrystalline and inter-
crystalline porosity respectively, as well as by the presence of layers of 
impurities, resulting in “opaque and milky” appearance in the hand 
specimen. Instead, elongated and fascicular optic columnar types 
possess a more compact assemblage often resulting in translucent 
appearance. It is evident that Sarp samples agree with these features 
(Figs. 3–5). 

Fig. 4. Sarp thin sections. Ce, Cfo, Cm and D stand for elongated columnar, fascicular optic columnar, microcrystalline columnar and dendritic calcite. Thin section 
figures are taken at crossed nicols. Coloured bars are the same as Fig. 3. Stalagmite depths are reported as distances from the main discontinuity (horizontal red line), 
as in Fig. 3. 
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5.2. Chronology 

Samples selected for U–Th dating demonstrated an overall good 
propensity in producing reliable and accurate dates (Table 1). This is 
likely due to an adequate content of uranium within all speleothems 
(min: 36.3 ppb, max: 486.2 ppb; average: 170.6 ppb). All ages in each 
sample resulted stratigraphically aligned, suggesting that post- 
depositional effects that could potentially alter the U–Th ratios gener-
ating outliers (Bajo et al., 2016) did not occur at the selected U–Th lo-
cations. On the other hand, as common in late Holocene speleothems 
(Hua et al., 2012), 2σ uncertainties are at times relatively high, 
reflecting the low production of 230Th. Even more influent on the final 
uncertainties is the detrital thorium (232Th) contamination, expressed by 

the 230Th/232Th ratio (Table 1). Indeed, lower 230Th/232Th values, 
representing higher contamination, are generally associated to the 
highest uncertainties in the final ages. Sarp3-4 date, resulting in 0.015 
± 0.265 ka (Table 1), is an example of these issues. However, if 
excluding Sarp3-4 age (2σ >1700%), the average relative 2σ uncertainty 
is ~15%, with a maximum of ~65% (Sarp3-2) and a minimum of ~2% 
(Sarp5-7). Six out of twenty total ages show uncertainties ≤5%, while 
other six fall between 5% and 10%. 

According to the COPRA age model, Sarp1 was deposited from 
3.69+0.39/-0.40 to 0.63+0.11/-0.13 ka (Fig. 6). In this case the algorithm 
could not model any hiatus around the discontinuity; the latter is thus 
constrained at 2.06+0.18/-0.17 ka. Sarp2, Sarp3 and Sarp4 growth pat-
terns were instead modelled with and without hiatuses. Sarp2 grew from 

Fig. 5. Thin sections around the main discontinuities. For each sample, there is an image at parallel (above) and crossed (below) nicols around the main discon-
tinuity. The latter is indicated by a red arrow. 
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11.55+9.92/-7.03 to 0.43+0.53/-0.55 ka in the case of no growth interrup-
tion and from 9.37+7.87/-5.77 to 0.54+0.55/-0.59 ka if a hiatus is taken into 
account at around the fabric discontinuity (Fig. 6). The latter is thus 
attested at 2.67+0.37/-0.38 ka if carbonate deposited continuously, while 
the potential hiatus would have occurred from 2.90+0.62/-0.65 to 
2.25+0.42/-0.40 ka. Note that the propagation of age model uncertainties 
at Sarp2 bottom resulted in considerably high values because of the 
distance from the location of the bottom date and the bottom of the 
stalagmite itself. Sarp3 was deposited from 8.07+3.16/-3.04 to 0.01+0.53/- 

0.55 ka in the case of no growth interruption, and from 7.22+2.35/-2.32 to 
0.01+0.56/-0.53 ka if the hiatus actually occurred at around the discon-
tinuity (Fig. 6). The latter is thus attested at 1.69+0.38/-0.36 ka with no 
interruption, while the potential hiatus would have occurred from 
around 2.44 +3.29/-3.43 to 1.66+0.37/-0.37 ka. Sarp4 grew from 3.38+0.69/- 

0.71 to 1.13+0.34/-0.39 ka in the case of no growth interruption and from 
3.68+0.62/-0.60 to 1.12+0.30/-0.30 ka if a hiatus is taken into account at 
around the discontinuity (Fig. 6). The latter is thus attested at 2.23+0.34/- 

0.33 ka if carbonate deposited continuously, while the potential hiatus 
would be from 2.41+0.72/-0.78 to 2.14+0.39/-0.38 ka. Finally, Sarp5 was 
deposited from 7.10+0.54/-0.54 to 0.29+0.01/-0.01 ka (Fig. 4); in this case a 
growth interruption is evident at around the discontinuity, and con-
strained from 5.09+0.26/-0.28 to 1.77+0.14/-0.13 ka. 

5.3. Stable isotopes 

Considering all five stalagmites (Fig. 7), δ13C oscillates between max 
− 4.48‰ (Sarp5) and min − 11.93‰ (Sarp1); average values are instead 
− 10.39‰ (Sarp1), − 7.64‰ (Sarp2), − 8.49‰ (Sarp3), − 9.35‰ (Sarp4) 
and − 9.35‰ (Sarp5). δ18O reaches its maximum at − 3.46‰ (Sarp1) and 
minimum at − 6.83‰ (Sarp3), while average values are − 5.25‰ 
(Sarp1), − 4.94‰ (Sarp2), − 5.46‰ (Sarp3), − 5.09‰ (Sarp4) and 
− 5.34‰ (Sarp5). Along the growth axis, δ13C and δ18O show a strong 
negative correlation (nomenclature by Cohen et al., 2013) only in Sarp5 
(r = − 0.79, p < 0.01), while in the other cases r-values range between 
− 0.15 (Sarp3) and 0.39 (Sarp4). 

If considering the isotopic signature of the different fabric separately, 
there is a strong δ13C-δ18O positive correlation in the opaque porous 
calcite in Sarp1 (r = 0.70, p < 0.01), Sarp3 (r = 0.71, p < 0.01) and 
Sarp4 (r = 0.74, p < 0.01), placed above the discontinuity. Fabrics 
below the discontinuity never shows such strong positive correlation. 
Sarp5 differs as the opaque porous fabric predominates the whole 
sample and is found above and below the discontinuity; in this case, this 
fabric presents a strong negative correlation (r = − 0.86) (Fig. 7a). 

All δ13C-δ18O data forms two distinctive clusters of isotopic compo-
sition by considering data from below and above the discontinuities 
(Fig. 7b). This is given by the general δ13C-δ18O trend along speleo-
thems’ growth axis, where δ18O increases and δ13C decreases in bottom 
to top direction (Fig. 8a). This feature is marked for δ18O but more subtle 
for δ13C. By considering the average isotopic composition from below 
and above the discontinuity, the most evident δ18O increase is found in 
all samples with the exception of Sarp4 (Fig. 8b). Sarp3, 4 and 5 instead 
report the largest decreases in δ13C average values from below to above 
the discontinuity (Fig. 8b). Consequently, δ13C-δ18O variation follows, 
to some extent, the greyscale (Fig. 9). This is notably appreciable in δ18O 
in Sarp1, 2 and 3. 

The Hendy test (Fig. Sup. 2, Hendy (1971)) shows that: i) δ18O along 
a single layer increases more than 0.8‰, moving from the central axis to 
the lateral portions of the stalagmite, in Sarp1 and 3. This occurs both 
below and above the discontinuity, although for Sarp3 the increase is 
only seen on the left side of the tested layers. In Sarp5 instead, the in-
crease is only seen above the discontinuity. ii) δ13C reports a remarkable 
increase (>‰) in the tested layer above the discontinuity in Sarp1, 2 and 
4 (the latter only right side). In Sarp5, it is detected both below and 
above the discontinuity, but only on the right side. iii) along the tested 
layers, δ18O and δ13C are strongly positively correlated in Sarp4 (r =
0.78, p < 0.01) above the discontinuity, and Sarp5 both below and Ta
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above the discontinuity (r = 0.86 and r = 0.88 respectively, p < 0.01 for 
both). Non-equilibrium carbonate deposition prevails if δ13C-δ18O 
strongly correlate along the stalagmite growth axis and are strongly 
positively correlate in the tested layer, as well as if δ13C-δ18O increase 
from the centre to the side of the tested layer, with a maximum increase 
threshold of 0.8‰ for δ18O. Sarp stalagmites never fulfil all these re-
quirements (Fig. Sup. 2). However, two out of three non-equilibrium 
parameters are detected in Sarp1, 3, 4 and 5 but only in the tested 
layer above the discontinuity. Importantly, conditions of CaCO3 depo-
sition in speleothems is debated, and non-equilibrium conditions might 
be more common in continental carbonate than previously thought 
(Daeron et al., 2019). For these reasons, strong disequilibrium is 
certainly excluded here, but we suspect deviation from equilibrium 
conditions during the deposition of opaque porous fabric above the 
discontinuity in Sarp1, 3, 4 and 5. 

5.4. Trace elements 

The behaviour of the analysed elements differs in terms of concen-
trations and trends. Si and Mg are the only elements reaching concen-
trations above 1000 ppm, with the latter up to 10000 ppm in some 
sectors of Sarp2, 3, 4 and 5 (Fig. 10). Furthermore, Na, Fe, Ti and P vary 
in the range between 100 and 500 ppm, while Sr and Zn peak between 
10 and 60 ppm. Ba is normally around 5–20 ppm, although showing 
sudden increases up to even 500 ppm (especially in Sarp1). Finally, Cu, 

Mn and Pb mostly oscillate between 1 and 10 ppm. Y, Li, Rb and U report 
the lowest concentrations (usually below 1 ppm) (Fig. 10 and Sup. 3). Of 
particular importance for the aim of this paper are the following 
features:  

- P has a tendency toward higher values from below to above the 
discontinuity in all samples;  

- Mg has a tendency toward lower values from below to above the 
discontinuity in all samples but Sarp1;  

- Sr does not show a consistent trend considering the five speleothems;  
- Si has a tendency toward lower values only in Sarp1 and 4 
- Y and Zn pulse toward higher values around or above the disconti-

nuity in all samples;  
- There is a net increase of inter-element correlation (from r > 0.3) 

from below to above the discontinuity (Fig. 11), especially in Sarp3 
and 4; this is evident for all elements except for Na, Ti, Sr, Ba and U.  

- Sr and Mg are never correlated (with the exception of Sarp3 and 
Sarp2 below and above the discontinuity respectively) and Sr is the 
only element that below the discontinuity is correlated with more 
elements than above the discontinuity (Fig. 11). 

Fig. 6. Age-depth models. A) Models calculated by supposing a continuous (no hiatus) speleothem growth at the discontinuity. B) Models calculated by supposing a 
hiatus in the speleothem at the discontinuity. The discontinuity is reported with a grey line. In A, Sarp5 is excluded from the model as U–Th dates clearly point to a 
depositional stop. Similarly, Sarp1 is excluded in B as U–Th dates clearly point to a continuous growth. The panels above show the 2σ uncertainty propagation for 
each sample. 
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Fig. 7. δ13C-δ18O relation in Sarp stalagmites. A) Single stalagmites δ13C and δ18O, in y and x axis respectively. Data are reported for subsamples from below (circle) 
and above (rectangle) the main discontinuity. Fabric colour code refers to Fig. 3, as the trend-lines and r-correlation. The red trend line refers to the whole stalagmite. 
B) δ13C-δ18O from all Sarp stalagmites, with the same symbols as A. Here, dotted trend lines refer to the portions of the stalagmites above and below the discontinuity, 
and relative r-values are reported as rad and rbd respectively. The background shadows point to δ13C-δ18O clusters corresponding to data above (yellowish shadow) 
and below (pinkish shadows) the discontinuity. 
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6. Discussion 

6.1. Stratigraphic framework of the detected discontinuities 

Growth units as those detected in Sarp samples are related to the 
environmental conditions prevailing during their deposition, in the mid- 
to long-term range (Martín-Chivelet et al., 2017). It follows that “changes 
from one unit to the overlying one commonly represent a major shift in genetic 
conditions” (Martín-Chivelet et al., 2017). In this view, and considering 
the chronological support (Fig. 12), translucent compact to opaque 
porous calcite fabrics are each testifying phases of different 
environmental-driven genetic conditions. Hydrological and/or 
geochemical variations within the seepage water may be responsible for 

a change in the fabric of the resulting speleothem calcite and/or layer 
morphology, thus procuring stratigraphic discontinuities (Frisia and 
Borsato, 2010). It follows that discontinuities in speleothems are po-
tential indicators of climate-environmental changes occurring at the 
surface (Muñoz-García et al., 2016). This is even more straightforward 
when discontinuities are associated with chronological hiatuses. A 
growth interruption testifies that disturbances to the hydrological 
and/or geochemical characteristics of the seepage water led to the 
temporary lack of CaCO3 deposition along the speleothem growth axis 
(Railsback et al., 2013). In Sarp1 to 4, the discontinuity pattern is 
similar, with opaque porous calcite replacing the translucent compact or 
mixed one. Microcrystalline columnar calcite type is ubiquitously pre-
sent above the discontinuity, replacing the elongated columnar type 

Fig. 8. Sarp δ13C-δ18O along the axis. A) Sarp1 to 5 (see legend) δ13C and δ18O plotted against distances from the main discontinuity (marked as grey vertical line). B) 
Box and whisker plots differentiating data from below (black rectangle), above (white rectangle) the discontinuity, as the whole stalagmite (white central circle). 
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(Figs. 4 and 5). Indeed, it is tempting to stratigraphically correlate the 
four discontinuities by assuming they were generated by the same 
process/event. However, it is unlikely that the discontinuities were 
perfectly synchronous in Sarp1 to 4. U–Th dates and age modelling 
support that the stop of compact translucent/mixed calcite occurs 
instead in a period of maximum ~1200 years, from ~2.9 to ~1.7 ka 
(Fig. 12). The deposition of opaque porous calcite starts within a 
maximum of ~1000 years, between ~2.7 and 1.7 ka. These periods 
overlap, considering the earliest stop of translucent compact calcite 
deposition in Sarp2 and the latest start of opaque porous calcite depo-
sition in Sarp3 (Fig. 12). In particular, the discontinuity in Sarp1 sharply 
occurred at 2.06+0.18/-0.17 ka, and this is the only that is confidentially 
not associated with any depositional hiatus. A short hiatus might have 
occurred in Sarp4 (from 2.41+0.72/-0.78 to 2.14+0.39/-0.38 ka); if deposi-
tion here was continuous, the discontinuity would be attested at 
2.23+0.34/-0.33 ka. Potential hiatuses are longer in Sarp2 and Sarp3, from 

2.90+0.62/-0.65 to 2.25+0.42/-0.40 ka, and from 2.44+3.29/-3.43 to 
1.66+0.37/-0.37 ka respectively. If deposition was continuous, the 
discontinuity could have formed at 2.67+0.37/-0.38 ka in Sarp2 and at 
1.69+0.38/-0.36 ka in Sarp3. In these cases, and possibly because of the 
large uncertainties, it is difficult to ascertain whether the discontinuities 
are synchronous with each other or not. 

The characteristics of the discontinuity in Sarp5 are notably different 
with respect to the previous samples. Here the opaque porous calcite 
replaces a mixed calcite fabric that overlies a bottom sector of opaque 
porous fabric, with the translucent compact lacking completely. Most 
important, U–Th dating attests a multimillennial hiatus associated to the 
discontinuity, from 5.09+0.26/-0.28 to 1.77+0.14/-0.13 ka (Fig. 12). This 
signifies that the events leading to such a growth interruption are 
certainly much older than those related to the discontinuities detected in 
Sarp1 to 4. Contrarily, the recommencement of carbonate deposition in 
Sarp5 (i.e. 1.77+0.14/-0.13 ka), characterised by the same fabric as in 

Fig. 9. δ13C-δ18O vs greyscale. Blue and green curves are for Sarp δ18O and δ13C respectively. Greyscale is reported with grey curves, while the coloured bars are the 
same as in Fig. 3. 
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Sarp1 to 4, is to some extent synchronous with Sarp3 and thus chrono-
logically close to the other samples (Fig. 12). Thus, according to the 
obtained chronology and fabric characteristics, discontinuities in Sarp1 
to 4 are hereafter regarded as belonging to the same generation, 
meaning that they could potentially share the same trigger(s). At the 
same time, the conditions generating the restart of carbonate precipi-
tation in Sarp1 to 4 might also be shared with Sarp5. 

6.2. Insights from fabric, δ13C-δ18O and trace elements 

In Sarp1 to 4, the prevalent calcite type below the discontinuity (Ce, 
elongated columnar) is likely generated by constant drip rate, calcite 
saturation index (SIc) between 0.1 and 0.4 and Mg/Ca >0.3 in perco-
lating water (Frisia, 2015). Below the discontinuity, fascicular optic 
columnar calcite (Cfo) is present too (Fig. 4). Cfo shares similar genetic 
conditions with Ce: Mg/Ca must be high (≥~0.4 and ≤ 3), SIc at around 
~0.5 and drip rate constant and/or slow or laminar flow (Frisia, 2015). 
Indeed, they both form from parent water where the Mg/Ca ratio is high, 
thus the boundary conditions determining the transition from Ce to Cfo, 
and viceversa, are at times hard to define (Frisia, 2015). Because of the 
high Mg environment, these fabrics usually characterise speleothems 
from dolostone caves. The type of calcite (Cm, microcrystalline 
columnar) most prevalent above the discontinuity (Fig. 4) is instead 
generated by water with lower Mg/Ca (<0.3) and SIc up to 0.35 (Frisia, 
2015). Importantly, drip water is variable (ie. seasonal and/or flushing) 
and the seepage transports colloids and/or particulate. Thus, from below 
to above the discontinuity, the genetic environment switched to perco-
lation favouring water with lower Mg content, and this is corroborated 
by the trace elements on Sarp samples (Fig. 10). The latter show a 
substantial decrease of Mg across the discontinuity in all samples but 
Sarp1. 

In caves carved in dolomitic bedrock, speleothems’ lower (higher) 
Mg content has been attributed to reduced (prolonged) water-rock 
interaction (Orland et al., 2014). This can be associated to wetter pe-
riods favouring shorter residence time and viceversa. If so, from below to 
above the discontinuity there would have been a shift from general drier 
to wetter conditions. δ13C data seems to corroborate this view as the 
trend, although faint, toward more negative values (Figs. 8 and 9) in-
dicates a high vegetation activity usually favoured by wetter and 
warmer conditions. Speleothem δ13C in the Mediterranean context 
(Bernal-Wormull et al., 2023), and specifically in Sardinia (Columbu 

et al., 2017, 2019), has indeed been proven as a proxy for climate-driven 
soil bioactivity. However, during wetter periods the so-called amount 
effect would drive speleothem δ18O toward more negative values 
(Drysdale et al., 2009), which is not occurring in Sarp samples (Figs. 8 
and 9). Additionally, calcite fabrics above the discontinuity cannot 
sustain an increase in rainfall. 

Oppositely, a marked aridification trend has been detected in the 
Padul Basin, southern Iberian Peninsula (Ramos-Román et al., 2018), 
during the last ~5000 years. A similar trend is visible in Sicily using 
lacustrine sediments too (Zanchetta et al., 2022). The bottom to top 
increasing trend of δ18O in Sarp stalagmites seems in agreement. How-
ever, as southern Iberia and Sicily are way more south with respect to 
the Sarpis study area, it is possible that the impact of the aridification 
has been milder in Sardinia, as already reported for other Central and 
Northern Italian mainland locations (Sadori et al., 2011). This would 
have contributed to the multimillennial drift of Sarp δ18O toward higher 
values because of the amount effect. The fabrics above the discontinuity 
are coherent with this scenario, as a general reduction of rainfall would 
generate variable dripping. However, δ13C trend is not fully sustaining 
this scenario. This means that different processes other than climate 
possibly had a role in driving δ13C-δ18O of speleothems in the study area. 

The Holocene is also punctuated by rapid climate oscillations 
(Fig. 13). The most important drying episodes, chronologically closer to 
the studied speleothems, are the regional 4.2 event (Zanchetta et al., 
2016), and a possibly more local one identified by speleothems and lake 
levels in the Italian mainland at 3.1 ka (Magny et al., 2007; Regattieri 
et al., 2014). A compilation of central Italian archives identified a cli-
matic instability around 2 ka (Bini et al., 2020) during the so-called 
Roman Climatic Optimum (RCO, Harper, 2017). Indeed, a short-scale 
arid phase detected also by the rainfall anomaly index from Corchia 
Cave (Regattieri et al., 2014), started at 2.3 ka and peaked at 2.05 ka, 
with driest conditions lasting for maximum 30 years (Bini et al., 2020). 
This is followed by an abrupt transition to a wetter period lasting ca. 100 
years, from ~2 to ~1.9 ka (Bini et al., 2020) (Fig. 13). Unfortunately, 
the chronological resolution of Sarp makes the correlation with these 
events difficult. However, we highlight that intense multicentennial 
climate pulses would have generated pulse-like Sarp δ13C-δ18O oscilla-
tions toward the same direction, because of the concurrence of the 
rainfall amount effect and soil bioproductivity variations (Columbu 
et al., 2017, 2019). Around the discontinuity, this is only visible in Sarp2 
(Fig. 9). At the same time, extreme aridity would have caused 

Fig. 10. Sarp trace elements. The figure reports the depth series of selected trace elements across the main discontinuity. From top to bottom of the figure, ppm 
variations of Mg, Sr, P, Zn, Y, and Si are reported from ca. 15 mm below the discontinuity (negative depths in x-axis) to ca. 15 mm above the discontinuity (positive 
depths in x-axis). The main discontinuity is indicated by a red vertical line. Arrows highlight consistent trends discussed in the text. 
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discontinuities, and possibly hiatuses, synchronous within all speleo-
thems. Thus, it is unlikely that the peak of arid conditions detected in 
Central Italy at 2.05 ka was the main cause for the genesis of the 
discontinuity in all Sarp samples. 

The divergent behaviour of δ13C-δ18O across the discontinuity 
cannot be explained by geochemical processes occurring in the epikarst 
(e.g. prior calcite precipitation (PCP)) or in the cave (e.g. strong 
disequilibrium). This is because they would have affected δ13C-δ18O in 
the same direction, leading to higher values in both species (McDermott, 
2004). Moreover, the Hendy test is not procuring definitive evidences 
for calcite deposited under disequilibrium conditions in all samples 
(Fig. Sup. 2), and the lack of Mg–Sr correlation (Fig. 11) points to the 
absence of PCP (Fairchild and Treble, 2009). 

It has been recently proved that δ18O in coeval speleothems from the 
same cave often diverges due to the influence of fractures on flowpath 
(Treble et al., 2022). Although this study ignores the information given 
by speleothem stratigraphy and fabric, it warns in attributing the 
meaning of δ18O without considering the role of the feeding system. The 
latter can vary from fracture-flow, matrix-flow and multiple combina-
tions of these two, basically impacting every single dripping δ18O within 
the same cave. In Sarp stalagmites, the portions below the discontinu-
ities of Sarp1 and 4 can be considered as coeval (Fig. 12); however, their 
average δ18O differs by 0.5‰ (Fig. 8), with Sarp1 showing a lower 
average value as well as lower variability. According to Treble et al. 
(2022), the lower average value signifies that Sarp1 is fed by a degree of 
fracture flow that is higher than Sarp4, although the low variability is in 
contrast with this scenario. More in general, Treble et al. (2022) high-
lights that the more the speleothems are fed by a higher degree of 
fracture flow, the more their δ18O would potentially respond in a 
non-linear behaviour with respect to hydroclimate forcing. This 
non-linearity would increase during periods of higher rainfall, when a 
larger contribution of fracture flow is activated. Unfortunately, the lack 
of monitoring data at Sarpis Cave impedes to discuss in detail the karst 
hydrological control on δ18O. However, while we acknowledge this 
could have had a role in modulating Sarp δ18O, we find it hard to 
attribute the consistent δ18O enrichment trend in Sarp stalagmites to the 
ratio of fracture vs matrix flow(Fig. 8) from below to above the 
discontinuity, considering they are not all coeval. At the same time, if 
the feeding system was highly different for the five stalagmites, we 
would not expect such a similarity in fabric (Fig. 4), trace elements 

Fig. 11. Trace elements r-coefficients. The chart is divided in two parts, above and below the grey cells, corresponding to portions of the stalagmites above and below 
the main discontinuity respectively. The grey rectangles are numbered from 1 to 5, corresponding to Sarp samples from 1 to 5. Green cells correspond to positive r- 
coefficients between 0.3 and 0.39 (weak correlation); in green cells with a dot r is between 0.4 and 0.69 (modest correlation), while in green cells with two dots r is 
between 0.7 and 0.89 (strong correlation). Red cells indicate negative r-correlation between − 0.3 and − 0.39. Empty cells mean r values between − 0.29 and 0.29 
(very weak or no correlation). The nomenclature provided is from Cohen et al. (2013). P-value is always attested <0.001. The graph reads by intersecting elements 
from the vertical and horizontal axis, belonging to samples from Sarp1 to 5. 

Fig. 12. Stratigraphy of Sarp stalagmites. Coloured bars are the same as Fig. 3 
(see fabric code in the legend), here plotted vs time (ka) after age modelling. In 
Sarp2, 3 and 4, there is the possibility of either a hiatus or no hiatus associated 
with the main discontinuity (see text). 
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trends (Fig. 10) and correlation (Fig. 11). 
Also, the Cm fabric suggests that the content of colloids increases, 

and the evident higher P content from below to above the discontinuity 
(and in less extent Zn and Y) is a further evidence (Fig. 10). This is 
because P is transported in colloids and, together with Y, Zn, Cu and Pb, 
have been related to the mobilisation of organic acids from the soils. For 
example, Borsato et al. (2007) used these species to detect seasonal 
flushes of organic matter in north-eastern Italian speleothems. Besides 
colloids, Cm calcite traps mineral particulate, commonly enriched in 
elements such as Si, Fe, Al and Mn. For instance, short-lived increases in 
Si in a central Italy speleothem have been linked to high infiltration rates 
from a catchment having a thin soil, with reduced capacity for the 
retention of mineral particles (Regattieri et al., 2016). In general, col-
loids and particulate-derived elements show higher correlation when 
the allochthonous fractions have the same source and/or they are 
mobilized contemporaneously (Regattieri et al., 2016). In Sarp stalag-
mites, it is evident that, above the discontinuity, elements likely deriving 
from mineral particles (Si, Fe and Mn) and colloids (P, Y, Zn, Cu and Pb) 
are positively correlated (Fig. 11). Remarkably, even Mg from below to 
above the discontinuity, shows a higher correlation with respect to these 
elements. Contrarily, only Na, Ti and-most importantly- Sr, Ba and U do 
not show any increase in correlation from below to above the disconti-
nuity (Fig. 11). This clearly indicates that particulate and colloid inputs 
have the same behaviour in the portion of the stalagmites above the 

discontinuity, differently from what has been detected below the 
discontinuity. This somehow involves a detrital source for Mg too, and 
thus there is a further evidence that it cannot be taken as 
bedrock-leaching indicator. The outcropping Palaeozoic basement 
nearby the study area (Fig. 1) would offer a likely preferential source for 
detrital Mg. Instead, the lack of Mg correlation with elements leached 
from the carbonate bedrock and likely transported as solutes (Sr, Ba and 
U, Fairchild and Treble (2009)) means that any process triggering the 
outlined difference in elements correlation must have occurred at the 
surface, i.e. at the soil level. 

6.3. Cultural shifts promoting environmental changes in Sardinia: a 
background for interpreting Sarp data 

Geochemical data are pointing toward surface-, rather than karst- 
related primary influences in modifying the speleothem genetic condi-
tions. Importantly, as the discontinuity in Sarp1 to 4 samples is not 
synchronous, the environmental changes occurring at the surface were 
gradual rather than sudden. Thus, the opposite behaviour of δ13C-δ18O 
across the discontinuity, pointing toward lower and higher values 
respectively, might be the result of localised phenomena affecting only 
one isotopic species. The same were able to modify the infiltration rate 
inducing a shift from constant/low to variable/flushes-like drip rate in 
the cave, also allowing a higher availability of particulate and colloids 

Fig. 13. SARP stratigraphy into the climate and historical context. A) Rainfall anomaly index from Corchia Cave (Central Italy, Regattieri et al., 2014), for the last 
5000 years. The main wetter vs drier phases are reported with blue and grey shading respectively. Climate phases discussed in the text are reported along the left age 
axis, as the 4.2and 3.1 events, as well as the Roman Climate Optimum (RCO); note that the latter is composed of a drier phase followed by a wetter period (Bini et al., 
2020). B) The same as Fig. 12. C) Main cultural transitions in Sardinia, with the pre-Carthaginians arrival period (green shading) characterised by the Nuragic and 
post-Nuragic (Sardinian Late Bronze and Iron phases) culture. The Orientalising phase took place during the Iron Age (purple shading). Carthaginians (Punic period) 
massive arrival in the island occurred at the very end of the Iron Age (yellow shading), while Romans took control of Sardinia afterwards (brown shading). The black 
arrow symbolises the increase of soil disturbance (see text) during times of important cultural shifts. 
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from below to above the discontinuity. The likely presence of colloids, 
corroborated by the higher concentration of P above the discontinuity, 
point to a constant soil activity, confirmed by the faint shift toward 
lower δ13C values from below to above the discontinuity. Instead, the 
prominent drift of δ18O toward higher values can be the result of 
reduced rainfall and/or water evaporation at the surface, with no direct 
effects on δ13C. For the reasons explained above, it is hard to sustain that 
the area was affected by an intense decline of rainfall. Thus, the focus 
here is the occurrence of localised evaporative phenomena. Importantly, 
evaporation at the surface would lower the precipitation/evapotrans-
piration ratio, decreasing the effective recharge to the karst aquifer and 
thus finally impacting on the dripping in the cave. 

We note that the detected discontinuities in Sarp1 to 4 occurred 
during periods of intense cultural changes in Sardinia (Fig. 13). All 
around Or Murales (i.e. ca. 10 km radius) there are 10 other Nuragic 
villages as well as ca. 50 Nuraghes (Fig. 1), meaning that this portion of 
Sardinia was densely inhabited during Nuragic times. Unfortunately, 
there are no exhaustive archaeological and historical studies carried out 
at Or Murales, but we can suppose this village had a comparable evo-
lution with respect to the cultural and social trends occurring 
throughout the island. Indeed, the edification of towers ceased at around 
~3.1 ka (1150 BCE, late BA) (DePalmas, 2018), but the existent ones 
were restored or expanded, being dwelling places until Roman times or 
later (Delussu, 2016). By time, towns developed around the main Nur-
aghe, a feature still visible today insofar some modern cities in Sardinia 
display a Nuraghe tower within the ancient nucleus. A recent study 
proved that Nuragic people developed their land occupation strategies 
by transforming the landscape into agro-silvo-pastoral systems (Malvasi 
et al., 2023), producing wood grasslands structurally similar to Sa-
vannas. This involves localised clearance to allow the simultaneous ac-
tivity of forest product harvesting, livestock and agriculture. 
Palynological findings from different areas of Sardinia support this 
scenario, assessing a gradual deforestation throughout the BA with no 
consistent changes in species (Bakels, 2002; López et al., 2005; di Rita 
and Melis, 2013; Buosi et al., 2015; Beffa et al., 2016; Pittau et al., 2018; 
Pedrotta et al., 2021). Also, during middle BA, bronze axes and pans are 
widespread, indicative of more deforestation (Depalmas and Melis, 
2011). However, these practices were possibly limited around the 
dwelling places, aimed to local livestock and cultivation of cereals and 
legumes (Ucchesu et al., 2015). Bone remains of game are predominant, 
confirming that most of the territory was still covered with 
well-developed forests. Agriculture and grazing strongly developed from 
the late BA and then IA (Sabato et al., 2019). At these times, the 
millennial long autochthonous Sardinian culture had a peak of cultural 
exchanges during the orientalising phase (~2.7-2.5 ka, 730-580 BCE, 
Fig. 13), leading to a net change in art and costumes (Burkert, 1992). 
Within this phase Phoenicians, from the Levant, also established per-
manent coastal colonies in Sardinia, possibly because of their quest for 
metals and other supplies (Eshel et al., 2019). Later on, Punic people 
from Carthage (current Tunisia) arrived in Sardinia (~2.5 ka, 525 BCE, 
Fig. 13); within two centuries, there was the capillary inland penetration 
by Punics targeting the metallurgical districts as well as the most fertile 
locations. By also obtaining the political control of the island, the arrival 
of Punics marks the major cultural shift of these ancient times (Depalmas 
and Melis, 2011), testified by deep changes in the funerary customs and 
structures, production of pottery as well as craftsmanship in general 
(Bernardini, 2009). This is coincident with the end of the Sardinian IA 
culture. Afterwards, Rome defeated Carthage (~2.2 ka, 238 BCE, 
Fig. 11), and Sardinia mostly became a Roman metallurgical and agri-
cultural colony. Importantly, Phoenicians, Carthaginians and Romans 
brought new practices into the island, and contributed to modify those 
already existing. There was the introduction of new crops (Ucchesu 
et al., 2017) and holm oaks replaced cork oaks at around 2.5 ka 
(Pedrotta et al., 2021) during the orientalising phase and Punic arrival. 
This is correlated to intensifying farming activities by Phoenicians, 
Carthaginians and later Romans and the necessity of bark and acorns, 

the latter used as fodder for livestock purposes (Pedrotta et al., 2021). As 
consequence, deforesting was also a common practice, for timber as well 
as obtaining open space for agriculture and farming. 

All in all, it can be stated that the trend of human disturbance on the 
Sardinian environment started within the Nuragic culture, and intensi-
fied during the orientalising, Punic and Roman phases. Clearance had a 
crucial role in transforming the landscape around the Mediterranean 
basin, which possibly has been completely moulded by humans 
throughout the Holocene (Blondel, 2006). We stress that there are no 
specific archaeological and historical studies for Or Murales, but it is 
likely that the area around the village experienced the same evolution as 
other locations in the island following the main cultural shifts outlined 
above. 

6.4. Sarp speleothems possibly record human-driven environmental 
changes around Or Murales village 

Since cultural evolution during Nuragic and post Nuragic times 
involved changes on the use of soils in Sardinia, we question if human 
activities may have had an environmental impact in the study area, thus 
contributing to rule Sarp speleothems’ stratigraphy, geochemical 
composition and petrographic characteristics. Indeed, anthropic activity 
can deviate the natural climate-environmental driven isotopic signal 
(Regattieri et al., 2019) by modifying infiltration dynamics. These latter 
control the resulting fabric as well as the partition of trace elements in 
speleothems. Considering that the area above the cave: i) is easily 
reachable from the Or Murales village; ii) is mostly flat; iii) water is 
available, at least seasonally, in the Curcuri creek (Fig. 1), it is likely that 
several activities involving land use were accomplished there. The ac-
tivities might have induced a disturbance to the local infiltration dy-
namics, which possibly had previously reached a multi-millennial 
equilibrium status. We consider deforestation aimed to clearance for 
agriculture and livestock practices as the most impacting factor for 
infiltration dynamics, affecting the studied speleothems considering:  

- the increased δ18O given by enhanced evaporation at the soil surface 
(i.e. before infiltration);  

- the slight decrease in δ13C given by increased soil bioactivity because 
of agriculture and farming; this also increases P, especially because 
of farming;  

- irregular cave dripping because of the absence of tree canopy and 
possible actions of irrigation and ploughing; in this circumstance, 
infiltration and biological activity is strongly seasonal, thus aquifer 
recharge is more subjected to flushes and the amounts of soil CO2 are 
highly variable. 

The latter is suspected to have multiple effects on speleothem 
growth, as:  

- the disturbance to a multimillennial hydrological equilibrium might 
cause the temporaneous lack of dripping and/or supersaturation 
with respect to CaCO3, and thus hiatuses;  

- irregular dripping promotes Cm calcite, rather than Ce/Cfo;  
- flushes mobilise colloids and mineral detrital particles together. 

As reported above, there are no evidences on deforestation timing 
and dynamics for the Or Murales area, but these might have occurred in 
concert with the social and cultural development of the entire island. 
Presumably, locals started with gradual deforestation during the IA, 
coinciding with the discontinuity detected in Sarp2 (Fig. 13). Initially, it 
only involved a small fraction of the territory above the cave. Although 
it is difficult to sustain without any archaeological evidence, this might 
have occurred because of the development of the Nuragic culture and/or 
the new practices introduced by the orientalising phase. The clearance 
was thus aimed for agriculture and/or farming, at least around the Or 
Murales village. Through time, a progressively larger area was targeted 
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for deforestation, during the Punic Period (discontinuity in Sarp4) and 
then in Roman times (discontinuities in Sarp1 and 3). With this scenario, 
we can envision a strong environmental disturbance to the millennial 
hydrological equilibrium, interrupted by the discontinuities. At the same 
time, the disturbance is differential through space and time, the reason 
why the same generation of stratigraphic discontinuity is not occurring 
perfectly synchronous, as was expected if the entire area was deforested 
in a short time. 

Finally, it is interesting to note that at around ~1.7ka, deposition of 
the opaque porous fabric was active in all stalagmites, including Sarp5 
(Fig. 13). In the latter, the precipitation of CaCO3 restarted after the 
detected multimillennial hiatus. We interpret this comprehensive 
behaviour by considering the establishment of a new full equilibrium 
state of the hydrogeological circulation, leading to the genesis of the 
opaque porous unit for many millennia ahead. It is possible that this 
renovated “carbonate factory” (James and Jones, 2015) was sustained 
by the combined effect of i) stability of anthropic activity during Roman 
times; and ii) the favourable climate conditions during the wetter phase 
within the RCO (Fig. 13) (Bini et al., 2020). 

7. Conclusions 

This study established that discontinuities in Sarp stalagmites, as 
well as major geochemical and petrographic variations, are chronolog-
ically correlated to a prolonged phase of intense cultural changes 
occurred, in Sardinia, since late Nuragic times. There are no archaeo-
logical and historical evidences that these changes specifically impacted 
the Or Murales area, but it is presumed these acted in concert with the 
social evolution of the island. Particularly, discontinuities start toward 
the end of the IA, when the commercial network is highly developed and 
the arrival of overseas population, at times settling permanent colonies, 
is massive. The evolution of the indigenous society first, coupled with 
new costumes introduced by Phoenicians, Carthaginians and Romans, 
led to new practices in the use of soils in Sardinia, and presumably 
around the study area. Indeed, the flat surface above the cave is here 
considered as ideal for sustaining practices related to the every-day life 
at Or Murales Nuragic village. Deforestation, as common in other por-
tions of the island, was possibly aimed to forest clearance for agriculture 
and farming. This induced a disturbance into the millennial-long soil 
and hydrogeological natural processes that, besides the stratigraphic 
discontinuities themselves, imprinted the δ18O-δ13C, trace elements and 
fabric characteristics of the carbonate stalagmites. Thus, this study 
hypothesises that anthropic activities having a substantial impact onto 
the environment, and boosted by cultural changes into the ancient 
Nuragic-related Sardinian civilization, are recorded by the studied spe-
leothems. Noteworthy, the Sarp data well-fit within the recent global 
synthesis of land-use for the last 10 kyrs, which reveals a planet Earth 
deeply transformed by growing communities of hunter-gatherers, 
farmers, and pastoralists by 3 ka (Stephens et al., 2019). 

At the same time, we only found subtle evidences of the Holocene 
aridification trend over the last ~5000 years, which is instead well 
evident at other Mediterranean locations. This is possibly due either 
because the climate signal is concealed by the disturbances induced by 
anthropic activities and/or Sardinia was less affected by such multi-
millennial phase. Concurrently, the resolution of the presented analyses 
is possibly not sufficient to detect very rapid Holocene climate oscilla-
tions, such as the 4.2, 3.1 or the RCO events. With future higher reso-
lution analyses, it will be possible to better explore if climate co- 
participated in inducing environmental and/or cultural shifts in 
Sardinia. 

Speleothems here further demonstrate their potential in investi-
gating human-driven palaeoenvironmental changes during times of 
rapid and important cultural shifts within the Mediterranean context. 
They thus represent a valuable tool for complementing archaeological 
studies. 
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