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Speleothems, comprising stalactites, stalagmites, and 
flowstones, are intriguing formations, found in caves pri-
marily made up of calcite and aragonite precipitated from 
calcium carbonate-rich percolating water. The significance 
of speleothems, particularly stalagmites, in paleoclimat-
ic reconstructions has attracted considerable attention 
worldwide (Bar-Matthews et al., 1997, 2010; McDermott, 
2004; Dominguez-Villar et al., 2008; Tremaine et al., 2011; 
Voarintsoa et al., 2017), with Turkey notably contributing to 
this field (Fleitmann et al., 2009; Göktürk et al., 2011; Rowe 
et al., 2012; Ünal-İmer, 2015; Ünal-İmer et al., 2015, 2016). 
Furthermore, previous studies in Turkey have addressed var-
ious facets of cave and speleothem research, such as karst 
evolution in the region, with numerous cave descriptions by 

Akgöz (2012), growth axis angle deviations in stalagmites 
dated by the U/Th method and their relationship with palae-
oseismology by Akgöz and Eren (2015), properties of calcite 
precipitated from a thin layer of water taken from the surface 
of stalagmites by Eren et al. (2017), primary features of se-
lected stalagmites by Eren et al. (2021), micro-karstification 
features in a stalagmite by Eren et al. (2022), and chemical 
composition of calcite crystals and pore-filling sediments in 
a stalagmite determined using electron-probe microanalysis 
(EPMA) by Palvanov et al. (2024). Eren et al. (2017, 2022) 
and Palvanov et al. (2024) have conducted studies linked to 
Küpeli Cave. However, research on the detrital sediments 
interbedded with chemically precipitated calcite layers with-
in speleothems remains relatively limited (Railsback et al.,  
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1999; Auler et al., 2009; Dasgupta et al., 2010; Pickering 
et al., 2010; Denniston and Luetscher 2017). Detrital sedi-
ments in speleothems originate from diverse sources, often 
carried into caves by wind (White, 1988; Railsback et al., 
1999), flooding (Dasgupta et al., 2010; Lascu and Feinberg, 
2011; Finné et al., 2014; Gázquez et al., 2014; González-
Lemos et al., 2015; Denniston and Luetscher, 2017; Sala and 
Bella, 2023), and dripping waters (Railsback et al., 1999; 
Lascu and Feinberg, 2011; Schimpf et al., 2011; Zupančič  
et al., 2016; Belli et al., 2017). This study aims to character-
ize the detrital sediments deposited as a layer on a stalag-
mite, to investigate their origins, and, for the first time, to 
examine their influence on stalagmite morphology.

GEOLOGICAL AND SPELEOLOGICAL 
SETTING

Küpeli Cave is located in the northeast of Esenpınar 
(Erdemli/Mersin), a small settlement in southern Turkey 
(Fig. 1A). The cave entrance is at 59.9726°E latitude 
and 40.51941°N longitude (UTM: 34.114917°E and 
36.606085°N), at an altitude of 742 m above sea level.  
The cave is nestled within the central part of the Tauride 
orogenic belt, which is largely defined by platform car-
bonates (Fig. 1B; Özgül, 1984). Most caves in this area, in-
cluding Küpeli Cave, are found within the reefal limestones 
of the Mut Formation (Langian–Serravian), also referred 
to as the Karaisalı Formation, known for its abundance of 
red algae and corals (Gedik et al., 1979; Eren, 2008; Akgöz, 
2012; Akgöz and Eren, 2015). The regional climate is typ-
ically Mediterranean, characterized by an average annual 
precipitation of 550 mm, evaporation of 1296 mm, and an 
average temperature of 18.7°C, based on the 39-year me-
teorological records from the Turkish State Meteorological 
Service (2020).

Küpeli Cave comprises two chambers, connected by  
a narrow passage (Fig. 2A), with an estimated overburden 
thickness of 30–50 cm for the soil cover and 6 to 10 m for 
the epikarst zone. The first chamber is 30 x 20 m in size and 
has a height of 0.4 to 28 m. Access to this chamber is via  
a ladder from the collapsed part of the roof, which measures 
4.9 x10 m. The second chamber, smaller than the first, is 17 m  
long, 9 m wide and 38 m high. The first chamber features 
small stalagmites with milky white tops and moist surfaces, 
possibly indicating ongoing stalagmite formation processes.

MATERIALS AND METHODS

The stalagmite sample was selected for its distinct detri-
tal layers evident on the longitudinal cut surface. A paral-
lel slice was then cut from half of the stalagmite, ensuring 
comprehensive coverage. Eight thin sections were prepared 
to capture details and were examined under a polarized 
microscope. 

Scanning electron microscopy coupled with energy-dis-
persive X-ray spectroscopy (SEM-EDS) was performed 
at Çukurova University (Adana, Turkey), using a JEOL 
JSM 84A device on the two samples taken from calcite and 

detrital sediment layers. The samples were obtained from 
the layers by first cutting off a piece and then breaking it 
to the required size. The mineralogical composition of two 
bulk samples, extracted from the detrital and calcite lay-
ers using cutting and a dental drill, was analyzed by X-ray 
diffraction (XRD) at the Mersin University Advanced 
Technology Education, Research, and Application Center 
(MEITAM) in Turkey. The XRD measurements were con-
ducted on a Rigaku D/Max–2200 Ultia PC instrument, em-
ploying CuKα radiation. The scanning speed for data collec-
tion was set at 1o2θ min-1.

RESULTS
Stalagmite description

The stalagmite in the growth position was 101 cm long and 
6–35 cm wide, with a truncated cone shape and a depression 
at the top (Fig. 2B). For this study, a sample was taken from 
the uppermost part of the stalagmite, which is approximate-
ly 25 cm long (Fig. 2C). The stalagmite’s outer surface is 
brown, with a knotty structure (Fig. 2C). The depression 
at the top is 4.5 cm wide and 1 to 2 mm deep (Fig. 2C).  
The longitudinal cut shows a macroscopic layering of light 
and dark layers, with a thickness typically of 1 to 5 mm, up 
to 1 cm (Fig. 2D). The alternating undulating layers give the 
stalagmite the appearance of a partially burnt candle, which 
also was preserved during its progressive growth (Fig. 2D). 
The layers flatten or bend slightly downward in the middle. 
The thickness of the detrital layers increases on both sides 
of the central part, forming slight elevations and being more 
inclined at the flanks (Fig. 2D). In contrast to the detrital 
layers, the calcite layers are thick in the centre of the stalag-
mite, somewhat thinner in the areas of detrital sediment ele-
vation, and end with a thinning at the flanks. The trace of the 
macro-hole, which begins in the depression at the top of the 
stalagmite and extends diagonally below it, is visible in the 
section parallel to the longitudinal half-section (Fig. 2E).  
The macro-hole on the cut surface has the cross-section of  
a lens, measuring about 2 cm long and less than 0.5 cm wide, 
and it is partially filled with internal sediment (Fig. 2E).  
Figure 2F shows a close-up of detrital sediment, consisting 
of grains with angular and etched boundaries.

Petrography

Petrographic analysis of thin sections shows that the al-
ternating microlayers consist primarily of a mosaic of spar-
ite calcite crystals and detrital carbonate sediments (Fig. 3). 
Furthermore, columnar calcite is occasionally present with-
in the calcite microlayers, consisting of elongate, roughly 
parallel crystals (Fig. 3 B). The term “columnar” is used 
for elongated calcite crystals, the dimensions of which are 
defined as columnar according to Kendall and Broughton 
(1978), and short columnar according to Frisia and Borsato 
(2010). The calcite microlayers represent light-coloured 
growth microlayers in the stalagmite whereas the detrital 
sediments form dark microlayers (Fig. 3). In the calcite 
microlayers, the mosaic calcite crystals have a diameter of 
0.05–0.10 mm, while the columnar calcite crystals are about 
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Fig. 1. Study site. A. Geological map of the study area showing the cave location (adapted from Gedik et al., 1979; Eren et al., 2022). 
B. Subdivisions of the Tauride Orogenic Belt, indicating the study area position within the central part (adapted from Özgül, 1984; Eren  
et al., 2022).
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Fig. 2. Cave and stalagmite details. A. Plan view of the Küpeli Cave (adapted from Akgöz, 2012; Eren et al., 2022). B. The stalagmite 
is in a growth position within the cave. C. Close-up of the marked section in (B) showing dissolution depression (blue arrow) and knot-
ted structure (black arrows). D. Longitudinal half section with light-dark microlayers and detrital sediment elevations (black arrows). 
E. Macro-hole on the sliced surface of the uppermost part of the stalagmite parallel to the longitudinal half section (large frame in D), 
reaching the current apex depression (blue arrow), crossing the layering, and containing internal sediments (black arrow). F. Close-up of 
a slight elevation where detrital sediments are concentrated in the small frame in (D).
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Fig. 3. Photomicrographs. A. Alternating layers of mosaic sparite calcite and fine-grained detrital sediments. Micro-scale corrosion 
pits are indicated by white arrows, while blue arrows highlight angular to rounded grains of fine-grained detrital sediment. B. Columnar 
calcite microfabric with elongated calcite crystals. C. Coarse-grained detrital sediment composed of carbonate grains filling corrosion de-
pression (white arrow) exhibiting poor sorting and abundant red colouration. Red colouration and roundness are more evident in the sand 
grains. D. Recrystallization in the detrital sediment transforming silt-sized carbonate grains into sparite calcite (blue arrow). E. Common 
large micritic limestone grains with red colour and rounded morphology in coarse-grained detrital sediments. The blue arrow indicates  
the corrosion surface. F. Close-up of the frame in (E). G. Coarse-grained detrital sediments overlying the corrosion surface (blue arrows) of  
the calcite layer with visible Fe-oxide minerals. H. Fine-grained detrital sediments composed of angular to subangular carbonate grains. 
The blue arrow indicates the corrosion surface. The micrograph (B) is under polarized light, and the others are under normal light.
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0.2–0.6 mm wide and up to 1.2 mm long. Their surfaces 
covered with detrital sediments often show micro-scale cor-
rosion pits (Fig. 3A, C–H).

Under microscopic examination, the detrital sediments 
can be classified into two distinct categories: (i) poorly sort-
ed coarse-grained detrital sediments, with grain sizes rang-
ing from 0.02 to 0.65 mm (Fig. 3C–G); and (ii) fine-grained 
detrital sediments, consisting of particles with diameters ≤ 
10 µm (Fig. 3A, H). Notably, the large sand grains exhibit a 
prominent dark red colouration and roundness (Fig. 3C–G). 
Furthermore, certain detrital sediments have undergone par-
tial recrystallization into sparite calcite, causing disruptions 
in the initial granular texture, with coarse sand grains ap-
pearing to resist recrystallization (Fig. 3D).

SEM-EDS analysis

SEM analysis shows that the calcite growth layers consist 
primarily of euhedral and subhedral calcite crystals (Fig. 
4A). Moreover, within these layers, there are intercrystal-
line pores that have been enlarged, owing to dissolution pro-
cesses (Fig. 4A). The remains of fine-grained detrital sedi-
ments on the partially dissolved surface of the larger calcite 
crystals appear as carbonate grains with angular and etched 
boundaries (Fig. 5B). Examination of the EDS spectra 

confirms the presence of calcite crystals in the growth and 
fine-grained detrital sediment layers, with a strong Ca peak 
(Fig. 5C, D).

XRD analysis

X-ray diffraction analysis shows that the light-coloured 
growth layers consist entirely of calcite (Fig. 5A). In con-
trast, the darker layers, which are rich in detrital sediments, 
consist predominantly of calcite with a negligible presence 
of quartz (<1 wt%; Fig. 6B). The identification of quartz was 
confirmed by its distinctive peak at 3.36 Å (Fig. 5B).

DISCUSSION

The stalagmite from Küpeli Cave has remarkable detri-
tal microlayers recurring with sparite calcite microlayers, 
including columnar calcite (Fig. 2D). The petrographic 
analyses reveal that the detrital microlayers predominantly 
consist of carbonate grains of similar composition (Fig. 3).  
This indicates that these grains were transported from 
the same source by dripping water. Notably, the absence 
of layered detrital sediments in other stalagmites with-
in the same cave indicates that the conditions are specific 

Fig. 4. SEM images with EDS spectra. A. Sparite calcite crystals within the growth layer, exhibit intercrystalline pores partially en-
larged by dissolution (orange arrows). B. Remnants of a fine-grained detrital sediment layer containing carbonate grains, characterized 
by angular and etched boundaries (indicated by a blue arrow within the enlarged frame marked by an orange arrow). C. EDS spectrum of 
large calcite crystal in A. D. EDS spectrum of fine-grained detrital sediments in B. Thick white frames in A and B indicate areas analyzed 
by EDS. 
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Fig. 5. X-ray diffractograms. A. Calcite growth layers consist entirely of calcite. B. Detrital sediment layers are primarily calcite with 
a small amount of quartz (<1 wt%).

Fig. 6. Schematic representation of the process of detrital sedi-
ment deposition in a depression generated by dissolution over time 
at the top of the stalagmite and its effect on stalagmite morphology. 
The splashing action of the dripping water drives the grains to-
wards the edges of the stalagmite, causing an increase in sediment 
accumulation in these areas. Subsequently, under favorable condi-
tions, calcite precipitates in the depression and takes its shape by 
filling the remaining space. 

to this stalagmite (e.g., Eren et al., 2022; Palvanov et al., 
2024). The presence of rounded grains within the detrital 
sediments (Fig. 3C–G), coupled with the prevalence of 
red coloration, indicates their likely origin from the red 
soils, found in the surface karst depressions (doline and 
uvala), formed by chemical weathering of the bedrock. 
These red soils are primarily composed of insoluble res-
idues remaining after the dissolution of the bedrock car-
bonates. This interpretation receives further support from 
the abundance of angular and etched boundaries observed 
in the transported grains (Figs 2F, 4B). While the red 
colouration is commonly associated with the presence 
of Fe-oxide minerals (Eren and Kadir, 1999; Eren et al., 
2015), notably absent in the XRD diffractogram (Fig. 5B),  
it indicates a connection with mineral crystallinity and the 
potential presence of non-crystalline Fe-hydroxide min-
erals (White, 2007). The rounded sand-sized carbonate 
grains in the soils indicate a previous local transport of the 
grains by wind (Railsback et al., 1999) or by surface run-
off. In addition, the presence of a very small quartz peak in 
the XRD diffractogram of the detrital sediments (Fig. 5B), 
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coupled with the lack of supporting evidence in the other 
analyses, may indicate that a negligible quantity of silt and 
finer quartz particles could have been deposited in the soil 
environment by wind transport. These red soils probably 
were formed at the same time as the cave. The results in-
dicate that the process of introduction of detrital sediments 
into the cave began in the red soil zone at the surface, con-
tinued through the cracks in the epikarst area, and finally 
penetrated the cave system. This explains one mechanism 
by which sediment was transported from the surface into 
the cave environment; the other was as gravitational debris, 
which is the coarser-grained material (White, 2007).

In the longitudinal section, the tapering of the detrital lay-
ers towards the centre of the stalagmite and a slight eleva-
tion at the sides (Fig. 2D) indicate deposition in depressions 
caused by dissolution processes at the top of the stalagmite 
during its formation (Fig. 2C, E). A similar depression exists 
at the top of the stalagmite connected with the macro-hole 
below it (Fig. 2E). The macro-hole is partially filled with 
internal sediments transported from the depression inside 
to the stalagmite by the percolation of water (Fig. 2E).  
The formation of macro-holes in stalagmites has been stud-
ied in detail by Shtober-Zisu et al. (2014); they conclud-
ed that the dissolution process could be enhanced or even 
triggered by bacteria, present in stalagmites. However, 
no evidence of microbial origin was found in this study. 
Consequently, it indicates that inorganic processes are  
the probable mechanisms for dissolution.

The detrital sediment distribution in the apex depressions 
was caused by the splashing action of dripping water push-
ing grains to the sides, resulting in increased accumulation 
in those areas (Fig. 6). This mechanism, together with dis-
solution, contributed to the stalagmite’s distinctive appear-
ance, similar to the rimmed top of a partially burnt candle 
(Fig. 2D) throughout its development (Martín-Chivelet et 
al., 2017). Furthermore, the detrital sediments, composed of 
micritic limestone particles, have undergone partial recrys-
tallization and transformation into sparite calcite during 
the onset of calcite precipitation (Fig. 3D). Notably, larger 
grains seem to have been protected from this transformative 
process (Fig 4D). This recrystallization process has altered 
the original granular texture of clastic sediments into a crys-
talline one (Fig. 3D).

After the deposition of the detrital sediments, calcite 
was precipitated from the water film to form a new calcite 
growth microlayer covering the speleothem (Fig. 6). It took 
the shape of the depression remaining after detrital sediment 
accumulation. Therefore, the calcite layers are thick at the 
centre of the stalagmite, gradually tapering over the detrital 
sediment elevation zones, and finally thinning out towards 
the flanks. The calcite layer surfaces beneath the detrital 
sediments, often showing corrosion pits (Fig 3), correspond-
ing to a change in water composition and the presence of a 
hiatus, also have been reported in the literature (Finné et al., 
2014; Sala and Bella, 2023). The amount and composition 
of drip water are subject to significant variations driven by 
seasonal changes in climatic conditions. Rainy seasons are 
characterized by increased detrital input, influenced by the 
carrying capacity of rainwater, while drier periods witness 

reduced detrital input or even cessation of grain supplies. 
In rainy seasons, the shorter retention times of rainwater in 
the soil and epikarst areas enhance the absorption of CO2 
in the soil, yet indicate insufficient interaction time for the 
dissolution of carbonate components. This implies that the 
water carrying the detrital grains was undersaturated with 
calcite, which increased its aggressiveness toward car-
bonates and facilitated the formation of solution pits on the 
surface of the calcite layers. (Railsback et al., 2011, 2013; 
Sala and Bella, 2023). Conversely, drier seasons coincide 
with chemical precipitation events, with minimal detrital in-
put (Lascu and Feinberg, 2011). Railsback et al. (2011) also 
suggest moderate climatic conditions for calcite precipita-
tion. Factors such as temperature, humidity, and pCO2 levels 
influence calcite precipitation (Day and Henderson, 2011), 
with weak rainfall prolonging the interaction time in soil 
and epikarst regions, leading to increased water saturation 
for calcite and subsequent calcite precipitation. Increased 
evaporation and degassing during dry periods contributed 
to higher water saturation levels, triggering chemical pre-
cipitation of calcite layers and reducing grain transport or 
halting flow altogether.

CONCLUSION

Detrital sediments in the stalagmite are interlayered with 
chemically precipitated calcite microlayers. These sedi-
ments are mainly composed of red, sandy-silty carbonate 
grains along with finer detrital carbonate particles. The 
well-rounded sand grains in the sediments indicate earlier 
transportation, possibly by wind or runoff. These sediments 
were formed from red soils caused by chemical and physical 
weathering processes on the carbonate rocks at the surface. 
Over time, these weathered particles were carried into the 
cave environment by dripping water and deposited in de-
pressions, formed by dissolution at the top during stalagmite 
development. Subsequently, the sediments were moved 
toward the edge of the depression by the splashing action 
of dripping water, resulting in a slight elevation and an in-
crease in sediment concentration. As a result of this process, 
the stalagmite expanded laterally and acquired the appear-
ance of the edge of a partially burnt candle. Afterward, the 
chemically precipitated calcite microlayer took on the shape 
of the depression at the top of the stalagmite. The detrital 
and chemically precipitated microlayers may have recurred 
in response to seasonal climate changes. The amount and 
size of sediment grains increased, depending on the amount 
of rainfall, and during dry periods, chemical precipitation 
occurred from supersaturated water in the absence of sed-
iment input.
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