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Abstract
Karaftu Cave in the northwest of Divandareh includes four �oors plus an underground area. The bat hall and its underground area are covered with guano
deposits. 14C dating indicates the onset of guano deposition is about 14260±50 BP years, and its average accumulation rate is about 4.1 mm/yr for depths of
360 to 205 cm. Bacterial and fungal metabolisms decay guano, release acids, and disperse large amounts of microorganisms inside the cave. Interactions
between acids and guano caused leaching, dissolution, change in the distribution, and abundance of elements, which leads to the formation of secondary
minerals in guano. These variations in minerals and elements also depend on the local climatic conditions. Distribution of elements in the Ce/Ce* verse Pr/Pr*
diagram and the correlation coe�cient between Ce and Mn display three different paleoclimate conditions (dry, wet, and dry) during the accumulation of the
guano. Also, dolomite, phosphate, and iron oxide minerals have been formed during the passage of water through bedrock beneath the guano. This water is
unsuitable for drinking and harmful to the organisms in the region. Effect of these acids on the substrate also leads to the collapse of the cave �oor,
generation of a new underground, fall in the groundwater level, change in the groundwater drainage system, drying of springs around the cave, loss of green
cover, and a negative impact on the ecosystem in the region. To keep the cave environment clean and remove these problems, it is better to harvest guano and
use it as fertilizer.

1. Introduction
Caves are natural underground cavities that begin to form very slowly due to the dissolution of carbonate rocks by groundwater. First, they occur under the
water table and become dry as the water table drops from the cave bottom. They serve as roost sites for bats in the dark zone.

Cave deposits are divided into chemical, biochemical, and terrigenous categories (Wurster et al., 2015; Dimkić et al., 2020). One of the biochemical cave
deposits is bat guano, the fecal material of bats and birds (e.g., Onac and Vereș, 2003; Cleary et al., 2019; Sakoui et al., 2020). The accumulation of bat guano
often requires considerable time, during which various geochemical processes, such as weathering, leaching, and changes in environmental conditions, occur.
These processes affect the distribution of secondary minerals, trace elements, REEs, and their proportions (e.g., Brauer et al., 1999; Smol and Cumming, 2000).

Bat guano deposits are a signi�cant continental paleoenvironmental archive of climate change for semi-arid and tropical regions (e.g., Wurster et al., 2010).
Some researchers have studied 14C, stable isotopes, palynology, secondary minerals, and elemental variations in guano deposits to determine
paleoenvironment and age (e.g., Johnston et al., 2010; Batina and Reese, 2011; Onac et al., 2014; Forray et al., 2015; Wurster et al., 2017; Cleary et al., 2018,
2019; Onac, 2019; Audra et al., 2021; Cleary and Onac, 2021; Tsalickis et al., 2021).

Karaftu Cave is located 67 km northwest of Divandareh (46˚ 52' 30'' E and 36˚ 20' 02'' N), Kurdistan province. According to the climatic divisions of De Martin,
the region has a semi-arid climate with mean annual precipitation of 395 mm. The mean temperature of the area is 13.9 ˚C/yr, with a minimum of − 9/8 ˚C in
February and a maximum of 31/4 ˚C in July.

The cave entrance is located at 2030 m above sea level and 25 m from the surrounding area. It is about 800 m long, with chambers and corridors at four levels
and an underground hole at the bat hall on the second �oor. The bedrock of the bat hall is covered by bat guano with an average of 2 m in thickness over a
surface of several square meters (Fig. 1A- G) (Haghighat jou, 2017; Amin-Rasouli et al., 2021). The bat species are Rhinolophus ferrumequinum (Schreber,
1774), Rhinolophus mehelyi (Matschie, 1901), Myotis blythii, and Miniopterus pallidus (in Benda et al., 2012). These species feed on terrestrial arthropods,
moths, and insects and produce phosphorus guano (Wurster et al., 2010).

2. Geological setting and stratigraphy
Karaftu Cave is located in the northern Sanandaj-Sirjan Zone (SaSZ), west Iran (Stöcklin, 1968). The SaSZ originated from the subduction of the Tethyan
oceanic lithosphere under the southwestern border of Central Iran, leading to intermediate to felsic plutonic and volcanic activity from the Jurassic to
Quaternary within and adjacent to the SaSZ (Mohajjel et al., 2003) (Fig. 2A). It is 800 km long and 150–250 km wide, situated between the Zagros fold-thrust
belt in the southwest and Urumieh- Dokhtar magmatic arc in the northeast (Stöcklin and Nabavi, 1972).

The cave formed in the f-member of the Oligo-Miocene Qom Formation (Fig. 2A, B). The Qom Formation includes nine lithostratigraphic members (a- to f-
members: a-member = basal limestones, b- member = sandy marls, c1- member = limestones, c2- member = evaporates, c3- member = limestones, c4- member 
= pelagic marls, d-member = evaporates, e-member = green marls, f- member = top limestones contain coral reef, red algae, porcelaneous and large hyaline
foraminifera, bryozoan, echinoderms, and gastropods) in the type locality near the town of Qom (Bozorgnia, 1965; Reuter et al., 2009).

The studied guano is situated in the bat hall with no dripping water and active stream, but water has accumulated in several small areas. The bat hall's
temperature and relative humidity average are 16 ˚C and 35%, respectively. This study aims to determine the distribution of chemical elements, secondary
minerals, the accumulation rate of guano, age, paleo-redox conditions, biogenic activities, and climate changes during the accumulation of guano in the
Karaftu Cave. In addition, the in�uence of solution leaching from guano to the groundwater, their environmental hazards, and organisms in the guano deposits
are also discussed in this study.

3. Methods
Nineteen samples were collected vertically depending on the variations in color (approximately 50 g) from the base to the top of the guano deposits in the
Karaftu Cave. They were mainly brown colored, moist, and exhibited subtle strati�cation except at depths of 250 and 165 cm, in which the samples are dark
red-brown and white, respectively. Samples were kept at − 16 ˚C in the laboratory until analyzed. For analyses of trace elements and rare earth elements
(REEs), ~ 70 mg of each sample was decomposed with 3 mL of HF (38%) and 0.5–1 mL of HClO4 (70%) in a covered polytetra�uoroethylene (PTFE) beaker at
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120–140 ◦C. The dissolved samples were dried at 140–160 ◦C on the hot plate with infrared lamps. The samples were dissolved in 10 mL of 2–6 M HCl, and
then resulting solutions were used for trace elements (plus REEs) analysis. Trace element compositions were determined by inductively coupled plasma–
mass spectrometry (ICP–MS), Agilent 7700x, at the Geological Survey of Iran. The detection limits for elements are between 0.08 and 0.6 ppm.

The secondary minerals were recognized herein based on scanning electron microscopy- energy dispersive X-ray spectrometry (SEM-EDX), except carbonate
minerals, which were performed on samples at the University of Kurdistan. Also, �ve thin sections from the bedrock of guano deposits were prepared and
petrographically investigated under the polarized microscope at the University of Kurdistan.

Samples for radiocarbon dating were selected at depths of 205 cm and 360 cm. Their organic acids and secondary carbonate were removed and digested
separately in 2 M HCl at 80 ˚C for 8 hours. The samples were washed twice with distilled water until the solutions were clear and soaked in 1 M KOH solution
at 80˚C for 2 hours. Samples were digested with 1 M HCl for 2 hours to remove extra KOH. Afterwards, they were dried at 140 ˚C and burned in a quartz tube to
produce CO2. The puri�ed CO2 was reduced to graphite with an iron catalyst and hydrogen at 650˚C for 6 hours. 14C dating was performed by accelerator
mass spectrometry (Model 4130-AMS, High Voltage Engineering Europe) at the Center for Chronological Research (CCR), Nagoya University, and calibrated
using the IntCal13 curve (Reimer et al., 2013).

4. Results and discussion

4.1 14C dating
Radiocarbon dating is a technique for determining the age of an object containing organic matter. Two samples were collected from the depth of 360 cm and
205 cm to determine the beginning and rate of Karaftu guano accumulation based on 14C dating. The Carbon-14 dating of guano deposits from these depths
provides ages 14260 ± 50 years BP and 13845 ± 50 years BP, respectively (Table 1). That indicates the start of guano deposition, from a depth of 360 cm, was
after the Last Glacial Maximum, LGM (Street-Perrott and Perrott, 1990). During this time, the climate was similar in most areas (Fig. 3), and its evidence has
been recorded around the world and near the study area in Zaribar Lake, northwest of Kurdistan (van Zeist and Wright, 1963; van Zeist and Bottema, 1977).
Based on the 14C dating from the depths of 360 and 205 cm, and the difference between compacted (1.85 gr/cm3) and non-compacted (1.7 gr/cm3) guano
densities, the average deposition rate for these depths was about 4.1 mm/year.

4.2. Trace elements
Trace-element abundances in sediments and sedimentary rocks allow us to reconstruct paleodepositional conditions (e.g., Riquier et al., 2006; Tribovillard et
al., 2006; Armstrong-Altrin et al., 2021, 2022). They are released into the environment from the natural weathering of rocks and various sources related to
human activity. The concentration of these elements may directly or indirectly affect the chemical composition of foodstuff and animal feed (e.g., Haluschak
et al., 1998). Climatic/chemical weathering degree is one of the factors (e.g., Gangloff et al., 2016) which controls the transfer of trace element ions from the
soil into plants and then into animals plus their feces/herein bat guano. Concentrations of trace elements in plants are often positively correlated with the
abundance of these elements in soils and underlying rocks (Kabata-Pendias, 2010) plus wet climate (e.g., Cuculić et al., 2011; Dodge-Wan et al., 2017). As a
result, trace elements in guano deposits are considered as a tool to determine source rocks and environmental changes.

In the study area, the guano pro�le indicates �uctuation in the distribution of trace elements from the top to bottom (Table 1). Based on the sharp change in
their distribution, they show at least three units/cycles with 2–3 smaller cycles in each (Fig. 4). Fluctuations in trace elements mainly depend on weathering
and local mineral resources in the pro�le. The mean value of elements in unit 2 is higher than in units 1 and 3 (Table 2), indicating that they formed under
wet/rainy conditions (Cuculić et al., 2011; Dodge-Wan et al., 2017).

The geochemical data show variation in the abundance of Zr and Ti, same as other trace elements, except at the bottom. These elements are primarily
immobile after deposition, and their amounts record the accumulation rate of guano deposits, with high abundance indicating a low guano accumulation rate
and vice versa. So, the high Zr and Ti values at their bases represent the lack of guano deposits (e.g., Taylor and McLennan, 1985; Bird et al., 2007).

4.3. REEs
REEs are a group of elements, from lanthanum to lutetium, with similar physicochemical properties, because of their speci�c electronic con�gurations (except
Ce and Eu, which exhibit multiple valences). REEs are divided into two light REEs (LREEs) from La to Eu and high REEs (HREEs) from Gd to Lu (e.g., Kato et al.,
2011). Because of the systematic variation in their behaviors, REEs have received considerable attention in the geoscience �eld. For instance, REEs have been
used to explain geochemical processes, including weathering and palaeoenvironmental changes (Armstrong-Altrin 2020). Geochemical data indicate two
sharp �uctuations in the amounts of REEs at depths of 270 cm and 140 cm. Fluctuations in the concentrations of these elements represent similar trends
throughout the depth of the pro�le. According to them, three climatic (dry, wet, and dry) conditions are distinguished through the guano pro�le, the same as the
distribution of trace elements (Fig. 5).
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Table 1
ICP-MS analysis and 14C dating of the guano samples.

Depth of
sample

0(top) 10 30 50 70 90 120 140 165 185 205 240 255 260 270 290 310

Trace elements (ppm)                              

Ti 1166 935 986 903 835 909 593 1747 1317 1078 1312 1482 809 742 968 1020 784

Mn 159 171 118 102 77 124 130 288 242 84.9 158 211 119 63.7 96.0 221 145

Mo 7.94 6.82 7.87 11.9 17 19.6 10.0 29.7 28.2 21.0 25.2 46.0 11.6 3.82 4.72 18.9 14.3

Ba 157 109 163 132 121 222.9 106 339 309 175 352 384 164 101 185 241 210

Rb 28.3 21.9 14.5 21.3 21 23.2 14.1 34.9 34.9 19.1 17.4 29.4 15.9 20.5 20.0 22.0 20

Sr 70.1 66.3 70.7 49.3 35 63.4 54.0 61.2 77.0 40.3 34.2 39.0 32.0 48.6 59.3 52.5 47.0

Y 14.9 10.9 13.4 8.90 8.73 11.9 4.49 15.3 19.7 8.08 16.7 18.7 8.85 3.76 3.87 5.84 3.8

Zn 313 271 560 466 622 750.0 316 1250 1002 606 1010 1613 666 247 546 892 838

Cu 299 277 287 1334 1007 2035 832 4329 3812 1174 2510 5231 1602 443 786 1547 928

Ni 11.4 15.1 9.93 28.0 26 45.7 41.1 57.5 47.4 36.4 51.9 93.4 25.0 11.1 15.1 26.7 18.3

Pb 11.5 9.12 11.9 9.90 7.91 12.7 6.20 19.3 12.7 9.18 12.8 29.5 9.65 5.05 7.12 11.1 0.0

Co 2.70 3.61 3.73 7.61 6.51 9.6 5.07 14.2 14.8 7.45 10.8 15.3 5.84 3.40 4.62 9.43 8.81

Sc 3.98 2.95 3.93 1.81 1.96 2.6 1.73 4.97 5.27 2.45 2.42 3.26 2.31 2.59 3.41 3.16 2.34

Zr 34.8 16.0 18.0 15.6 40.5 57.7 8.52 54.3 30.3 20.0 30.8 43.3 25.4 22.2 30.3 28.8 16.1

Th 2.16 1.53 2.16 1.30 2.06 1.15 0.88 3.29 3.88 1.29 1.65 2.23 1.56 1.64 1.89 1.66 1.00

U 1.96 1.41 1.60 1.30 1.40 1.49 0.82 2.91 2.45 1.53 2.25 3.75 1.21 0.58 0.61 0.87 0.57

Nb 4.51 3.02 3.61 2.69 4.51 5.5 1.92 9.83 5.64 5.17 5.17 9.55 5.41 4.51 5.07 5.88 5.36

Hf 0.62 0.40 0.50 0.35 0.43 0.61 0.33 1.21 0.88 0.55 0.91 1.22 0.55 0.45 0.58 0.84 0.56

Ta 0.59 0.33 0.47 0.32 0.43 0.46 0.26 0.63 0.76 0.35 0.42 0.85 0.53 0.32 0.49 0.73 0.75

W 1.77 1.53 2.17 2.68 3.68 2.36 2.50 6.28 7.28 3.20 3.54 5.57 2.61 1.04 1.34 2.46 1.7

REEs (ppm)

La 8.87 6.98 9.13 5.99 7.49 9.55 4.88 14.7 18.5 7.93 12.7 17.5 6.00 5.28 8.37 8.38 5.98

Ce 15.3 10.4 14.0 8.8 11.8 16.8 4.31 21.1 31.8 11.4 19.8 27.7 10.9 11.1 15.4 13.1 8.48

Pr 2.41 1.83 2.83 1.35 1.63 2.3 1.01 3.27 3.48 1.31 1.87 2.54 1.57 1.31 1.65 1.40 1.10

Nd 8.69 5.83 7.52 4.56 6.33 8.94 2.39 11.1 16.1 6.42 12.1 16.7 5.44 5.66 8.81 6.01 4.41

Sm 2.10 1.58 1.95 1.26 1.65 1.02 0.77 3.39 3.92 0.93 1.75 2.02 1.81 0.78 1.15 1.44 0.69

Eu 0.41 0.31 0.56 0.25 0.2 0.4 0.17 0.66 0.70 0.31 0.42 0.48 0.24 0.15 0.23 0.26 0.23

Gd 1.81 1.46 1.91 1.10 1.1 1.6 0.74 1.78 2.5 1.15 1.97 3.7 1.50 0.79 0.93 1.14 0.71

Tb 0.26 0.20 0.29 0.15 0.2 0.2 0.11 0.36 0.44 0.21 0.27 0.35 0.26 0.14 0.16 0.17 0.12

Dy 1.94 1.44 1.60 1.23 1.41 1.44 0.62 2.22 2.90 1.29 2.51 3.30 1.97 0.63 0.79 1.31 0.81

Ho 0.46 0.33 0.47 0.29 0.3 0.4 0.15 0.44 0.58 0.25 0.40 0.50 0.32 0.14 0.15 0.21 0.16

Er 1.03 0.72 0.83 0.66 0.7 0.8 0.42 1.50 2.14 0.56 1.20 1.44 1.11 0.39 0.48 0.81 0.37

Tm 0.21 0.15 0.19 0.12 0.1 0.2 0.07 0.28 0.33 0.10 0.15 0.18 0.14 0.07 0.09 0.09 0.07

Yb 1.10 0.66 0.81 0.64 0.76 0.79 0.38 1.17 1.61 0.75 1.30 1.58 0.81 0.35 0.39 0.58 0.45

Lu 0.20 0.13 0.14 0.11 0.10 0.14 0.07 0.25 0.27 0.09 0.23 0.29 0.15 0.07 0.09 0.14 0.07

∑LREE 37.8 26.9 36.0 22.2 29.0 39.1 13.5 54.2 74.5 28.3 48.7 66.9 36.3 24.3 25.3 30.6 20.9

∑HREE 7.01 5.08 6.24 4.30 4.57 5.61 2.55 8.02 10.75 4.39 8.04 11.34 6.26 2.57 3.07 4.44 2.75

∑REE 44.8 32.0 42.2 26.5 33.5 44.7 16.1 62.2 85.3 32.7 56.7 78.2 42.5 26.9 28.4 35.0 23.6
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Depth of
sample

0(top) 10 30 50 70 90 120 140 165 185 205 240 255 260 270 290 310

L/H
(Nd/Er)CN

2.63 2.53 2.85 2.15 2.78 3.47 1.80 2.31 2.36 3.59 3.16 3.61 2.48 4.60 3.56 2.32 3.77

Ratios

Ba/Sr 2.24 1.65 2.31 2.67 3.49 3.52 1.96 5.55 4.01 4.33 10.29 9.86 5.12 2.08 3.12 4.59 4.46

La/Sc 2.23 2.37 2.32 3.31 3.82 3.67 2.82 2.95 3.51 3.24 5.25 5.38 3.62 2.04 1.76 2.65 2.56

La/Th 4.10 4.57 4.24 4.61 3.64 8.31 5.56 4.46 4.76 6.12 7.70 7.86 5.36 3.22 3.17 5.03 5.99

La/Yb 8.0 10.6 11.3 9.4 9.9 12.1 12.7 12.5 11.5 10.6 9.8 11.1 10.3 15.1 15.5 14.5 13.3

Sc/Ni 0.35 0.20 0.40 0.06 0.08 0.06 0.04 0.09 0.11 0.07 0.05 0.03 0.09 0.23 0.23 0.12 0.13

Rb/Sr 0.40 0.33 0.21 0.43 0.61 0.37 0.26 0.57 0.45 0.47 0.51 0.75 0.50 0.42 0.34 0.42 0.43

Th/Co 0.80 0.42 0.58 0.17 0.32 0.12 0.17 0.23 0.26 0.17 0.15 0.15 0.27 0.48 0.41 0.18 0.11

Th/Sc 3.98 2.95 3.93 1.81 1.96 2.60 1.73 4.97 5.27 2.45 2.42 3.26 2.31 2.59 3.41 3.16 2.34

Th/U 1.11 1.09 1.34 1.00 1.47 0.77 1.07 1.13 1.59 0.85 0.73 0.60 1.30 2.81 3.09 1.91 1.75

Y/Ho 32.6 33.0 28.8 30.6 34.9 30.4 30.2 34.6 34.2 32.8 41.8 37.3 27.4 27.2 25.1 27.9 24.2

Ce/Ce*SN 0.76 0.67 0.63 0.72 0.78 0.82 0.45 0.70 0.91 0.80 0.91 0.93 0.90 0.89 0.95 0.87 0.76

Eu/Eu*SN 1.00 0.97 1.36 1.01 0.88 1.43 1.07 1.23 1.05 1.40 1.04 0.77 0.69 0.90 1.06 0.97 1.54

Pr/Pr* SN 1.22 1.37 1.61 1.25 1.10 1.12 1.83 1.25 0.90 0.89 0.70 0.69 1.00 1.16 0.82 0.93 1.05

14C dating                   13845 ± 50 BP          

[Ce/Ce*=2Ce/(La + Pr)]SN; [Eu/Eu*=2*Eu/(Sm + Gd)]SN; [Pr/Pr*=2Pr/(Ce + Nd)]SN; SN = Post Archean Australian Shale normalized; CN = Chondrite normalized (
1989)

 
Table 2

Average of trace elements (TEs) and REEs for three units in the
guano pro�le.

Depth (cm) TEs LREEs HREEs ∑REEs (Nd/Er) CN

0-140 162.0 32.3 5.4 37.8 2.6

165–270 228.7 43.5 8.6 50.1 3.2

290–360 151.1 28.4 4.5 32.9 3.1

4.4. Paleo-redox conditions
Cerium and Eu anomalies usually occur in the natural environment and are applied to identify paleo-redox conditions (e.g., Albarede, 2011; Tostevin et al.,
2016; Armstrong-Altrin and Machain-Castillo, 2016; Ramos-Vázquez et al., 2018, 2022). The REEs are typically in the 3 + oxidation state, but Eu occurs in
divalent in strongly reducing environments. Europium anomalycan be calculated by comparing it with its neighboring REEs (Obaje et al., 2015):

Eu/Eu*SN = 2EuSN/(SmSN + GdSN) (Wherein SN refers to shale- normalized)

The Eu/Eu*SN (= 0.69 to 1.54) values of the samples show positive (Eu/Eu* >1) and negative (Eu/Eu* <1) anomalies, re�ecting a change in conditions from
reducing to oxidizing and vice versa during deposition. In Fig. 5, all patterns are similar except Eu/Eu*SN, which is sensitive to temperature changes, such as a
thermometer, during the water-rock interaction (Nakada et al., 2017).

Cerium is the only lanthanide that undergoes oxidation from a more soluble 3 + to a less soluble 4 + valence state in low-temperature aqueous environments.
Since Ce4+is adsorbed more strongly than the other trivalent REEs, it is widely used as an indicator of paleoredox conditions (Sanematsu et al., 2013; Ling et
al., 2015). Oxidation and reduction conditions generally form positive and negative Ce anomalies, respectively (e.g., Alibo and Nozaki, 1999). Ce anomaly is
calculated from the following equation (Obaje et al., 2015):

Ce/Ce*SN = 2CeSN/(LaSN+PrSN)
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Samples show the Ce/Ce*SN values from 0.45 to 0.95. Bau and Dulski (1996) proposed the Ce/Ce*-Pr/Pr* diagram to recognize the true Ce anomalies (Fig.
6A). Studied samples fall in the IV, IIa (from 255 cm depth), and IIIb �elds in this diagram and show three climatic conditions (Table 3).

Table 3. The table shows the locations, descriptions of the samples in the Ce/Ce*-Pr/Pr* diagram and the changes in climatic conditions along the studied
pro�le.

Manganese is one of the signi�cant carrier phases for excess Ce (De Baar et al., 1988; Sholkovitz et al., 1994; De Carlo et al., 1997; Bau, 1999; Ohta and
Kawabe, 2001; De Carlo and Green, 2002) and the reduction/dry and oxidation/wet conditions are determined based on the low and high Ce- Mn correlation
coe�cient, respectively. They have the weak correlation coe�cients in depths of 360– 290 cm (R2 = 0.35) plus 140 − 0 cm (R2 = 0.36), and very high ones in
the 270– 165 cm (R2 = 0.98) depths (Fig. 6B- D). These indicate that drastic changes in sedimentary conditions occurred between depths of 140–165 cm and
270–290 cm. Therefore, from its base towards the top, the studied guano has been deposited under dry (depth of 360 − 290 cm), wet (depth of 270 − 165 cm),
and dry (depth of 140 − 0 cm) conditions (Table 2).

4.5. Secondary minerals
Bat guano deposits are sites of various complex reactions (mainly biologically driven), ultimately releasing organic, nitric, carbonic, phosphoric, and sulfuric
acids (Forti, 2001). The acids then interact with the carbonate bedrock or cave sediments, cause leaching and dissolution, and form unique authigenic
minerals (Bridge, 1973; Karkanas et al., 2002; Shahack-Gross et al., 2004) within the cave deposits. These minerals are complex, and their distributions provide
critical information concerning the weathering processes that originated the hosting cavities (e.g., Onac and Vereș, 2003; Plan et al., 2012).

Karaftu Cave includes carbonate, sulfate, phosphate, and nitro minerals. Carbonate minerals are the most abundant chemical/biochemical minerals
(Cañaveras et al., 2001; Cuezva et al., 2009) (Fig. 7A- C).

Sulfate minerals in the Karaftu Cave consist of gypsum and cesanite (Fig. 8A- E). Gypsum presents along with phosphate minerals in the entire studied pro�le.
Bacterial and fungal metabolisms decay guano and release H2S acid. Hydrogen sul�de constitutes an abundant source of chemical energy (i.e., food) for
certain bacteria. They eat hydrogen sul�de, breathe oxygen, and produce sulfuric acid as metabolic waste (e.g., Wells et al., 2022). Interaction of guano-derived
sulfuric acid with carbonate particles leads to Ca-sulfate deposition (e.g., Onac et al., 2009; Giurgiu and Tamas, 2013). The general reaction is:

That is the source of gypsum within cave deposits (Hill and Forti, 1997), and it is not alone as a good indicator for identifying cave conditions (e.g., Onac et al.,
2002).

The most numerous biogenic minerals, in terms of anion types, are phosphates, after oxides, and carbonates (e.g., Tazaki, 2006). The precipitation of
phosphate minerals in caves is related to PO4

3- leaching from the guano and combining with the Ca2+, Fe2+, Al3+, K+, Na+, and Mg2+ ions (Onac and Veres,
2003). Phosphate minerals are taranakite, brushite, whitlockite, francoanellite, leucophosphite, spheniscidite, phosphammite, and pyrocoproite in the guano
deposits of Karaftu Cave (Figs. 9A- I, and 10A- F).

A comparison between the distribution of secondary minerals and Ce/Ce*, in the studied pro�le, indicates that taranakite forms in wet conditions. However,
whitlockite, urea, and cesanite only occur in dry ones (e.g., Bridge, 1973; Onac and Vereş, 2003; Forti et al., 2004; Snow et al., 2014; Audra et al., 2021).
Therefore, they can be climate indicator minerals, but other minerals (because of their presence in both conditions) cannot be so (Table 4). These variations in
minerals and elements are also mainly related to the local paleoenvironmental and climatic conditions (Tsalickis et al., 2021).
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Karaftu Cave consists of urea (CO(NH2)2) and niter (KNO3) minerals (Fig. 11A- C). These minerals are highly soluble and precipitate only under warm and dry
conditions or during guano combustion due to an exothermic reaction of guano decay (Onac and Forti, 2011; Audra et al., 2017; Audra et al., 2021).

Table 4. The distribution of secondary minerals through guano deposits and their comparison with climatic conditions resulting from the Ce/Ce*SN -Pr-Pr*SN

diagram.

The interaction between acidic solutions derived from guano and carbonate bedrock has resulted in the deposition of dolomite, phosphate, and iron oxide
minerals in the bedrock. The solution pH may be very low because the high chemical stable echinoderm fragments have been changed to dolomite (Fig. 12A-
B).

4.6. Biogenic activities
Caves are minimally affected by environmental conditions and are used as permanent residences by bat colonies. All kinds of life forms (i.e., viruses, bacteria,
fungi, protists, plants, and animals) are common in caves (Romero, 2009; Culver and Pipan, 2019), both active or fossilized states, and a range of different
types of habitats (i.e., rocks, springs, pools, cave walls, or even dispersed in the air). SEM photomicrographs of guano samples show various microorganisms
(Fig. 13A- E). They most probably contribute to the formation of secondary minerals and the cycling of organic and inorganic nutrients in the cave
environment (Keeler and Lusk, 2021).

Metabolisms of microorganisms decay of guano and urea, and produce organic and inorganic acids, CO2, H2S, NH3, and large amounts of microorganisms
disperse into the cave air (Onac et al., 2009; De Waele et al., 2016; Armstrong et al., 2018). These components can also rise through warm air convection
produced by exothermic guano breakdown or bat colonies and strongly erode walls and ceilings above the guano accumulation (e.g., Onac, 2019), similar to
Fig. 1E in the bat hall.

One of the chemical reactions from distinct ecological cave zones is the precipitation of phosphorus-rich minerals. That may happen in guano deposits by
bacteria, similar to those processes at the surface of organic-rich sediment located off Namibia by giant Thiomaragarita namibiensis bacteria (Schulz and
Schulz, 2005).

Algae in the Karaftu Cave are cyanobacteria and diatoms (Fig. 13A- C), similar to those in Oregon Caves National Monument, Oregon, and Kauai Cave, Hawaii
(Fig. 53 in St. Clair et al., 1981 and Figs. 21–23 in Miscoe et al., 2016, respectively). They can grow in the deep zones of the cave by changing the process
from photosynthesis to chemosynthesis or increasing the number of thylakoids (Dove et al., 2006). Diatom, the predominant algae, can live in cave
environments with low light and nutrient-dense (Romero, 2009). They are effective in nitri�cation if abundant (Pohlman et al., 1997).

Nitrosomonas sp. bacteria activity converts ammonia to nitrate (Kumaresan et al., 2015; Lavoie et al., 2015), releasing heat and generating hot spots in guano
(Dumitraş and Marincea, 2021). That causes water to evaporate and form nitrate (Northup and Lavoie, 2001; Onac and Forti, 2011)/nitro mineral (Lavoie et al.,
2015). By sulfo-oxidant bacteria in warm and wet conditions, H2S transforms into sulfuric acid (e.g., van den Ende and van Gemerden, 1993) and, after reacts
with CaCO3, it precipitates gypsum (e.g., Kirkland, 2014) in guano accumulation.

Guano is a signi�cant source of fungi that are mainly pathogenic (Dimkić et al., 2021). Some fungi cause several health-related problems among humans,
such as Histoplasma (e.g., Emmons, 1949), which occurs in caves inhabited by bat guano (e.g., Lottenberg et al., 1979). Histoplasmosis spreads through
spores or fungal elements suspended in dust particles and inhaled. Bat guano is also a natural reservoir of several viruses, such as COVID-19 (Dimkić et al.,
2021) and SARS-CoV-2 pandemics (Temmam et al., 2022) (Fig. 13D, E). Therefore, communities living near guano should be careful about their health and
safety.
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Samples also contain high-level chitin (Fig. 13F), a biopolymer that forms the exoskeleton of arthropods and �nds in the cell wall of fungi (e.g., Wurster et al.,
2010; Dimkić et al., 2021). It is a resistant organic matter, even in acidic environments, and is more economically valuable than guano (Kaya et al., 2014).

4.7. Environmental hazards
The uneven �oor of Karaftu Cave has led to the formation of water ponds of various sizes and shapes in the bat hall. Interaction between water and guano
changes water chemistry during its residence in the cave and forms an acidic solution (pH = 5.6). It leads to the bedrock's dissolution, increasing the depth of
the pond (Fig. 14A, B) and dissolve the substrate by passing water through that (Simon et al., 2007; 2010). It may be the beginning of the collapse of the cave
�oor and the generation of a new underground similar to the previous one in the bat hall (Figs. 1B, 14C). Environmental effects of this fall are a decrease in the
groundwater level, change in the groundwater drainage system, drying of springs around the cave, loss of green cover, and a negative impact on the
ecosystem in the region.

The groundwater from Karaftu Cave creates two springs that are the source of drinking water in the area. They dissolve the components inside the cave and
their path. During their appearance outside the cave, like springs, they react with oxygen, their pH change from acidic to alkaline. In this case, some parts of the
water-soluble matter precipitate as sludge in the small arti�cial pond outside the cave. Analysis show Ni (0.06 ppm), As (0.09 ppm), Pb (0.2 ppm), NO3

-, and
microorganisms pollutants in the water.

Microorganismsʼ contamination of water is the most dangerous type of pollution, and the most abundant and problematic factor is Animals' droppings, herein
bat guano deposits. The decomposition of guano consumes water oxygen and introduces a variety of compounds into the water, such as nitrates, sulfates,
and phosphates. These compounds are environmentally unfriendly, highly susceptible to spreading diseases, reduce water quality, increase groundwater
acidity, and dissolve bedrock as they pass beneath guano deposits (Fig. 12).

5. Conclusions
Radiocarbon dating indicates that the accumulation of studied guano began at approximately 14260 ± 50 years BP after the LMG, with an average rate of 4.1
mm/year for depths of 360 to 205 cm.

Variations in the distribution of trace elements plus REEs and secondary minerals in guano deposits can provide good evidence for local paleoenvironmental
and paleoclimate conditions. The Karafto Cave guano deposits reveal three paleoclimatic conditions, dry, wet, and dry terms, have been identi�ed during its
accumulation in Karafto Cave. Secondary minerals are taranakite, francoanellite, spheniscidite, whitlockite, pyrocoproite, brushite, leucophosphite, urea, niter,
cesanite, and gypsum. The results in the studied pro�le show taranakite occur only in wet conditions, but whitlockite, urea, and cesanite exist just in dry ones.
Therefore, these minerals can be an indicator of climate, but other minerals (because they are in both conditions) cannot be so.

This study shows that the Ce/Ce* and the correlation coe�cient between Ce and Mn are good indicators for determining the local climatic conditions in guano
deposits.

There are different sizes and shapes of water ponds in Karaftu Cave. Interaction between water and guano changes water chemistry during its residence in the
cave and forms an acidic solution. As a result, the bedrock and the subsurface are dissolved by water seepage. That causes the cave to collapse and create a
new underground similar to the previous underground in the bat hall. The falling of the cave �oor leads to a decrease in the water table, changes in the
groundwater drainage system, drying of springs around the cave, loss of green cover, and a negative impact on the ecosystem.

Leaching of the guano deposits by groundwater has increased the concentration of some trace elements and microorganisms in springs, close to Karaftu
Cave, which poses pollution risks for man and the environment.

To keep the cave environment clean and remove these problems, it is better to harvest guano deposits and use them as fertilizer due to their importance in
agriculture.
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Figure 1

A) Location map of the study area. B) The guano deposits situation in the bat hall of the Karaftu Cave (* = the sampling points). C) A view (to NE) of the
entrance of Karaftu Cave. D) Panorama of Karaftu Cave, view to NE. E) Guano deposits in the bat hall. F, G) Photos showing the pit dug through the studied
bat guano for sampling. The blue circles represent the same point in Figures F and G.

Figure 2

A) Map of Iran showing major tectonic plates plus associated boundaries and the location of Sanandaj-Sirjan Zone between Zagros Fold-Thrust belt and
Urumieh-Dokhtar magmatic arc (Stöcklin and Nabavi, 1972). B) Geological map of the Karaftu area (after Kholghi Khasraghi, 1999).
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Figure 3

Determination of paleoclimate based on 14C dating (Cuffey and Clow, 1997). The diagram shows the LGM of about 16,000 years BP. The green arrow
represents the onset of guano accumulation in the bat hall, Karaftu Cave.

Figure 4
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Distribution trends of trace elements along depth in the guano pro�le of Karaftu Cave. The high abundances of Ti and Zr at the base of the guano pro�le are
due to the low rate of guano accumulation. The symbols + and – indicate the increase and decrease of the values of elements, respectively. High
concentrations of elements indicate wet conditions along the pro�le (Amin-Rasouli et al., 2021).

Figure 5

The distribution of REEs indicates three main units/climate changes through the guano pro�le (excluding the Eu/Eu*SN pattern). The symbols + and –
represent the increase and decrease of the values of elements, respectively. High concentrations of elements indicate wet conditions along the pro�le (Amin-
Rasouli et al., 2021).
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Figure 6

A) Samples on the Ce/Ce*- Pr/Pr* diagram fall in the IV, IIIb, and IIa �elds. B-D) The correlation coe�cients between Ce–Mn for depths of 0– 140 cm (B), 165–
270 (C), and 290– 360 cm (D). The very high correlation coe�cient between Ce- Mn in �gure C highlights oxidizing conditions, but the low ones in �gures B
and D represent reducing conditions (Amin-Rasouli et al., 2021).

Figure 7

A- C. Photsshow secondary carbonate minerals in Karaftu Cave.
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Figure 8

SEM images of identifying sulfate minerals in guano pro�le at Karaftu Cave: A, B) Gypsum, G. C) Cesanite (Na3Ca2(SO4)3OH), C. D, E) EDX spectra of gypsum
(D) and cesanite (E) (Amin-Rasouli et al., 2022).
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Figure 9

SEM images of phosphate minerals of guano deposits: A) Phosphammite ((NH4)2HPO4). B) Brushite (CaHPO4.2H2O). C) Taranakite, T, ((K,Na)3(Al,Fe3+)5

(PO4)2(HPO4)6.18H2O). D) Whitlockite, W, (Ca9(Mg,Fe)(PO4)6PO3OH). E, F) Francoanellite, F (H6(K,Na)3(Al,Fe3+)5(PO4)8.13H2O). G) Leucophosphite, L,

(KFe3+
2(PO4)2OH.2H2O). H) Spheniscidite, S, ((NH4,K)(Fe3+,Al)2(PO4)2OH.2H2O). I) Pyrocoproite, P, ((Mg(K,Na))2P2O7) (Amin-Rasouli et al., 2022).
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Figure 10

EDX spectra of phosphate minerals in the studied guano deposits. A) Phosphammite. B) Brushite. C) Taranakite. D) Whitlockite. E) Leucophosphite. F)
Spheniscidite.

Figure 11

SEM images of nitrate minerals of guano deposits in the Karaftu Cave: A) Urea, U, (CO(NH2)2). B) Niter, N, (KNO3). C) Nitrogen element in EDX spectra (Amin-
Rasouli et al., 2022).
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Figure 12

A) Fe- oxide (Fe), dolomite (D) minerals, and phosphatized particle (Ph) in the bedrock, ppl. B) Dolomitized echinoderm particle (E), ppl (Amin-Rasouli et al.,
2022).

Figure 13



Page 21/21

SEM images (A-C) from the top of the guano deposit showing: A) Cyanobacteria (red arrow) and Bacillus (B). B, C) Images show the deformation of guano
components (purple arrow) due to exothermic reactions (B) and diatom remains (yellow arrows). D to F images from 165 cm depth: D, E) Microorganisms (M).
F) Chitin particle (Amin-Rasouli et al., 2022).

Figure 14

A, B) Images show a pond on the guano deposits in Karaftu Cave. Note the difference between the depth of the pond in A (Photo taken in 2017) and B (Photo
taken in 2022). C) The underground in the bat hall (Photo of the underground was taken from bat hall).


