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Abstract

1. Introduction

The generally simple chemical systems which characterize the majori-
ty of known karst hypogean environments can be greatly complicated by
theintroduction of bat guano. Bat guanois veryrichin P,Sand N, which
arereleased in the fluids and gases liberated by the degradation of organic
matter driven by microbial activity. This triggers intense variations in the
physico-chemical conditions of guano-influenced environments, such
as pH values as low as 3, increase in CO2 partial pressure and increase
in temperature. Therefore, the presence of bats and of their metabolic
products leads to the onset of biocorrosion processes (DANDURAND et
al.,2019) and to the formation of arich variety of phosphate and sulphate
minerals (HILL & FORTI, 1997; AUDRA et al., 2019).

The mineral assemblage is influenced by the nature of the material
interacting with guano-derived fluids; where detrital or paragenetic sili-
ciclastic deposits are involved, K-Al-Fe hydrated phosphates are the most
common reaction products. In this context, taranakite is one of the most
commonly observed phases and can form powdery surface aggregates,

2. Site description

The taranakite samples used for this study were collected in the
Pollera Cave (Liguria, Italy). The cavity is hosted in the Pietra di Finale
Fm. (Miocene), and actively controls part of the water runoff in the
area with a subsurface stream (Rio Montesordo) which comes to light
at the Arma del Buio resurgence and forming a tributary to the Aquila
Stream (Figure 1). It is also a site of significant archaeological interest,
due to the discovery of a plethora of artifacts attributed to the Bronze
Age (DEL LUCCHESE & STARNINI, 2013) and of skeletal remains dated to
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Taranakite (K,Al,(PO,0H),(PO,),-18H,0, trigonal, R3C) is a hydrated phosphate occurring in caves as a reaction product between bat guano
and detrital silicates. Its presence has been documented widely throughout the world (HILL & FORTI, 1997). Previous experimental work has
determined its high sensitivity to temperature change, which can lead to the loss of part of its structural water and the formation of the lower
hydrate form francoanellite. The latter has also been proven to form in nature by BALENZANO et al. (1976), transforming taranakite into franco-
anellite (K,AL(PO,OH)(PO,),-12H,0, trigonal, R3C). The name derives from Franco Anelli, former Italian karstologist and discoverer of the Cas-
tellana Caves (Apulia, Italy), where the first occurrence of the mineral was documented. With this contribution, we present a new occurrence
of taranakite from the Pollera Cave (Liguria, Italy) and new experimental data regarding its thermally induced dehydration and consequent
formation of francoanellite. Hence, we discuss a possible genetic mechanism for this rare and seldom investigated cave mineral both in natural
(wild) caves and in show caves (such as in Castellana Cave, where the mineral was first discovered).

nodules and veinlets crosscutting sediments admixed with guano. On
the other hand, the occurrence of francoanellite has been reported from
avery limited number of sites (BALENZANO et al., 1976, 1979; CANCIAN,
1985; CHIORBOLI, 1985; DELL’ANNA et al., 1989; ONAC & VERES, 2003).

The first to observe that the prolonged exposure of taranakite to
a temperature of 95°C led to its degradation and the formation of a
lower hydrate, characterized by a strong X-ray diffraction line at 13.8
A, were SMITH & BROWN (1959). Further work was directed at studying
the thermal behaviour of taranakite using thermogravimetric analysis
and X-ray diffraction on the quench products after prolonged heating
(ARLIDGE et al., 1963; SAKAE & SUDO, 1975; FIORE & LAVIANO, 1991).

Itwas only at the end of last century that DICK et al. (1997) and DICK
& ZEISKE (1998) conducted single crystal X-ray diffraction and neutron
powder scattering analyses on taranakite and francoanellite to solve
their crystal structures.

the Neolithic, which were object of palaeopathological investigations
(SPARACELLO et al., 2017). In its overall extension of more than 2 km,
the cave also includes fossil passages characterized by collapse depo-
sits and morphologies. One of the collapse rooms (Saloni Bensa) hosts
a subfossil guano deposit, whose degradation has generated a varied
phosphate-sulphate assemblage, which was the object of this study.
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Figure 1: (A) Location of the Pollera Cave on Google Earth imagery. The yellow lines show the plain view of the Pollera - Buio system survey, ac-
quired from the regional speleological database and developed by the members of Progetto Carpeneam. The inset shows the location of the cave
in Italy. (B) Simplified map of the Pollera Cave, with the sampling location highlighted by a red circle.

3. Methods

Sampling for mineralogical investigation was conducted while
trying to respect cave conservation criteria; it did not involve complex
speleothems but was limited to rock surfaces and loose aggregates.
Samples for mineral identification were collected in small quantities (~
5 mg) and stored in Eppendorf - type flasks and in sealed plastic bags,
to preserve the natural state of humidity until the day of examination.

The taranakite sample was checked for purity under a stereoscopic
microscope and lightly ground in an agate mortar. After a preliminary
analysis at ambient conditions, the powder was then subdivided into 5
aliquots and heated at different temperatures for different periods of time,
cooled to room temperature and subjected to X-ray diffraction analysis.

Powder X-ray diffraction (PXRD) measurements were performed

4. Results and Discussion

During preliminary investigations, combined PXRD, SEM-EDS, Ra-
man and FTIR analyses confirmed that (i) apatite, ardealite, brushite
and gypsum constitute the reaction products on top of the surfaces of
collapsed limestone blocks while (ii) taranakite and leucophosphite have
formed at the contact between guano and a terra rossa deposit (Figure
2). Here, taranakite appears as white powdery nodules and veins that cut
through the clay deposit, while leucophosphite forms purplish-brown
crusts and botryoidal aggregates.

The results of thermogravimetric analysis on taranakite (displayed
in Figure 3), in line with previous work (e.g., FIORE & LAVIANO, 1991; MA-
RINCEA & DUMITRAS, 2003) demonstrated that, at a heating rate of 10°C/
min, the mass loss starts at T =~ 95°C. The weight of the sample shows a
steady decrease up to about 160°C, where an inflection in the TG curve
suggests that pretty much all of the taranakite has now dehydrated to
form francoanellite.

at the Department of Earth, Environmental and Life sciences of the
University of Genoa. Data collection was carried out using a Philips PW
3710 diffractometer equipped with a Co anode and a point detector at
40 KV and 20 mA, using 0-background Si-crystal sample holders, in the
angular range 3-40 °20, with a step size of 0.02 °28 and a scan time per
step of 1 s; PXRD data interpretation was carried out with X’pert High
Score and Profex. Thermogravimetric - Differential Thermal Analysis
(TG-DTA) was performed at the Department of Chemistry and Industrial
Chemistry of the University of Genoa using a LabsysEvo 1600-Setaram.
The sample (untreated taranakite) was placed in a closed alumina crucible
and heated in a dry atmosphere (60 mL min-1) from 30°C to 250°C, with
a heating rate of 10°C/min.

Figure 2: The subfossil guano deposit and associated mineralisation.
The surfaces of collapsed limestone blocks are altered in a Ca-phosphate
assemblage; in the position marked by the yellow arrow, the terra rossa
deposit is evidently transformed into a K-Al-Fe phosphate assemblage.
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The mass loss of 7.38 % is close to the 8.05% expected for the loss
of ~ 6 H20 molecules from the theoretical formula of taranakite. This
corresponds to the loss of interlayer water from the structure. The relative
DTA endothermic peak is centred at ~ 152°C. The next dehydration step
observed in the inspected T range, marked by the endothermic peakin
the DTA curve at ~ 187°C, is due to the complete loss of structural water
and amorphization of the material, which is completed at T > 250°C.
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Figure 3: Results of the thermogravimetric analysis conducted on the
Pollera Cave taranakite. In the upper part of the graph (a), differential
thermal analysis (DTA - black solid line) and the first derivative of the
thermogravimetric curve (dTG - blue dotted line) are reported. In the
lower part of the graph (b), the thermogravimetric curve (TG) is reported.

However, heating taranakite ex-situ in isothermal conditions using
a static oven results in quite different temperatures for the onset of
the dehydration. As can be seen in Figure 4, signs of taranakite degra-
dation and consequent formation of francoanellite start to be evident
at temperatures as low as 55°C, if this condition is maintained for 68
hours. If taranakite is left at 60°C for 76 hours, francoanellite becomes
the predominant phase, and the same result is achieved at 65°C for 65
hours, and at 85°C for as short as 8 hours. It is also worth mentioning
that the heating of taranakite in isothermal conditions at temperatures
between 55 and 65°C for prolonged periods generates powders with a
characteristic diffraction peak at ~ 14.7 A, about halfway between the
distinctive peaks of taranakite (at 15.7 A) and francoanellite (at 13.8 A),
which hints at the possible presence of a phase with intermediate state
of hydration in the sample.

5. Conclusion

Taranakite, a hydrated K-Al phosphate typical of cave sediments alte-
red by fluids generated from bat guano degradation in damp conditions,
is presentin the phosphate-sulphate mineral assemblage of the Pollera
Cavein proximity to a subfossil guano deposit. Thermogravimetric data, in
accordanceto theavailable literature, suggest thatits thermal degradation
should start at ~95°C. However, probably due to the slow kinetics of this
dehydration reaction, experiments conducted in isothermal conditions
confirmed that the destabilization of taranakite and consequent gradual
formation of francoanellite can take place at temperatures much lower
than previously thought. At present, it is difficult to assess whether the

As evidenced in this set of measurements, the temperature for the
onset of the taranakite - francoanellite dehydration reaction resulting
from thermogravimetric experiments conducted at a constant heating
rate, be it moderately high (asin our case) or slow (e.g. FIORE & LAVIANO,
1991), is definitely higher than the one that can be achieved in case of
isothermal heating. With the timespans available in normal laboratory
settings (i.e., some tens of hours at a time), it was possible to trigger the
start of taranakite dehydration at temperatures as low as 55°C.
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Figure 4: PXRD data of taranakite treated at different temperatures and
for different times; h : hours spent at given temperature. The peaks are
assigned after ICDD-00-029-0980 (francoanellite) and ICDD-00-029-0981
(taranakite).

The question that would naturally arise after observing these data, is
whether these conditions are achievable in nature, and if the heating of
taranakite could be considered a viable mechanism for the formation of
francoanellite in cave environments. It is also important to consider that
thereis one more condition regarding the maximum temperature, which
should not exceed ~ 150°C, so as not to trigger complete dehydration. For
this reason, we should discard guano-combustion events (ONAC & FORTI,
2011). However, by taking into account that the degradation of organic
matter by microbial action happens predominantly through exothermic
reactions, itis possible to hypothesize that, in a limited number of cases,
the temperatures reached inside guano deposits experiencing bacterial
decay, or the temperature reached during the diagenesis of sediments
admixed with guano, might be sufficiently high to cause the dehydration
of taranakite, but not as high as to cause the amorphization of newly
formed francoanellite.

mild heating provided by the decay of organic matterin actively degrading
guano deposits could provide the necessary conditions for the formation
of francoanellite. This would explain most of the natural occurrences
of francoanellite in wild caves. In Castellana Cave, high temperatures
might have occurred close to powerful spotlights. Further mineralogical,
geomorphological and microbiological observations in these contexts
might aid in better understanding the processes regulating the thermal
evolution of degrading guano deposits and the transformation taking
place in their surroundings.
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