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Abstract. Bat guano deposits in caves host diverse assemblages of authigenic phosphates and sulfates. Previous
field observations have proposed that some of them (e.g. brushite, gypsum, taranakite) can be subject to dehydra-
tion reactions as a response to varying environmental conditions. To evaluate the thermodynamic and kinetic con-
strains that regulate the dehydration reaction leading guano-derived taranakite (K3Al5(PO3OH)6(PO4)2 · 18H2O)
to transform into francoanellite (K3Al5(PO3OH)6(PO4)2 · 12H2O), we conducted a multi-analytical in situ in-
vestigation consisting of temperature-resolved X-ray powder diffraction, Fourier transform infrared, and micro-
Raman spectroscopy on a sample of taranakite. Thermodynamic calculations were also performed by means of
the polyhedral approach to predict the phase transformation temperature at equilibrium, estimated to be 369.12 K
(95.97 °C). Laboratory experiments conducted under increasing temperature conditions confirmed that the break-
ing of weak hydrogen bonds between interlayer water molecules and the aluminophosphate layers of taranakite
is responsible for the onset of the dehydration reaction. Monitoring the evolution of the phosphate-stretching Ra-
man peaks over time under isothermal conditions enabled us to estimate the activation energy of the process to be
7.6± 0.7 kJ mol−1 by means of the “time to a given fraction” method. The release of heat concomitant to the ox-
idation of organic matter in guano-admixed cave sediments is proposed as a viable trigger for the transformation,
given the low kinetic barrier associated with it.

1 Introduction

Phosphate minerals are found in a wide variety of environ-
ments, spanning meteorites and planetary bodies (Postberg
et al., 2023; Wu et al., 2024) to soils (Rothe et al., 2016). The
most volumetrically abundant phosphate deposits are rep-
resented by sedimentary phosphorites, mainly consisting of
apatite group minerals (Filippelli, 2011), while highly frac-
tionated granitic pegmatites and the parageneses resulting
from their secondary modifications bear the highest diver-
sity in terms of structurally complex phosphates (Hawthorne,
1998). In the context of mineral evolution, phosphates are
also the most prominent exponents of the recent (<0.4 Ga)
and peculiar paragenetic mode of guano- and urine-derived
minerals (Hazen and Morrison, 2022; Paragenetic Mode 52

(Mindat), 2025). Their occurrence is particularly favoured
in cave environments, where large amounts of bat guano
can accumulate over time due to the steady presence of
bat colonies. Consequently, the organic matter constituting
guano is microbially processed and oxidised, causing the re-
lease of phosphoric acid and the alteration and dissolution of
carbonate bedrocks and siliciclastic sediments (Dandurand et
al., 2019; Onac, 2019). This leads to important modifications
in the mineralogical assemblages through massive precipita-
tion of phosphate and sulfate minerals (Onac et al., 2002;
Audra et al., 2021). The presence of bat colonies and the
degradation of guano also cause perturbations in the cave
atmosphere through the release of CO2 and NH3 and local
increases in temperature and relative humidity (RH) levels.
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These conditions promote condensation–corrosion processes
and lead to intense dissolution of cave walls and consequent
enlargement of cave passages (Lundberg and McFarlane,
2012; Barriquand et al., 2021; Langford et al., 2025). There-
fore, the presence of phosphate minerals and of biocorrosion-
derived morphologies has recently become a fundamental
proxy for the reconstruction of post-speleogenetic evolution
processes (Farrant et al., 2025), such as the post-depositional
transformation of cave sediments (Rellini et al., 2013) and
the dissolution or alteration of archeological remains (i.e.
stone tools and bones) (Sokol et al., 2022).

Although the importance of authigenic phosphates in cave
deposits has been widely recognised, few studies have fo-
cused on the transformations they are subdued to in response
to local changes in the micro-environments wherein they
occur (e.g. in deposits of bat guano). Dumitraş and Mar-
incea (2021) investigated the phosphate–sulfate assemblage
derived from bat guano degradation in Gura Dobrogei Cave
(Romania). The authors distinguished a set of “primary”
phosphates and sulfates, namely hydroxylapatite, brushite,
ardealite, gypsum, and taranakite, directly precipitating due
to interactions between guano and the cave bedrock or sedi-
ments and a set of “secondary” phases, deriving from the par-
tial dehydration of the former, presumably at temperatures of
up to 373 K. In the latter group, they identified monetite, bas-
sanite, and francoanellite, replacing brushite, gypsum, and
taranakite, respectively, by means of topotactic substitution.
They pointed to exothermic reactions regulating the oxida-
tion of organic matter and ammonia present in guano mounds
and in sediments admixed with guano as the most probable
sources of heat necessary to trigger the onset of the dehy-
dration reactions. A previous mineralogical study conducted
on the products of guano degradation in Măgurici Cave (Ro-
mania) by Onac and Vereş (2003) also lead to the identifica-
tion of monetite, bassanite, and francoanellite; in this case,
however, the authors argued that their formation could be
explained by low-RH conditions without including thermal
processes in the discussion. Descriptive studies conducted by
combining field and laboratory work are certainly fundamen-
tal to define the relations between secondary mineral assem-
blages and their genetic environments. Nonetheless, more an-
alytical work under ambient and non-ambient conditions is
needed to better evaluate the thermal behaviour and stability
conditions of secondary phosphate minerals. In this context,
we chose to investigate the transformation of taranakite into
francoanellite by dehydration.

Taranakite (K3Al5(PO3OH)6(PO4)2 · 18H2O, space group
R3c) is one of the most commonly occurring phases in phos-
phatised cave sediments. This mineral was first documented
by Hector and Skey (1865) as an alteration product of tra-
chytic rocks by seabird guano on the Sugar Loaf Islands
(New Zealand) and has since then been reported from a vari-
ety of caves, always associated with the presence of recent or
subfossil bat guano (Murray and Dietrich, 1956; Balenzano
et al., 1974; Sakae and Sudo, 1975; Shahack-Gross et al.,

2004; Sauro et al., 2014; Tămaş et al., 2014; Queffelec et al.,
2018; Audra et al., 2019; Sokol et al., 2022). Taranakite lat-
tice constants, thermal stability, and water and minor ammo-
nium content were determined by Smith and Brown (1959)
and Arlidge et al. (1963). The crystal structure was solved
much later by Dick et al. (1998) on synthetic analogues
of taranakite. The mineral has a layered structure; within a
unit cell, six K3Al5(PO3OH)6(PO4)2 · 12H2O layers are in-
terstratified with interlayers containing six H2O molecules
(Fig. 1a), where the latter are arranged in a hexagonal ge-
ometry closely resembling the one in the structure of ice
Ih (Peterson and Levy, 1957) and of fibroferrite (Ventruti et
al., 2016). A network of hydrogen bonds (HBs) sustains the
structure and can be subdivided in HBs internal to the lay-
ers; HBs inside the interlayers, holding together interstitial
hexagonal rings of water molecules; and HBs between inter-
layers and layers, serving as bridges between interstitial wa-
ter molecules and phosphate – coordinating oxygen or struc-
tural water molecules which form part of the Al coordination
octahedra (Dick et al., 1998).

Upon heating, taranakite is subject to partial dehy-
dration, which leads to the formation of francoanel-
lite (K3Al5(PO3OH)6(PO4)2 · 12H2O, space group R3c), a
phase which was first observed in the caves of Castellana
(Apulia, Italy) by Balenzano et al. (1976). Other documented
occurrences of francoanellite in nature are substantially lim-
ited (Balenzano et al., 1979; Chiorboli, 1984; Cancian, 1984;
Dell’Anna et al., 1989; Hill and Forti, 1997, and references
therein; Onac and Vereş, 2003; Dumitraş and Marincea,
2021) but are all related to cave environments. Given the rar-
ity of this mineral, it remains difficult to assess whether its
formation due to taranakite partial dehydration is a rare or
widespread phenomenon. The complexity of such environ-
ments represents a further obstacle to the investigation of its
conditions of formation.

The structure of a synthetic francoanellite, solved by Dick
and Zeiske (1998), closely resembles the one of taranakite
but lacks the water interlayers, which are replaced by HBs
connecting P-coordinating oxygen to Al octahedra (Fig. 1b).
The temperature conditions that induce this phase transfor-
mation have been the subject of numerous investigations
by means of thermogravimetry differential thermal analy-
sis (TG-DTA) and X-ray powder diffraction (XRPD) on the
products of thermal treatment (Arlidge et al., 1963; Balen-
zano et al., 1974; Sakae and Sudo, 1975; Marincea and Du-
mitraş, 2003), which resulted in reports for the onset of
the dehydration reaction spanning between 368 and 403 K.
Nonetheless, a more precise estimate of the temperature of
transformation from in situ experiments is still lacking, and
the mechanisms that control the dehydration (i.e. the release
of the water interlayers from the structure) remain unad-
dressed.

Intramineral processes (e.g. dehydration reactions), on par
with intermineral reactions, define the mineral assemblages
we observe in nature (Putnis, 1992). The complexity of
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Figure 1. The structures of taranakite (a) and francoanellite (b), as seen along the b axis. The thin solid dark lines delimitate the unit cells.
Generated with VESTA (Momma and Izumi, 2008).

mineral structures (Krivovichev et al., 2022) and the va-
riety of mineralogical assemblages (Hazen and Morrison,
2022) increase dramatically in low-temperature, wet environ-
ments. This is particularly true in, but not restricted to, cave
environments, where factors such as air-circulation-driven
condensation–corrosion (Badino et al., 2011; Onac and Forti,
2011; Audra et al., 2026), changes in hydrological regime
(Piccini et al., 2021), microbial activity, and biogeochemical
reactions (Forti, 2001; Lazaridis et al., 2024; Bernardini et
al., 2021) are intricately involved in the genesis and trans-
formation of minerals. A detailed description of the mech-
anisms and energetics which regulate phase transformations
is fundamental to better constrain how the complex interplay
of multiple natural processes affects the stability and proper-
ties of secondary minerals. Such investigations are also rele-
vant to extraterrestrial environments such as the Martian re-
golith, where the presence of hydrated sulfates (Siljeström
et al., 2024) and Fe phosphates (Kizovski et al., 2025) has
been confirmed and might help future reconstructions of the
hydrologic and atmospheric evolution of Mars (Pineau et al.,
2025, and references therein). A way to gain a more com-
prehensive understanding of their dehydration dynamics is
to combine high-temperature (HT) XRPD, which detects the
effects of the dehydration process in the long-range order,
with HT Fourier transform infrared (FTIR) and Raman spec-
troscopy, allowing us to directly investigate changes in the
hydration state and behaviour of water molecules within min-

eral structures (e.g. Putnis et al., 1990). In situ HT spectro-
scopic methods have been successfully applied to study the
dehydration kinetics of gypsum and goethite (Prasad et al.,
2001; Sendova et al., 2017). Unlike gypsum, Fe oxyhydrox-
ides, and clay minerals, the mechanisms of dehydration of
which have been the subject of a variety of studies imple-
menting different theoretical and experimental approaches,
hydrated secondary phosphate minerals are seldom consid-
ered in thermodynamic and kinetic studies. The aim of this
work is to give a more comprehensive characterisation of
the temperature conditions that determine the onset of the
taranakite-to-francoanellite dehydration reaction and to es-
timate its empirical activation energy. For this purpose, we
use a multimethodological experimental approach consisting
of in situ HT XRPD, FTIR, and micro-Raman spectroscopy
combined with equilibrium thermodynamic calculations.

2 Experimental

2.1 Sample provenance and previous characterisation

The taranakite sample was collected in the Pollera Cave
(Liguria, Italy) at the contact between a subfossil bat guano
mound and a siliciclastic deposit of alluvial origin. A pre-
liminary characterisation via XRPD and scanning electron
microscopy (SEM), followed by TG-DTA experiments cou-
pled with IR analysis of the exhaust gases, as conducted
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by Casale et al. (2025), allowed us to determine the mass
losses and associated water release in the temperature range
of 293–1473 K and to confirm the presence of a low amount
of NH+4 in the mineral, substituting for K+. The NH+4 ↔K+

substitution in synthetic taranakite had previously been
documented by Arlidge et al. (1963), and, more recently,
a natural NH+4 analogue of taranakite, with the formula
(NH4)3Al5(PO3OH)6(PO4)2 · 18H2O, was discovered in a
sample from the Skipton Caves (Australia) and was accepted
as a new mineral by the International Mineralogical Associ-
ation, with the name macivorite (Elliott et al., 2025).

2.2 Thermodynamic calculations

A requirement for the thermodynamic calculation of the
equilibrium temperature of the taranakite-to-francoanellite
dehydration reaction is the knowledge of the Gibbs free en-
ergy of formation (Gf) under varying temperature conditions
of the two minerals and of the water vapour liberated dur-
ing the transformation. In order to obtain the thermochemical
values of the crystalline phosphates, we adopted the polyhe-
dral approximation (Hazen, 1985, 1988), which allows us to
derive the bulk properties of minerals via the summation of
the individual contributions of cation coordination polyhedra
in the structure. Chermak and Rimstidt (1989) demonstrated
that the polyhedral approach can be applied to derive the
bulk thermodynamic properties of silicates. The polyhedral
contributions can also be calculated under varying tempera-
ture conditions through the derivation of appropriate temper-
ature functions (Chermak and Rimstidt, 1990). The values
of polyhedral contributions to the Gibbs free energy of for-
mation (gi) were derived by La Iglesia (2009) through least-
squares regression of experimental thermochemical parame-
ters from a set of 31 selected phosphates. The inferred ther-
modynamic properties proved to be accurate, with deviations
of less than 2 % with respect to the experimental values of an
independent set of 18 minerals which were not used for the
regression. The same author also extended the calculation to
high temperatures and published the temperature functions
of the individual contributions of 16 basic polyhedral units,
demonstrating their soundness by comparing the Gibbs free
energies of formation calculated for well-characterised phos-
phates (i.e. berlinite, whitlockite, fluorapatite, and hydrox-
ylapatite) in the range of 400–700 K, with thermodynamic
tabulations by Robie et al. (1978). The Gibbs free energy of
formation of H2O(g) was obtained by polynomial interpola-
tion of the thermodynamic data tabulated by Barin (1995).
The obtained set of temperature-dependent thermodynamic
parameters allows us to easily calculate the temperature of
equilibrium of the target reaction, as shown in Sect. 3.1.1.

2.3 HT in situ powder X-ray diffraction (XRPD)

XRPD analysis was performed at the Department of Geo-
sciences of the University of Padua using a Philips X’Pert
Pro diffractometer equipped with a long-fine-focus Co-anode
tube (Co Kα = 1.78901 Å) working at 40 kV–40 mA, a
240 mm goniometer radius operating in θ–θ geometry, and
a Bragg–BrentanoHD (BBHD) module. Incident beam op-
tics included a fixed 0.36° divergence slit and 0.4 rad Soller
slits. The diffracted beam optics included an anti-scatter slit
of 5 mm aperture, 0.04 rad Soller slits, and an X’Celerator
detector with a 2.122° 2θ active length. For the acquisition
of a preliminary scan at room temperature (RT), the powder
sample was placed on a low-background Si sample holder.
The acquisition was performed in 0.033° 2θ steps, with a
measuring time of 1 s per step, in the angular range of 3–85°
2θ . The HT XRPD experiments were carried out in static air
using an Anton Paar high-temperature cell (HTK16), increas-
ing the temperature in steps of 10–20 K with a heating rate of
10 K min−1 from RT (298 K) to 438 K. The powder sample
was placed on top of a Pt foil mounted on top of the Pt heat-
ing strip in the high-temperature chamber. The temperature
was monitored using a Pt10 % Rh–Pt thermocouple. At every
step, the temperature was kept constant, and three scans last-
ing 22 min each were performed in continuous mode with
0.033° 2θ steps, with a measuring time of 1 s per step, in
the angular range of 4–48° 2θ . The lattice parameters were
derived through Rietveld refinements of the XRPD data us-
ing the Profex software (Döbelin and Kleeberg, 2015) based
on the BGMN programme. The structure files of taranakite
and francoanellite were built from the CIF files available on
the American Mineralogist Crystal Structure Database (AM-
CSD). Peak positions were refined with parameters account-
ing for sample displacement and cell dimensions, while peak
broadening was modelled using isotropic microstrain and
crystallite size parameters. As data collection was performed
in reflection geometry on front-loaded powders, a fourth-
order spherical harmonics function was used to correct for
preferred orientation.

2.4 HT in situ Fourier transform infrared (FTIR)
spectroscopy

FTIR analysis was performed at the Department of Sci-
ence, Roma Tre University, using a Nicolet iS50 FTIR spec-
trometer equipped with a DTGS detector and a KBr beam
splitter. The taranakite sample was mixed with KBr at a
0.7/200 mineral/KBr weight ratio and was lightly ground in
an agate mortar. The mixture was then pressed into a trans-
parent pellet. Infrared spectra were collected in the spectral
range of 400–4000 cm−1, averaging 64 scans for both sam-
ple and background, with 4 cm−1 nominal resolution. High-
temperature data collection was done using a Specac P/N
5850 microfurnace in the range of 298–508 K. The tempera-
ture was controlled using a Cr–Al thermocouple placed close
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to the sample and is accurate within ±1 K according to the
manufacturer. Temperature was increased in 5–10 K steps
with a heating rate of 10 K min−1, from RT (298 K) to 508 K.
At every step, a delay of 30 s was introduced before starting
data acquisition to reach temperature equilibrium.

2.5 HT in situ micro-Raman spectroscopy

Raman spectra were measured on selected crystals (∼ 2×
2× 1 µm) of taranakite using a Horiba Explora-Plus single-
monochromator spectrometer at the Department of Earth,
Environmental and Life Sciences of the University of Genoa.
Raman scattering was excited using the 785 nm line of a
diode-generated laser and collected via a 50× LWD objec-
tive (N.A. 0.5) and a grating of 600 grooves mm−1, leading
to a spectral resolution of∼ 3 cm−1. The instrument was cal-
ibrated to the silicon Raman peak at 520.5 cm−1 (T2g mode).
Raman spectra under ambient conditions were first collected
between 100–4000 cm−1 to check for OH groups or water
molecule vibrational contributions, but no signal was de-
tected in our experiments above 2000 cm−1. In order to col-
lect a Raman spectrum of francoanellite at ambient tempera-
ture and to use it as a reference for HT in situ Raman spectro-
scopic analysis, an aliquot of taranakite powder was heated in
a static oven at 383 K for 6 h to convert it into francoanellite.
After checking that the material had fully transformed via
XRPD, the Raman spectrum was collected using the same
experimental setup detailed above.

Consequently, HT Raman spectra have been collected be-
tween 100 and 2000 cm−1. HT experiments were conducted
in air using a Linkam stage TS1500, with a heating rate of
10 K min−1. For non-isothermal runs, the investigated tem-
perature range was between 298–478 K. At every tempera-
ture step, a delay of 180 s was introduced before starting data
acquisition to avoid thermal gradients in the sample. The
acquisition time for each spectrum was 90 s averaged over
three accumulations. The isothermal runs were conducted
at 353, 358, 363, and 373 K and lasted 143, 155, 59, and
58 min, respectively; the acquisition time was 90 s averaged
over three accumulations, for a total of 270 s for each spec-
trum. The spectra were collected every 5 min (counted be-
tween each start of spectral acquisition). Further details on
spectral fitting and data evaluation are given in the Supple-
ment (Sect. S1).

3 Results and discussion

3.1 Thermodynamic and experimental determination of
the phase transformation temperature

3.1.1 Thermodynamic calculations by the polyhedral
approach

The transformation of taranakite into francoanellite can be
described according to the following partial dehydration re-

action:
taranakite francoanellite
K3Al5(PO3OH)6(PO4)2 � K3Al5(PO3OH)6(PO4)2
·18H2O ·12H2O + 6H2O(g)

. (R1)

At the equilibrium temperature (TEQ), the change in Gibbs
free energy (1G) associated with the reaction must be equal
to zero, i.e.

1Greaction,T,Pr =1GT,Pr,francoanellite+ 6 ·GT,Pr,H2O(g)

−1GT,Pr,taranakite = 0. (1)

To calculate the TEQ of the reaction, it is necessary to calcu-
late the contribution of Gibbs free energy of all the phases in
the reaction at varying temperatures (and at a constant pres-
sure of 1 bar). La Iglesia (2009) implemented the polyhedral
approach in order to calculate the individual contributions to
the Gibbs free energy of formation (gi) and to the enthalpy of
formation (hi) of ionic groups in a set of 41 phosphate miner-
als. Following the method of Chermak and Rimstidt (1990),
the author provided also the temperature functions (gi,T) of
the constituent basic units, as expressed by

gi,T = hi,298 − [T
(
hi,298− gi,298

)
]/298, (2)

which can be simplified to

gi,T = hi,298 +Ai · T , (3)

where

Ai = (gi,298−hi,298)/298. (4)

These thermodynamic parameters can be used to calculate
the Gibbs free energy of formation (Gf) under the target con-
ditions (temperature T and reference pressure Pr =1 bar) of
both taranakite and francoanellite via the summation of the
contributions of each polyhedron in the structure (i) multi-
plied by the stoichiometric coefficient of each unit (n), as
stated in Eq. (5):

Gf,T,Pr =
∑
i

ni gi,T =
∑
i

ni (hi,298 +Ai · T ). (5)

Therefore, using the thermodynamic dataset of La Iglesia
(2009), the Gibbs free energy of taranakite at T and Pr can
be obtained as

Gf,T,Pr (taranakite)=
(

3
2

)
· (hK2O,298 +AK2O · T )

+

(
5
2

)
· (hAl2O3,298 +AAl2O3 · T )

+ (4) · (hP2O5,298 +AP2O5 · T )+ (3)
· (h(H2O)H,298 +A(H2O)H · T )+ (18)
· (h(H2O)cryst.,298 +A(H2O)cryst. · T )

= (3/2) · (−774.50+ 0.08 · T )
+ (5/2) · (−1780.92+ 0.55 · T )+ (4)
· (−1726.84+ 0.3 · T )+ (3)
· (−308.2+ 0.27 · T )+ (18)
· (−299.22+ 0.2 · T ), (6)
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while that of francoanellite as

Gf,T,Pr (francoanellite)=
(

3
2

)
· (hK2O,298 +AK2O · T )

+

(
5
2

)
· (hAl2O3,298 +AAl2O3 · T )

+ (4) · (hP2O5,298 +AP2O5 · T )

+ (3) · (h(H2O)H,298 +A(H2O)H · T )

+ (12) · (h(H2O)cryst.,298 +A(H2O)cryst. · T )

= (3/2) · (−774.50+ 0.08 · T )
+ (5/2) · (−1780.92+ 0.55 · T )
+ (4) · (−1726.84+ 0.3 · T )+ (3)
· (−308.2+ 0.27 · T )+ (12)
· (−299.22+ 0.2 · T ). (7)

Given that all of the water released by the dehydration re-
actions is in the form of vapour phase, as confirmed by
TG-DTA experiments and IR spectroscopic analysis of the
evolved gases (Casale et al., 2025), we use the values of Gf
of water vapour at P = 1 bar as reported by Barin (1995) in
the temperature range 298.15–1000 K.

The equilibrium temperature of the phase transformation
as obtained by minimising the 1Gr,T,Pr of Reaction (1) is
found to be TEQ = 369.12 K (95.97 °C). Experiments con-
ducted at high temperatures making use of XRPD, FTIR, and
micro-Raman spectroscopy point to temperature conditions
for the onset of the phase transformation which differ by
less than 10 K from that predicted by thermodynamic calcu-
lations, also providing useful insights into the structural mod-
ifications occurring during the transformation, especially re-
garding the hydrogen-bonding network (see details in the fol-
lowing paragraphs). The good agreement between the calcu-
lated and measured values for the phase transformation tem-
perature confirms the ability of the polyhedral approach to
correctly predict Gibbs free energies and enthalpies of the
formation of phosphates and structurally complex minerals
with an uncertainty of less than 1 %–2 % (see Vieillard and
Tardy, 1984; La Iglesia, 2009; Kampf et al., 2013, 2018;
Kolitsch et al., 2018).

3.1.2 HT XRPD

Selected XRPD scans collected at increasing temperatures in
the angular range of 4–45° 2θ are reported in Fig. 2a. The
reflections of taranakite do not show significant variations up
to 358 K. Above this temperature, their intensities decrease
steadily, while the peaks of francoanellite grow quickly in
intensity, becoming the only observable peaks at 398 K. This
behaviour is also clearly expressed by the shift in the rela-
tive intensity of the basal (006) reflections of the two phases,
reported in Fig. 2b, centred at 6.47° 2θ (d ≈ 15.85 Å) for
taranakite and 7.43° 2θ (d ≈ 13.80 Å) for francoanellite.

The lattice parameters and cell volume of taranakite ex-
hibit a slight increase due to thermal expansion prior to the
onset of dehydration, as reported in Fig. 3a–c, while those
of francoanellite, shown in Fig. 3d–f, decrease slowly until

reaching a minimum at 408 K before the unit cell rapidly col-
lapses at temperatures higher than 418 K, when the material
becomes X-ray amorphous.

3.1.3 HT FTIR

The infrared spectrum of taranakite and the spectra collected
in situ at increasing temperature via HT FTIR analysis, dis-
played in Fig. 4a, are quite complex and result from the con-
volution of the vibrational modes of PO4, PO3OH, NH4, OH
groups, and H2O molecules. References from the available
literature that support the band assignments, together with
a summary of the observed variability of peak positions at
different temperatures, are reported in Table 1. As shown in
greater detail in Fig. 4b, in the lower wavenumber region
(400–670 cm−1), the infrared spectrum of taranakite col-
lected at RT displays six moderately resolved peaks; the first
five (415, 437, 454, 550, 602 cm−1) are assigned to the sym-
metric and antisymmetric bending modes of the phosphate
units, while the last one, centred at 643 cm−1, is assigned to
the OH librational mode (Ross, 1974). Upon heating, these
bands show modest decreases up to 438 K. At higher temper-
atures, they are rapidly replaced by a very broad band cen-
tred at∼ 480 cm−1. In the region comprised between 670 and
1350 cm−1, the most intense absorption bands of taranakite
are observed. The sharp and intense peaks centred at 952,
1019, 1059, 1099, and 1186 cm−1 are assigned to the sym-
metric and antisymmetric stretching modes of the phosphate
and hydrogen phosphate groups, while the weaker bands near
to 877 and 904 cm−1 can be attributed to the hydroxyl bend-
ing mode (Ross, 1974; Vantelon et al., 2001). In HT exper-
iments, the peaks attributed to OH bending completely dis-
appear at ∼ 400 K, while the phosphate contributions show
a slight decrease in intensity. At T>470 K, only two very
broad bands centred at 922 and 1126 cm−1 are observed and
are attributable to the vibrational modes of PO4 tetrahedra in
the amorphous material resulting from the thermal decompo-
sition of francoanellite.

As shown in Fig. 5a, in the range of 1350–2000 cm−1,
the absorption bands attributable to the NH4 bending modes
(1434 and 1463 cm−1) (Sergeeva et al., 2024) and H2O bend-
ing modes (1645 cm−1) are observable. A very sharp peak,
centred at 1384 cm−1, is attributed to the presence of ni-
trate impurities adsorbed on taranakite crystals (Chukanov
and Chervonnyi, 2016). At temperatures comprised between
358 and 418 K, all bands show a moderate decrease, while,
at higher temperatures, the peaks attributed to NH4 and
H2O bending rapidly disappear. The peak attributed to ni-
trate impurities remains visible with a weak shoulder cen-
tred at ∼ 1398 cm−1. The 2000–4000 cm−1 region, shown in
Fig. 5b, displays intense and very broad bands, which are
attributed to the overlapping contributions of OH and H2O
stretching modes. The highest-frequency peak observed in
the spectrum of taranakite is centred at 3374 cm−1. Using the
correlation of Libowitzky (1999), the bonds with the clos-
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Figure 2. Selected HT XRPD scans collected in the range of 298–438 K (a) and detail of the range of 4–10° 2θ characterised by the presence
of the basal (006) reflections of the two phases at 6.47° 2θ (d ≈ 15.85 Å) for taranakite and 7.43° 2θ (d ≈ 13.80 Å) for francoanellite (b).

Figure 3. Modifications of the lattice parameters of taranakite (a–c) and of francoanellite (d–f) as a function of increasing temperature in
the range of 298–418 K, as obtained by Rietveld refinement of the XRPD data.
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Figure 4. Selected HT FTIR spectra collected in situ at increasing temperatures in the range of 400–4000 cm−1 (a) and detail of the 400–
1400 cm−1 range, displaying the most important bending and stretching contributions of the PO4 and PO3OH groups (b).

est expected frequency of vibration (3390 cm−1, in excess of
16 cm−1) in the structure of taranakite are the HBs connect-
ing the oxygen vertices O(2) shared by both Al(3) octahedra
and P(1) tetrahedra to the H of water molecules coordinating
Al(2) octahedra, following the sites’ denomination as given
by Dick and Zeiske (1998). As the temperature increases, the
peak near to 3374 cm−1 decreases in intensity and is replaced
by a peak centred at about 3450 cm−1, marked by an aster-
isk in Fig. 5b. The latter is first noticed as a shoulder of the
broader contributions at 398 K and remains sharp and visible
up to 458 K, in contrast with the other peaks in the same re-
gion, which become barely discernable under the broad con-
tribution centred near to 3200 cm−1 at T ≥ 398 K. It is dif-
ficult to assign this peak to a specific bond in the structure
of francoanellite when basing the choice solely on the corre-
lation of Libowitzky (1999) as the bond with the closest ex-
pected frequency of vibration, represented by the same HB
considered above for taranakite, should be centred near to
3544 cm−1, in excess of 94 cm−1.

The change in absorbance of the H2O bending mode
(measured by integrating the area of the region of 1495–
1952 cm−1) as a function of increasing temperature is re-
ported in Fig. 5c, while that of the H2O stretching region
(measured by integrating the area in the range of 2000–
4000 cm−1) is reported in Fig. 5d. The values are obtained
from integration of the spectra after correction for a linear
baseline connecting the two minima constituting the upper
and lower bounds of the selected spectral ranges. The de-

crease in integrated area is constant up to 363 K, after which
a subtle change in slope is visible, which is compatible with
the onset of francoanellite formation. The new trend is main-
tained up to ∼ 403 K, followed by a marked increase in the
rate of dehydration, corresponding to the complete expulsion
of crystallisation water, collapse of the crystalline structure,
and amorphisation of the material, in accordance with the
previously outlined HT diffraction data.

3.1.4 Micro-Raman spectroscopy

The Raman spectrum of taranakite shows relatively strong
peaks in the region between 100 and 1600 cm−1, which can
be further subdivided into two distinct subregions. The first
one, in the range of 100–670 cm−1, shown in Fig. 6a, ex-
hibits peaks which can be attributed to external lattice vibra-
tions and to the bending modes of PO4 and PO3OH groups
(Frost et al., 2011). The second one, in the range of 700–
1600 cm−1, reported in Fig. 6b, displays strong vibrations
attributable to the symmetric and antisymmetric stretching
modes of the phosphate and hydrogen phosphate ions, to-
gether with very weak and broad peaks; the latter are not
assigned to any vibrational mode in this work because of
their low intensity and significant uncertainty in peak posi-
tion. A Raman spectrum of francoanellite was collected at
ambient temperature on a sample prepared by static heating
of taranakite at 383 K for 6 h. In the range of 100–670 cm−1

(Fig. 6c), the observed spectrum results from a complex con-
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Figure 5. Selected FTIR spectra collected at increasing temperatures, represented in the spectral ranges of 1350–2000 cm−1 (a) and 2000–
4000 cm−1 (b). Example baselines are shown as dashed black lines connecting the minima that serve as boundaries for integration in the
two spectral regions of interest in the ranges of 1495–1952 and 2000–4000 cm−1, respectively. The resulting intensities expressed in terms
of integrated area are shown in panel (c) for the H2O bending region and in panel (d) for the H2O stretching region.

volution of peaks attributable to external lattice modes and to
PO4 and PO3OH bending modes – by analogy to the ones of
taranakite. In the 700–1600 cm−1 range (Fig. 6d), the Raman
spectrum of francoanellite is characterised by the presence
of fewer but more intense peaks, assigned to the symmetric
and antisymmetric stretching vibrations of PO4 and PO3OH
groups, with the most intense peak centred near to 934 cm−1.

All of the observed frequencies obtained via peak fitting
for taranakite and francoanellite are summarised in Table 2.
The remaining part of the spectrum in the investigated win-
dow (up to 4000 cm−1) does not display evidence of Raman
scattering.

Raman spectra collected in situ at increasing temperatures
allow us to visualise the development of the phase transfor-
mation from the point of view of the vibrational contributions

of lattice modes and phosphate functional groups. However,
it should be mentioned that the borosilicate cover of the HT
stage significantly hampers the Raman scattering intensity of
already weak peaks that, consequently, were no longer de-
tectable at high temperature. In the range of 100–700 cm−1

(see the Supplement, Fig. S1), at T between 348 and 398 K,
the spectra are subject to significant changes in intensity and
band position of the lattice modes and phosphate bending
modes. At 398 K, the peaks are coincident with those of fran-
coanellite as measured under ambient conditions, although
the loss in intensity and overall resolution is noticeable for
the reasons mentioned earlier. At T>413 K, all peaks show a
marked decrease in intensity and finally disappear at 478 K,
pointing to the complete amorphisation of the material.
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Table 1. Observed IR fundamental frequencies for taranakite at RT (298 K) and during in situ heating at 398 K and 518 K.

Assignment Wavenumber (cm−1)
(measured at RT,
298 K)

Wavenumber (cm−1)
(measured at HT in situ,
398 K)

Wavenumber (cm−1)
(measured at HT in situ,
518 K)

References

Bending – ν2(PO4) 415 (w), 437 (sh),
454 (w)

415 (w), 454 (w) ∼ 480 (w, vb) a, b

Antisymmetric 538 (sh), 550 (m) 550 (m) a
bending – ν4(PO4) 602 (w) 596 (w) b

OH libration 643 (w) 643 (vw) b

OH bending 877 (w), 904 (w) b, c

Symmetric stretching –
ν1(PO4) and ν1(PO3OH)

952 (m) 949 (m), 965 (sh) ∼ 922 (w, vb) a

Antisymmetric 1019 (s) 1014 (s) ∼ 1126 (s, vb) b
stretching – ν3(PO4) 1059 (s) 1059 (s) b
and ν3(PO3OH) 1099 (vs) 1102 (s) a

1186 (m) 1186 (m) a, b

Antisymmetric
stretching – ν3(NO3)
(impurity)

1384 (w) 1384 (w) 1383 (vw) a, d

NH4 bending 1434 (m), 1463 (m) 1434 (w), 1458 (w) 1400 (vw, vb) a, e

H2O bending 1645 (w) 1652 (w) a

OH stretching of strong
hydrogen bonds

2426 (w) 2426 (w) f, g

H2O/OH stretching ∼ 2840 (sh) ∼ 2840 (sh) 3165 (vw, vb) f, g
3085 (m, br), 3226 (s),
3286 (sh), 3374 (m)

3105 (m, br), 3230 (m),
3385 (sh), 3450 (sh)

b

References for peak assignments: a shows Arlidge et al. (1963), b shows Ross (1974), c shows Vantelon et al. (2001), d shows Chukanov and Chervonnyi (2016), e
shows Sergeeva et al. (2024), f shows Berry and Baddiel (1967), and g shows Taddei et al. (2000). Abbreviations: vw denotes very weak, w denotes weak, m denotes
medium, s denotes strong, vs denotes very strong, sh denotes shoulder, br denotes broad, and vb denotes very broad.

Table 2. Measured wavenumbers for the main peaks of taranakite and francoanellite (spectra collected at 298 K).

Assignment Wavenumber (cm−1) Wavenumber (cm−1)
(taranakite, 298 K) (francoanellite, 298 K)

Lattice modes 127.1(2), 143.3(2), 181.2(2), 129.08(2), 174.87(5),
195.0(2), 217.9(7), 264.2(4), 215.37(7), 281(2), 298 (1),

298.0(4), 322.7(7), 345(1) 344.92(4)

Symmetric bending – ν2(PO4) 388.4(4), 407.2(5), 438.6(7), 392(1), 408(1), 425(2), 450(1)
and ν2(PO3OH) 481.5(7)

Antisymmetric bending – ν4(PO4) 540(1), 554.8(8), 56(1), 586.8(5) 540(1), 555(1), 582.03(6)
and ν4(PO3OH)

PO4 and PO3OH stretching 839(5), 930(6), 952.7(2), 934.4(1), 953(2), 1039.6(6),
modes 1045.0(9), 1113.1(5) 1070(4), 1114.8(4)

Assignments for taranakite peaks after Frost et al. (2011). The assignments for francoanellite peaks are proposed, by analogy, in relation to
those of taranakite.
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Figure 6. Raman spectra collected at RT in the 100–670 cm−1 spectral range (a, taranakite; c, francoanellite) and in the 700–1600 cm−1

range (b, taranakite; d, francoanellite). Labels report the position (approximated to the nearest integer, in units of cm−1) of the main Raman
peaks, obtained from the fitting procedure, which was performed using Origin Pro.

In the phosphate stretching region (700–1300 cm−1), the
most prominent change observed during heating is the de-
crease in the intensity of the peak near to 952 cm−1, at-
tributed to the symmetric stretching vibrations of phosphate
units of taranakite (Frost et al., 2011), coupled with the
growth of an intense peak near to 933 cm−1, attributed to
the same vibrational mode in the structure of francoanellite
(Fig. 7a). According to Popović et al. (2005), the peak posi-
tion of these phonon modes can be used to precisely estimate
the P–O bond length within the different structures. The re-
lation between phonon wavenumber ω and P–O bond length
R (±0.01 Å) takes the form of

ω = a+ bR, (8)

where a = 6.3 ×103 cm−1, and b =−34.3 pm−2. Using the
values of ω of 952 and 933 cm−1, the resulting bond lengths
are 1.559 and 1.565 Å, respectively. These values are remark-
ably comparable to the length of 1.561(5) Å given by Dick
and Zeiske (1998) for the P(2)–O(5) bond in isolated P(2)
tetrahedra in the layers of the two phases. These orthophos-
phate tetrahedra are characterised by a complete lack of oxy-
gen sharing with other coordination polyhedra but partici-
pate in extensive hydrogen bonding as hydrogen bond ac-
ceptors. These observations allow us to confirm that, in this
system, the internal vibrational modes of phosphate, most no-
tably the ν1(PO4) peak, are responsive to phase changes and
can be used to trace the evolution of the transformation. We
therefore followed the evolution of the integrated intensity of
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the two aforementioned peaks in the T range of 298–393 K.
Spectral fitting was performed as exemplified in Fig. 7b; after
adequate pre-treatment (as specified in Sect. 2.5), peak fitting
was performed in the spectral range of 745–1250 cm−1 us-
ing pseudo-Voigt functions to obtain the position, full width
at half maximum (FWHM), and integrated intensity of the
Raman peaks. The value of the peak shape parameter was al-
lowed to vary in the range between 0 and 1, with the former
corresponding to a pure Gaussian peak shape and the latter
corresponding to a pure Lorentzian peak shape. Results were
discarded whenever the standard errors reached or exceeded
half the value of the respective parameter.

The resulting peak positions and integrated intensities are
reported in Fig. 7c–d. Upon heating, the taranakite peak near
to 952 cm−1 displays a subtle shift to a lower frequency and a
significant decrease in intensity for T>358 K. At the same T ,
a sharp increase in the integrated intensity of the francoanel-
lite peak near to 933 cm−1 is observed. No significant change
in peak position is observed within the investigated T range
for both peaks. At T>378 K, only the francoanellite peak is
observed, while the taranakite peak is no longer present.

3.2 Determination of the empirical activation energy
(Ea) from time-resolved isothermal HT
micro-Raman experiments

HT micro-Raman experiments conducted under isothermal
conditions at 353, 358, 363, and 373 K allowed us to fol-
low the evolution of the phase transformation with time. In
order to visualise the rate of the taranakite-to-francoanellite
transformation process, the evolution of the integrated in-
tensity values of the distinctive peaks of the two phases at
∼ 952 cm−1 and 933 cm−1, attributed to the ν1(PO4) sym-
metric stretching modes of P(2)–O(5) bonds, was monitored.
The intensity values were obtained via peak fitting of the
spectra acquired at fixed temperatures and varying times. For
each time-resolved data set, the first acquired spectrum (at
t = 3 min) was fit without constraining the wavenumbers of
the peaks; in the following spectra (from t = 8 min to the
end), the wavenumber of the taranakite ν1(PO4) was fixed
at the value resulting from the fit of the first spectrum. The
variations in the integrated intensities as a function of time
are shown in Fig. 8. The complete set of data used to pro-
duce the figures in this section is reported in the Supplement
(Tables S3–S10).

The reaction product fraction α has been calculated from
the integrated intensity of the two Raman peaks as follows:

α =
Ifrn

(Ifrn + Itrk)
, (9)

where Itrk and Ifrn are the integrated intensity values of
the taranakite and francoanellite ν1(PO4) peaks, respectively.
The fraction transformed as a function of time is shown via
an Avrami ln(− ln(1−α)) plot in Fig. 9a and an Austin–
Rickett ln(α/(1−α)) plot in Fig. 9b. The linear fit of the

experimental data collected between 353 and 363 K shows
slope coefficients that are constant within uncertainty (see
Table 3). On the other hand, the linear fit of the data mea-
sured at 373 K shows a slope coefficient that is significantly
different with respect to those obtained at lower T . Further-
more, the isothermal data collected between 353 and 358 K
show deviations from linearity when approaching the high-
est values of the fraction transformed, suggesting that the ki-
netic mechanism regulating the reaction is also dependent on
time and on the relative abundance of reactants and products
(Redfern, 1987). The reaction rates (k) as calculated from the
slope (n) and the intercept (n lnk) of the linear fits of the ex-
perimental data collected at different temperatures are given
in Table 3 and are shown in the Arrhenius plot in Fig. 9c as a
function of 1/T . To calculate the activation energy Ea of the
taranakite-to-francoanellite transformation, we have selected
the data within the temperature range in which the reaction
appears to be isokinetic (i.e. between 353 and 363 K). The
results are summarised in Table 4.

To check if the deviations from linearity visible in both the
Avrami and Austin–Rickett plots may significantly affect the
calculatedEa, we performed the calculation with the “time to
a given fraction” approach, which has the advantage of being
independent of rate functions (Bray and Redfern, 1999, and
references therein) (Fig. 10). For a fraction transformed of
0.3 in the temperature range of 353–363 K, the resulting Ea
is 7.6± 0.7 kJ mol−1, in good agreement with the results ob-
tained from the application of the Avrami and Austin–Rickett
methods. A further attempt for a fraction of 0.55 leads to an
Ea of 7.2± 1.9 kJ mol−1, proving the consistency of the ap-
proach.

3.3 Considerations regarding the occurrence of
francoanellite in cave environments

Justifying the occurrence of partially dehydrated phosphates
and sulfates (i.e. bassanite, monetite, francoanellite) in the
parageneses deriving from guano degradation in caves re-
mains a complex task. Although it is often postulated that
the decomposition of bat guano generates heat, few direct
measurements of T at varying depths in guano deposits are
present in the available literature. As an example, the in situ
temperature measurements in an actively accumulating and
decomposing guano mound in Mulu Cave (Borneo) down
to a depth of 70 cm, performed by McFarlane and Lund-
berg (2024), seldom exceeded 30 °C (308.15 K). It is there-
fore highly unlikely that the dehydration reaction leading to
francoanellite formation is regulated by an equilibrium pro-
cess as the calculated temperature of equilibrium is close to
369 K (95.85 °C) and must be governed by kinetic factors.

The activation energy needed for the onset of the
taranakite-to-francoanellite transformation is very low (ca.
7.6 kJ mol−1) if compared to that of other hydrated alu-
minophosphates such as variscite (Arjona and Franco, 1973),
minerals with a layered structure and water occupying in-
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Figure 7. Raman spectra collected during in situ heating of a taranakite microcrystal (a), showing the changes in the relative intensities of
the phosphate stretching peaks near to 952 and 933 cm−1, assigned to, respectively, taranakite and francoanellite. The vertical lines and the
coloured regions of the spectra in this panel are a guide to the eye. (b) Example of peak fitting, which allowed us to trace the evolution in
intensity (c) and peak position (d) of the two peaks. Data used to produce these graphs are available in the Supplement (Tables S1–S2).
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Figure 8. Variations in integrated intensity as a function of time for the PO4 symmetric stretching peaks of taranakite and francoanellite, as
obtained from peak fitting of spectra collected at HT in isothermal conditions.

Figure 9. Avrami plot of the fraction transformed (a) and Austin–Rickett plot of the fraction transformed (b); vertical segments represent
the calculated uncertainty α. Arrhenius plot ln(k) vs. T−1 (c) and linear fits used to estimate the empirical activation energy values.
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Table 3. Reaction rates calculated using the Avrami and Austin–Rickett methods.

Method Parameter 353 K 358 K 363 K 373 K

Avrami method Intercept (n lnk) −3.9(1) −3.0(1) −2.7(3) −0.7(1)
Slope (n) 0.77(3) 0.70(3) 0.69(8) 0.30(4)
Reaction rate (k) 6.29(2)× 10−3 1.255(5)× 10−2 1.89(5)× 10−2 8.6(3)× 10−2

Austin–Rickett method Intercept (n lnk) −4.4(2) −3.6(2) −3.0(3) −0.6(2)
Slope (n) 0.97(4) 0.95(4) 0.9(1) 0.5(6)
Reaction rate (k) 1.019(3)× 10−2 2.30(1)× 10−2 3.27(8)× 10−2 2.9(3)× 10−1

Table 4. Values of slope (m) and empirical activation energy (Ea) as derived from the application of the Avrami and Austin–Rickett methods.

ln(k) vs 1/T R2 (linear fit) m Ea (kJ mol−1)

k (Avrami) 0.987 −793(91) 6.6(0.8)
k (Austin–Rickett) 0.964 −845(164) 7.0(1.4)

terlayer sites such as montmorillonites (Bray and Red-
fern, 1999; Zabat and Van Damme, 2000), and minerals
with loosely bound water molecules held in interstices via
H bonds such as zeolites (Majchrzak-Kucęba and Nowak,
2004), which all have activation energies associated with
the dehydration reaction >30 kJ mol−1. This finding could
justify the partial dehydration of taranakite taking place in
cave environments where the heat produced by organic mat-
ter degradation causes a slight raise in temperature that is
protracted over relatively long periods of time, i.e. tens to
hundreds of years under warm and moist conditions (Lund-
berg and McFarlane, 2024; McFarlane and Lundberg, 2024).
Other environmental or anthropogenic factors, such as the
presence of powerful halogen spotlights in touristic caves
(e.g. in the caves of Castellana), could have an impact on
the triggering of dehydration reactions. The low values of
activation energy resulting from our experiments are also co-
herent with the fact that the water molecules involved in the
studied transformation are not part of cation hydration shells.
Rather, they form an interlayer in the structure of taranakite
and are lightly bound to phosphate tetrahedra that reside at
the margins of the layers by means of HBs with mean O· · ·O
distances >2.70 Å and angles >170°, making them classifi-
able as weak HBs (Libowitzky, 1999), thus representing the
weakest link in the chain in terms of structural stability of
the phase. As soon as these bonds are broken due to thermal
instability, the remaining HBs that link water molecules in
the interlayer to water molecules coordinating Al octahedra
in the layers are not enough to retain the interlayer–layer co-
hesion. This type of transformation is reconstructive, but the
only bonds which need to be re-established are the HBs hold-
ing the layers together in the structure of francoanellite. The
obvious topotaxy of the reaction and the complete conserva-
tion of the structure layers contribute to keeping the energy
barrier low. From the values of the slope (Table 3) of the
trends in the Avrami and Austin–Rickett plots (all lower than

1), it is possible to infer that the kinetic mechanism regulat-
ing the dehydration is diffusive, with water molecules leaving
the crystals by moving parallel to (001) along the interlayer.

Although this demonstrates the feasibility of the transfor-
mation of taranakite into francoanellite via partial dehydra-
tion in natural environments, other mechanisms should be
considered. The most straightforward would be the direct
precipitation of francoanellite from percolating solutions.
Another possible pathway leading to francoanellite precipita-
tion could stem from RH increase and condensation phenom-
ena causing the dissolution of taranakite, followed by RH
decrease and high evaporation rates promoting the crystalli-
sation of francoanellite, as observed in other systems such as
the Na–S–O–H one, where, at sufficiently low RH and room
temperature, metastable thenardite (NaSO4) precipitates in-
stead of mirabilite (NaSO4 · 10H2O) (Rodriguez-Navarro et
al., 2000).

It must be noted that taranakite transforms into francoanel-
lite within a timescale of only a few tens of minutes if heated
to temperatures as low as 358 K. Since those conditions are
commonly achieved during routine XRPD sample prepara-
tion procedures (Soukup et al., 2008), special care must be
taken when preparing phosphate-bearing samples. Heating
to remove environmental moisture should also be avoided to
prevent the alteration of hydrated phases.

4 Conclusions

For this work, we conducted an investigation into the
thermodynamics and kinetics that define the taranakite-to-
francoanellite phase transformation. The equilibrium tem-
perature of the of the reaction, which features a single step
of dehydration coinciding with the removal of water inter-
layers from the structure, was calculated at 369 K. The ap-
plication of temperature resolved in situ XRPD, FTIR spec-
troscopy, and micro-Raman spectroscopy gave experimental
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Figure 10. Fraction transformed versus time plot (a); the horizontal line indicates the 0.3 fraction used for the “time to a given fraction”
method, while vertical segments represent the calculated uncertainty for α. The times deriving from the isothermal runs of the isokinetic range
(353–363 K) were plotted on a ln(time) vs. 1/T plot (b), and the slope of the linear best fit was used to calculate the empirical activation
energy of the transformation.

confirmation of this temperature in a range of ±10 K. The
use of HT micro-Raman and HT FTIR spectroscopy allowed
us to gather complementary information about the dehydra-
tion process of taranakite. While FTIR allowed us to mea-
sure T -induced water loss occurring first in taranakite and
then in francoanellite before reaching the complete amor-
phisation of the material, micro-Raman measurements con-
ducted under conditions of increasing T were found to be
very sensitive to the taranakite-to-francoanellite transforma-
tion, monitored via the changes in the Raman scattering in-
tensity arising from the ν1PO4 stretching modes of the two
phases (near to 952 cm−1 in taranakite and 933 cm−1 in fran-
coanellite). Thanks to in situ isothermal micro-Raman anal-
ysis, the kinetics involved in the reaction and the associated
activation energy were confirmed to be dependent on tem-
perature and, to a lesser extent, on the fraction of reactant
transformed. In the inspected temperature range, a field in
which the transformation appears to be isokinetic was found
and allowed for the estimation of an activation energy (Ea)
of 7.6± 0.7 kJ mol−1 by means of the “time to a given frac-
tion” kinetic model-free approach, while the values calcu-
lated from the application of the Avrami and Austin–Rickett
methods were found to be comparable if the range of uncer-
tainty is considered.

The aim of this study was to expand the current knowledge
regarding the mineral transformation processes taking place
in secondary phosphate deposits deriving from bat guano
degradation in cave environments. Contributions shedding
light on the stability of authigenic phosphates and on the en-
vironmental or intrinsic controls that regulate their transfor-
mation are of the utmost importance in improving our under-
standing of the minerogenetic processes involved in their for-

mation. We hope that the renewed interest in biogenic corro-
sion and mineralisation processes connected to the presence
of bats in caves will foster further research on this topic.
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