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Abstract

In caves and monuments, biocorrosion caused by bats occurs partly under ac-
cumulations of guano. Tests were carried out both at cave temperature and
under hot conditions in the laboratory on 4 different limestones. A compari-
son of the results obtained using these two methods shows that the processes
leading to the weathering of the limestones are the same, and that the hot la-
boratory tests accelerate them in a well-constrained way. The higher the po-
rosity and capillarity of the limestone, the faster the weathering process. The
presence of large calcite crystals also favors weathering. In caves, the ablation
rates obtained (8 mm/ka) are sufficient to destroy engravings in a few decades.
In monuments, ablation rates are even higher because of the temperature, and
could theoretically reach 32 cm/ka in extreme conditions at 80°C. The labor-
atory test developed here can be adapted to the temperature of each case study.
It has already demonstrated the mechanisms that lead from weathering to the
formation of a phosphate crust.
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1. Introduction

Caves are natural complexes which, after their initial stage of phreatic formation,
evolve over time according to the environmental parameters to which they are
subjected (installation of specific ecosystems, changes in climate). These changes
result in morphological modifications, both to the walls and along the passages.
These are the result of a variety of weathering phenomena.

In terms of archaeology, caves are essential to our knowledge of prehistoric so-
cieties and cultures, and for the environmental changes that occurred during the
Pleistocene and Holocene periods. While part of the archaeological heritage is
buried in the cave sediments, cave art can most often be seen on the walls, in sec-
tions of galleries or chambers that have been more or less degraded by environ-
mental changes since they were created. As a result, the remains of prehistoric art
that have come down to us have necessarily benefited from special protective con-
ditions, which have enabled them to be preserved in a small number of caves, in
particular the occlusion of the entrances, which has isolated them from the cli-
matic and biological influences of the surface: Lascaux Cave [1], Cosquer Cave [2]
[3], Chauvet Cave [4] [5], Coliboaia Cave [6]. Generally speaking, they are most
often described as caves of karstic origin that are considered to be “fossil” and
therefore inactive. With new concepts being considered, it is now necessary to re-
read underground landscapes using criteria other than those usually used for the
formation of epigenic caves developed by underground flows made aggressive by
the carbonic acid of vegetation.

To this end, the various methodologies applied to karstic caves enable a more
precise approach to the description and understanding of underground landscapes.
Above all, they offer a different perspective and a fresh look at the study and con-
servation of cave art.

As aresult of the multidisciplinary approach to the study of karst caves developed
over the last few decades, it is now possible to integrate these new processes. These
are environmental in nature, such as the climatology of the cave and the identifica-
tion of past and present ecosystems. The role of biotic factors in geochemical phe-
nomena highlights the dynamics of active processes involved in the evolution of
cave morphologies. Recent research in karstology has shown the importance of late-
stage weathering of cave walls. Some of this weathering is of biological origin,
known as “biocorrosion”, and is attributable to the presence of bats.

These biocorrosion processes have been the subject of several cave studies, first
in tropical environments [7]-[12], then in Europe [6] [13]-[16], and in dry regions
[17] [18].

These studies have demonstrated the existence of a specific late speleogenesis
stage that is directly linked to the climatological and biological dynamics that ac-
company regional environmental changes. Biocorrosion, due to the long-term
presence of bat colonies, results from the current or past occupation of large bat
colonies in caves. It occurs in a late phase after the cave has been abandoned by

active underground flow, but can reach a similar or even greater scale than the
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initial development phase [8] [16] [18].

The articles cited above provide keys to understanding the features and miner-
alogy associated with this late stage speleogenesis. Although it has been possible
to assess the extent of ablation rate due to biocorrosion in a few rare examples
(Table 1), it is difficult to assess the actual rate of these biocorrosion processes,
for several reasons. We do not know how long bats have inhabited the site, or how
often they have been present, whether seasonally or over different periods of the
Quaternary. Different species may be present on the same site for different uses,
which will lead to various processes and intensities within the cave. For example,
it is easy to understand why a hibernation site, where breathing, temperature and
guano production are very modest, is much less affected than a nursery where bats
are in full activity. Finally, are the populations present today representative of
those of the past? For many sites, probably not. In fact, ablation rate rates calcu-
lated over the long term inevitably include phases where biocorrosion slows down
or stops. These averages imply that the actual rates of wall retreat over short active
periods are undoubtedly much higher.

However, various authors have tried to estimate long-term ablation rates that
do not consider the short-term variations mentioned above. They propose values

that can range between 0.4 and 40 mm/ka, depending on the context (Table 1).

Table 1. Long-term biocorrosion ablation rates proposed by various authors.

Audra et al, Ch
Reference [191  [7] (8] 9] [14] udra et al, Chameau (16]
Cave, unpubl.

Average rate

0.4 12 3-5 125 20-40 1 3-7
(mm/ka)

Maximum rate

34 24 34
(mm/ka)

It is important to distinguish between the impact of biocorrosion linked to the
aerosols released by the presence of bats and their guano, and that linked to the
leachates that flow under the guano. For species that congregate in large colonies,
particularly during the nursery periods, there can be significant accumulations of
guano on the floor. This floor may correspond to the host limestone, to calcite
speleothems, but also to detrital sediments which will also be impacted, including
the artifacts they contain [16] [20] [21]. In addition to the floor, guano also accu-
mulates on the wall ledges.

The decay of guano produces carbon dioxide, sulfates, and nitrates. Leachates
acidified by carbonic, phosphoric, and sulfuric acids will flow out, responsible for
the corrosion and weathering of carbonates and speleothems on the ground [22],
with the correlative formation of specific mineralizations, mainly phosphates [23].
These aspects of limestone weathering are not confined to caves. Buildings and
engineering structures also serve as habitats for bat colonies. They are subject to
the same weathering processes. Depending on their type, they may be totally
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affected (underground passages, underground quarries, cellars, etc.) or only par-
tially (attics of castles or places of worship, etc.). In addition to limestone, biocor-
rosion by bat guano can also affect other building rocks such as feldspathic gray-
wacke [24] or sandstone [25].

An eloquent example of monuments is Mohamed Ali’s palace in Suez (Egypt).
This building, constructed in 1812, was used until 1980, when it was abandoned.
Bats then occupied some of the rooms, particularly the large dome. Bakr & Abd
El Hafez [26] show how biocorrosion alters building materials 30 years later.

Biocorrosion appears to be the largest threat to the conservation of cave wall
paintings [6] [15] [27] [28], but also to monuments [24] [26] [29]. The damages
caused can be so extensive that operations to “relocate” settlements have already
been carried out [30].

The aerosols and climatological changes caused by the bat colonies lead to biocor-
rosion on the walls and ceilings. At the same time, accumulations of guano on the
floor cause specific biocorrosion of the carbonate substrates on which they rest.

It is this biocorrosion under guano that we will be addressing here; that linked
to aggressive aerosols, which responds to completely different mechanisms, will
not be considered in this study. We propose new data on the ablation rate associ-
ated with biocorrosion of limestone covered with guano. To do this, we will con-
duct 1) parallel tests in cave and in the laboratory. After 2) checking that the bio-
corrosion process has indeed taken place, 3) we will quantify its rate under differ-
ent temperature conditions and as a function of the petrographic properties of the
limestones used. We will also make macro- and microscopic observations show-
ing the evolution of the surface of the exposed limestone. Finally 4), we will show
that the laboratory method can be used to rapidly quantify the impact of biocor-
rosion directly linked to guano exposure on different substrates, and that it pro-

vides a better understanding of the mechanisms linked to biocorrosion.

2. Materials and Methods
2.1. Materials

This study is a continuation of that carried out on the impact of biocorrosion in
the Prehistoric cave of Azé in France [16] [31] [32]. For this reason, we selected
four regional Jurassic limestones of various textures (oolithic, micritic, crinoid),
for which we indicate the main petrographic properties from the literature. Each
tablet covered an area of 0.01 m? (Table 2).

We also tested a fragment of broken speleothem collected in the Orgnac Cave
(Ardéche) to assess the impact of corrosion on calcite speleothems. The guano
used came from the Courtouphle Cave in the Ain department, as there is no recent
accumulation in the Maconnais. The Courtouphle Cave is located on the other
side of the Sadne valley in a comparable context (latitude, altitude, landscape, etc.).
This cave is also frequented by the same species of chiropteran as those found in
the prehistoric cave at Azé. This ensures good reproducibility of past conditions

in the cave.
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Table 2. Petrographic characteristics of the different limestones used to manufacture the tablets used to simulate biocorrosion (NF
= French Standard). From these 4 limestone pieces numbered from 1 to 4, 8 tablets were made, each type of limestone tablet then
being placed in the cave (G) or in a thermostatic bath in the laboratory (L), and numbered 1G and 1L, 2G and 2L, etc., respectively.

Limestone tablet no. 1 2 3 4
Geological stage Callovian Bathonian Bathonian Bajocian
Petrography Oolithic Micritic Micritic Crinoid limestone
Quarry Les Buis, Comblanchien,

Quarry site Light Comblanchien Buxy

Ladoix-de-Serrigny Rocherons Quarry
. . https://www.lapierredoriv .
https://lithoscopect- https://lithoscopect- https://lithoscopect-

al.fr/nos-pierres/pierre-

Reference mnc.com/calcaire/cor- mnc.com/calcaire/com- . ) mnc.com/calcaire/buxy-
} de-comblanchien-clair-
ton/6834/ blanchien/6829/ bayadere/5786/
pl0.html

Density (kg/m’®

ensity (kg/m?) 2620 2670 2600 2650

[NF EN 1936]
(0] ity (%

pen porosity (%) 2.8 0.9 0.5 2.5

[NF EN 1936]

Perpendicular capillarity
Cl (gm=2s72) 3 0.7 0.9 4
[NF EN 772-11]

2.2. Description of Tests, Method

a) Moisture analysis: the collected guano was analyzed for moisture content us-
ing a Mettler-Toledo HG63 thermo-balance accurate to 1/10 of a percent, and
dried for 2 h at 105°C. The guano contained 66% water.

b) Phosphorus analysis: a sample was sent to the CESAR laboratory in Ceyz-
eriat, Ain, for analysis of total phosphorus. The analysis was carried out in accord-
ance with standards NF ISO 11466, NF ISO 11466 and ICP AES assay: NF EN ISO
11885. After drying, the phosphorus content in the guano, was: 35.14 g/kg.

c) Suspension preparation: to obtain a suspension, the dry guano was then mixed
with demineralized water using a Rayneri mixer, fitted with a Rushton turbine, at a
speed of 3300 rpm for a period of 2 min. The ratio of guano to demineralized water
used was 1/2. The pH of the suspension was 4.15 at the start of the tests.

d) Determining the mass of the tablets: the limestone tablets were weighed be-
forehand after drying for 2 h at 105°C.

e) Exposure of tablets to guano suspension: all were immersed separately in the
guano suspension in closed 1L flasks. The first series (1L, 2L, 3L, 4L) was placed
in the laboratory in a 24L thermostatic bath at 80°C for 174 days. These tests had
to be stopped in March 2020 due to the pandemic confinement. A second series
(1G, 2G, 3G, 4G) was also placed in the same suspension and in closed 1L flasks.
They were placed in natural conditions in the Prehistoric cave of Azé for 789 days,
at the roof of the “Grenier des Chauves-souris” (Bats cellar), an upward-sloping

gallery used as a shelter by a colony of a few individuals present from spring to
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autumn. In this place, the temperature varies between 11.0°C in winter and 16.5°C
in summer. For the Orgnac Cave speleothem sample, it was possible to assess bi-

ocorrosion at 80°C for only 55 days, also because of the pandemic.

2.3. Quantification of Biocorrosion

a) Changes in the weight of the tablets during exposure: before the tests and
each time they were removed, the tablets corresponding to the different tested
limestones were dried for 2 h at 105°C, then weighed using a Mettler AB304-
S/FACT balance accurate to 1/10,000 g. Those placed in the thermostatic bath (L
series) were removed from it several times to observe their evolution.

b) Recovery of phosphate mineral crust: after drying for 2 h at 105°C in a ven-
tilated oven, they were scraped with a lanceolate spatula to remove the crust that
had formed on their surface. This probably encourages biocorrosion by removing
the insoluble layer of phosphate minerals that waterproof the limestone. The min-
eralogy of these crusts was then analyzed.

¢) Guano exposure continues: once returned to their respective 1L flasks, the

tablets were immediately immersed in the thermostatic bath.

2.4. Method Adaptation

The limestone and guano were chosen to be representative of the regional context of
the Azé cave. Naturally, the choices will have to be adapted to suit the subjects under

study. The limestones and guanos chosen will have to be defined for each case.

2.5. Mineralogy

Mineral identification was carried out by X-ray diffraction (XRD) using a Rigaku
RU-200BH X-ray generator equipped with a rotating anode, an Osmic multilayer
optic, and a mar345 2D detector. The wavelength used was that of Cu, A = 0.15418
nm, and the applied power was 50 kV and 50 mA. The samples were finely ground,
the obtained powder was homogenized, and then placed in a glass capillary 0.5 mm
in diameter. The volume of powder exposed to the X-rays for each measurement

was around 0.1 pl.

2.6. Observation of Tablets

Changes in mineralogy lead to variations in tablet color. Those in the L series, im-
mersed at 80°C, were qualified using a Fru WR10-8MM colorimeter in the L, a, b
system. The values were averaged from 5 measurements. Tablets were observed vis-
ually. They were systematically photographed using an Olympus Tough F2.0 cam-
era. At the end of the tests, the tablets were observed using a low and high-resolution
micrograph; images were acquired with a scanning electron microscope (SEM)
JEOL JSM-6340F at 5 and 15 kV. Energy dispersive X-ray spectroscopy (EDX) ele-
mental analyses were carried out in selected areas of the different places observed in
SEM at 15 kV (Si-Li detector, Quantax, Brucker AXS Microanalysis GmbH Berlin,

Germany). The samples were cut into pieces of 20 x 20 mm? and covered with
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carbon to evacuate the electrical charges.

2.7. Evolution of the pH of the Guano Suspension

The pH was measured using a Mettler-Toledo Seven Excellence pH meter fitted
with an Inlab-731-ISM electrode accurate to 1/100 pH unit. The values indicated
are those corrected to a temperature of 25°C.

3. Results

3.1. Quantification of biocorrosion

All tablets show a loss of mass (Table 3).

Table 3. Mass loss recorded on the tablets immersed in the guano suspension in the cave
(G) and at 80°C in the laboratory (L).

Sample no. Dt.lration of Loss of mass (g) Loss of mass (%) Standardized loss of
experiment (days) mass (%/year)

1G 789 0.47 0.52 0.24
2G 789 0.42 0.37 0.17
3G 789 0.32 0.28 0.13
4G 789 0.24 0.24 0.11
1L 174 4.12 4.59 9.6
2L 174 / / /

3L 174 3.42 3.47 7.3
4L 174 2.51 2.71 5.7

For the L series immersed in the guano suspension at 80°C, the measured mass
losses appear to vary linearly with time (Figure 1). Except for plate no. 2L, which
experienced a slight loss of mass for the first 48 days, but remained stable for the

rest of the experiment.

Weight loss (%) .
a °
y =0.025x
R?=0.9285
y=0.0212x
3 R?=0.9729
2 y =0.0157x
R?=0.9476
1
Days
0
0 20 40 60 80 100 120 140 160 180

Figure 1. Changes over time in the mass loss of limestone tablets immersed in the guano
suspension at 80°C. 1L, 2L, 3L, and 4L refer to tablets corresponding to limestones 1, 2, 3,
and 4 respectively (Table 1).
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Based on the mass losses of the tablets, it is possible to extrapolate the theoret-
ical time required for a mass loss of 2.5% under the conditions of exposure at
constant ambient temperature in the cave. The results are 11 years for the 1G and
2G samples, 15 years for 3G, and 24 years for 4G.

If we consider a surface exposed in the cave to the same guano suspension, it
will take between 279 and 613 years for this surface to retreat by 2.5 mm. The rate
would then be between 0.004 and 0.008 mm/year, values calculated for the Azé
Cave for the current temperature, which is between 11.0°C and 16.5°C.

With the same limestones, at 80°C, it would take only 8 to 13 years to reach this
retreat of 2.5 mm, and the rate of retreat would then be between 0.20 and 0.32
mm/year, i.e. an ablation rate around 35 to 50 times greater than that obtained at
the ambient temperature of the cave.

Unfortunately, reproducibility tests could not be carried out because of the pan-

demic.

3.2. Mineralogy

The crusts collected during each measurement were analyzed by XRD (Table 4).

Table 4. Phosphate minerals present in crusts from L-series tablets exposed to guano
suspension at 80°C. The values given in the “Magnesian Whitlockite” column are the mass
percentages obtained from a semi-quantitative analysis. For other minerals, an X indicates
their presence.

Magnesian whitlockite
Reference CasMg(HPO4)(POs)s
(% of mass)

Hydroxylapatite Monetite
Cai0(PO4)s(OH)2 CaHPO;4

1L 81
2L 58 X
Sample
3L 68 X
4L 90 X

3.3. Tablets and Speleothem Evolution

We observed the formation of crusts on tablets from the L series immersed in the
suspension at 80°C (Figure 2). No visual changes were observed on tablet 2.

After exposure to guano in the laboratory, the color of the platelets changed, as
shown by the measured L, a, b values, going from grey to brown (Table 5).
The tablets subjected to the hot test in the laboratory and after scraping showed
the following macroscopic changes (Figure 2):

- Tablet 1L: appearance of depressed areas up to 1 mm deep;

- Tablet 2L: a few rare areas appear with an indented micro-relief;

- Tablet 3L: the weathering marks the micritic cement of the limestone (Figure 3).
A small part of the tablet shows a depression about 0.5 mm deep;

- Tablet 4L: appearance of depressed areas up to 1 mm deep over most of the
surface of the tablet.
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On the tablet of sample 3, visually the corrosion mechanism is the same in the hot
experiment (3L) and in the cave (3G). It occurs to the detriment of the micritic ce-
ment of the limestone, sparing the sparite crystals (Figure 3). This mechanism is the
same as that shown by Zupan-Hajna [33] for limestone weathering phenomena

linked to corrosion by moisture flowing down along cave walls.

a=t0 b =83 days c¢=174days

1L

aL

Figure 2. Macroscopic changes in L-series tablets in guano suspension at 80°C. Lines 1L,
2L, 3L, 4L correspond to each limestone sample, the columns show the evolution at a = TO
(before immersion), b = after 83 days and before scraping, and ¢ = after 174 days and after
scraping.

Table 5. Changes in platelet color before and after exposure to guano suspension in the laboratory (colorimetry using the L, a, b
measurement system).

Sample 1L 2L 3L 4L
Initial color 63.37/8.82/7.21 68.40/7.52/0.31 72.76/6.14/3.58 60.57/7.84/6.44
Color after laboratory experiment ~ 34.33/10.52/12.42 47.88/6.45/3.27 44.89/9.51/12.74 40.18/8.68/10.86
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Figure 3. Upper part: 3 = sample 3 = unexposed tablet; lower part: 3L = sample 3 tablet
exposed at 80°C. For the same limestone, in both cases the micritic cement (arrow) appears
to be the weathered part of the limestone, the sparite crystals being visually unaffected.

We were able to observe the same mechanism on the speleothem subjected to
guano suspension for 55 days at high temperature. When it was removed from
suspension, it partially disintegrated into large sparite crystals (Figure 4), and the
joins separating the crystals appear to be the most altered zones.

Figure 4. Evolution of a speleothem from Orgnac Cave after 55 days in guano suspension
at 80°C, A: before experiment, B: after immersion in guano suspension. Sparite crystals
have been dissociated by intercrystalline dissolution. The arrows indicate areas where the
sparite crystals broke up during scraping.
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In the SEM, for tablets exposed to the bath at 80°C (1L, 2L, 3L, 4L), fairly com-
pact crusts and spherical structures on the order of one micron are generally ob-
served. Corrosion pits are visible on the calcite crystals. Inside the pits, spherical

crystals have appeared such as for the tablet 4 (Figure 5).

x8,000 CINaM 5/10/2023
Vace=5.0kV PC=8 Vacuum=1.2E-3Pa Mode=SEM WD=11.2mm
Detector=LED UED=0(0,0V) LED=3 T=0.0 FOV=15umx12pum

Figure 5. SEM image of 4L tablet. Corrosion gulfs are visible on the calcite crystals, containing
spherical crystals.

Chemical analyses by EDX systematically indicate (apart from C and O): Ca, P,
Mg and quite often S and Si-Al (Si and Al probably come from the clays, detected
in small quantities by DRX, plates 1L and 4L). Chemical analysis of spherical par-
ticles on tablet 1L for example (Figure 6) shows a composition rich in Ca, P and
Mg (Figure 7). These analyses indicate that the spheres are very probably whit-
lockite, in agreement with the phases identified by XRD (whitlockite + calcite
from the host rock).

Figure 6. High-resolution SEM image on tablet 1L, with arrows showing the zones analyzed
by EDX. W = whitlockite; Ca = calcite, where cleavages appear to be etched. The areas
analyzed are around 5 pm for the voltage used, 15 kV and this chemical composition.
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Figure 7. Results of EDX chemical analysis of tablet 1L, carried out at the points shown in
Figure 6.

For tablets exposed to guano in caves (1G, 2G, 3G, 4G), very few crusts and few
spherical structures were generally observed. Chemical analysis by EDX shows the
systematic presence (apart from C and O) of: Ca, Mg, quite often Si-Al, and rarely
S. On tablet 4G, we found P in one of the analysis points, which tends to confirm
the possible presence of the brushite indicated by DRX.

Comparison of the SEM images obtained after exposure of sample 4 in the
cave and in the laboratory shows the evolution in the size of the whitlockite
crystals (Figure 8). After 789 days in the cave, the whitlockite crystals that
formed measured around 10 nm in diameter (Figure 8(A)). After 174 days in
the laboratory at 80°C, spheres around 900 nm in size can be seen associated
with smaller crystals (Figure 8(B) and Figure 8(C)). These spheres have a fram-
boidal structure (Figure 8(C) and Figure 9), showing that agglomeration of the

primary structures is responsible for their growth.

Figure 8. limestone sample 4. The white bar in the legend is 1 um long. A: after 789 days in the cave; B and C: after 174 days at 80°C in
the laboratory; C: detail of framboidal crystals obtained by agglomeration of primary structures. Arrows indicate spheres of whitlockite
gradually growing.
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Figure 9. Framboidal structure of whitlockite formed by agglomeration of primary crystals.

3.4. Evolution of the pH of the Guano Suspension

The pH of the guano suspension was 4.15 at the start of the tests.

For the tests carried out in the laboratory at 80°C, the pH rose slightly to 4.42
after 30 days. We were unable to measure this at the end of the tests because of
the shutdown imposed by the first lockdown. For the tests carried out in caves at
ambient temperature, the pH of the suspension rose to 6.66 at the end of the ex-

posure time (789 days).

4. Discussion

The hot tests confirmed that a crust of phosphate minerals formed on the surface
of the tablets, by epigenesis of the carbonates reacting with the phosphoric acid
contained in the guano suspension. Hydroxylapatite was formed in two of the

samples by the chemical reaction (1):
5CaCO; [calcite] +3H,PO; [phosphoricacid |

1
— Ca, (PO, ), (OH)[hydroxylapatite] + H,0 + 3HCO; +2CO, W

The outgassing of CO, resulted in a “swelling” of the flasks while they were in
the thermostatic bath. Hydroxylapatite is not formed directly, but via the for-
mation of an intermediate phosphate, brushite, as a result of the chemical reaction
between phosphoric acid and ammonia, which is also present in the guano, ac-

cording to reactions (2) and (3).
2NH, + H,PO, —>(NH4)2(PO3OH) (2)
(NH, )2 (PanH) +Ca* +2H,0 > Ca(POSOH)- 2H20[Brushite] +2NH; (3)
The ammonium formed, which is highly soluble, was not found in our analyses
because it was probably leached out during tablet washing.

We mainly obtained the formation of whitlockite [CasMg(HPO,)(POy)s], which

is a calcium and magnesium phosphate. These last two elements come from
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limestone. Whitlockite is formed by the substitution of calcium for magnesium
from calcium phosphates, and in particular from hydroxylapatite and brushite.
This substitution is favored by time and temperature and takes place at 80°C in
only 12 hours [34]-[36]. Our SEM observations show that the crystals initially
formed measure around 10 nm. They then bundle together to form increasingly
large agglomerates that will eventually form a crust on the surface of the limestone
tablets.

The presence of monetite is probably linked to a secondary reaction (4). This is
generally derived from the dehydration of brushite after its formation in the reac-

tion medium [37] [38] according to:

Ca(PO,0H)-2H,0 — Ca(PO,0H)[monetite] + 2H,0 (4)

It could occur during the drying of the tablets at 105°C before weighing and
recovery of the crusts [39] [40], and can therefore be considered as a possible op-
erating artifact.

The formation of phosphate minerals associated with guano therefore depends
on time and environmental conditions, whether in karstic caves or in the labora-
tory [18] [23]. This phosphatisation is accompanied by an acidification of the pH
of the guano, a change in the color of the bedrock towards brown, and the appear-
ance of a corroded surface.

Our macroscopic observations show that the acid leachate from the guano acts
primarily on the micrite that cements the limestone. The attack takes place pref-
erentially along the joins separating the crystals, whether in limestone or within a
speleothem.

The tablets we used were taken from limestones with different physical proper-
ties of porosity and capillarity (Table 2).

Sample 1 has both high porosity and high capillarity. It has been weathered the
most and has the highest rate of ablation. Only whitlockite was determined, show-
ing that the phosphate minerals had all had time to evolve into this stable species.

Sample 2, which has both low porosity and small pore sizes, was virtually not
weathered, even when hot.

Sample 3 has low porosity but higher capillarity than sample 2. It also has calcite
crystals that are clearly visible to the naked eye, which is not the case for the other
samples. These two characteristics are probably responsible for the much greater
loss of mass in this sample than in sample 2. Capillarity would therefore allow
better diffusion of the fluid within the tablet. The size of the sparite crystals may
mean that they offer a surface that is more easily accessible to phosphoric acid due
to preferential weathering along the interfaces between crystals. In both samples,
hydroxylapatite and whitlockite are present. This could reflect slower phosphate-
calcium reactions due to reduced fluid circulation in the capillary structure of the
rock. It would then be the size of the calcite crystals that would favor their weath-
ering and generate a greater rate of ablation, firstly by inter-granular dissolution,

then by disintegration of the sparite grains.
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Sample 4, like sample 1, has both high porosity and capillarity. Although its
ablation rate is slightly lower than that of sample 1, the characteristics associated
with its ablation and the associated mineralogy are similar. The presence of
monetite is likely to be an artifact of laboratory manipulation.

According to these results, several limestone characteristics may or may not favor
biocorrosion:

- Porosity: the higher the porosity, the higher the quantity of phosphoric acid
impregnating the limestone;

- Capillarity: for rocks with a low pore volume, this characteristic is of prime
importance. It will determine whether or not the fluid can enter the limestone and
circulate more or less quickly;

- The size of the calcite crystals: it is likely that the larger the size, the more the
calcite will be exposed to corrosion through the formation of preferential paths
for the fluid between the boundaries of crystals. This could be due to the fact that
in the initial limestone, the inter-crystalline boundaries between the large crystals
are more open than those between the small crystals.

These characteristics are important for setting up biocorrosion processes, as
they will promote chemical reactions by controlling the circulation and quantity
of corrosive fluids in the limestone weathering front.

We show that temperature has a direct influence on the rate of weathering.
During its evolution, guano undergoes a temperature increase linked to its fer-
mentation. Unfortunately, we have no data on the temperature for guano piles in
the Maconnais region, as there is currently no large colony of bats there, and it
would appear that this has never been documented elsewhere. However, during
the decay of organic matter by composting, the maximum temperature of accu-
mulation can reach between 45°C and 80°C depending on the biodegradability of
the material [41]. The hot tests we carried out correspond to this maximum po-
tential temperature. They are therefore probably representative of biocorrosion
pushed to the extreme under a large accumulation of guano, which could very well
be the case in tropical cavities or in Egypt, in a monument built in an arid zone
but where generally the underground environment and the temples are often sat-
urated with humidity, which favors mineralization.

The presence of a colony of bats leads to a significant change in the aerology of
the cave. This is the origin of condensation phenomena in an intermediate zone
between the accumulation of guano on the floor and the swarms on the ceiling, as
has been shown at Espalungue [42]. This condensation helps to produce the water
that will leach the guano and accelerate its mineralization.

For the most porous limestone, when hot, after 174 days, mass loss is around
4.5%. We have therefore shown that, under extreme conditions, weathering can
be very rapid, whether on the wall, on the floor, or for any lithic element in sedi-
ments, when the combination of conditions is favorable: fresh and renewed
guano, a water supply that allows acid leachates to be obtained, and regular leach-

ing of the weathered rock. In a cave, the rate of ablation of a wall can vary between
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0.004 and 0.008 mm/year, ie. 4 to 8 mm/ka, for a cave where the temperature
ranges between 11.0°C and 16.5°C. The effect of biocorrosion is greatly enhanced
by temperature, and thus at a temperature of 80°C the rate of ablation rises to 20
to 32 cm/ka (Ze. 35 to 50 times more), theoretical orders of magnitude that could
perhaps be achieved under certain conditions for buildings constructed with lime-
stone in hot regions.

These values confirm that biocorrosion caused by bats can have a catastrophic
effect on cultural heritage, as demonstrated by the Mohamed Ali monument in
Suez, where the coatings supporting the frescoes were degraded in less than 30
years. In addition, a micro-topographic study of the walls bearing various engrav-
ings in the nearby Agneux I Cave [43], Sadne-et-Loire, France, shows that the
depth of the engravings is between 0.07 and 0.2 mm. If they were covered by
guano, it would take between 9 and 50 years for them to be completely erased! The
same applies to all the bioglyphs left by prehistoric animals, such as cave bear

scratches [44]. In just a few years, they can be erased by biocorrosion.

5. Conclusions

The tests carried out show the impact of guanos on different limestones. Lime-
stone characteristics (composition, type of calcium carbonate crystals, porosity)
appear to be the key factors in determining its resistance to biocorrosion. We
demonstrated selective dissolution of calcium carbonate affecting micrite before
sparite. Calcium carbonate is replaced by a phosphate (whitlockite). The resulting
crystals grow to form framboidal structures. This corrosion leads to the formation
of crusts on the limestone surface, which can be removed mechanically. Mass loss
can reach 4.5% in 174 days at 80°C.

The tests we have carried out in the Prehistoric cave of Az¢é and in the laboratory
show that the biocorrosion mechanisms are similar in both environments. The
conditions defined here can therefore be used to measure the ability of a material
to resist or not to biocorrosion caused by bat guano. This test makes it possible to
evaluate in the same (very short) time, the ability of many materials to be affected
by biocorrosion. The samples tested are subjected to the same guano under the
same conditions, enabling a direct comparison. The conditions defined here lead
to an acceleration of biocorrosion by at least 50 times, providing a rapid response
in a controlled environment.

In the future, this test protocol will also provide a better understanding of the
mechanisms that cause biocorrosion, particularly those related to its diffusion
within a material that has not yet been weathered, mechanisms that are still largely
unknown today. It will also provide a quantitative and qualitative basis for mod-
eling these processes in various contexts.

This is already helping to explain the crystallization processes that lead to the
formation of whitlockite crusts. We show the weathering of calcite crystals caused
by phosphoric acid corrosion. The reaction between calcium and phosphoric acid

first leads to the formation of brushite, which then evolves into hydroxylapatite.
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Substituting magnesium for calcium produces whitlockite. The initial crystals
measure around 10 nm and are located in the gulfs created by the corrosion of
calcite crystals. They then cover the calcite and grow by bundling to form larger
agglomerates which ultimately form the crust covering the limestone.

Since the discovery of bat-related biocorrosion in karst, several authors have
tried to assess its impact by estimating the rate of wall ablation. However, only aer-
osol-related biocorrosion was considered, with a maximum value of 40 mm/year.
Here we present new data on the rate of ablation of walls or floors directly exposed
to guano, with a maximum value of 8 mm/ka.

For a building exposed to high temperatures, as is the case in Egypt, the ablation
rate can reach several decimeters per millennium (320 mm/ka measured during
this study). While it is difficult to set nature against culture, for endangered mon-
uments this inevitably means protection of stones against guano accumulation
and regular cleaning of surfaces exposed to guanos in order to preserve them.

This value shows that an engraving made on a limestone conducive to biocor-
rosion can be “erased” in just a few decades if it is covered by a large quantity of
guano leached by dripping. This is the case, for example, of the Great Pillar of the
Great Chamber in the Isturitz cave [14] [45], where the engravings that covered it
were partly preserved from biocorrosion after being buried under sediments. This
phenomenon affects the morphology of the galleries and the carbonates of cave
sediments, as well as the paleontological material (bones) and the cave art, both
prehistoric and more recent. Biocorrosion caused by bat guanos can lead to the
deterioration in just a few years of many man-made features, in particular historic
monuments, but also all the traces left by animals in a cave and archaeological
artefacts (bones, ceramics, lithic industry).

In the future, this method will make it possible to select the most suitable ma-
terials to resist biocorrosion, whether for the renovation of cultural heritage or the
construction of new buildings that could be subjected to guanos of various origins

(pigeon droppings, for example).

Highlights

- Bat guanos have a significant impact on the weathering of monuments and
caves.

- We develop a method for rapidly measuring this impact.

- We show that this impact depends not only on the nature and properties of
the limestone, but also on the environmental conditions in which the limestone is
exposed to guano.

- We discuss the mechanisms behind this biocorrosion.
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