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Taya Caves, a Buddhist marvel hidden 
in underground Japan: stone properties, 
deterioration, and environmental setting
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Abstract 

The Buddhist sacred site of Taya Caves is a gem hidden underground in Yokohama, Japan. The caves were excavated 
and sculpted into bare rock by Shingon Buddhist monks from the Kamakura until the Edo period (thirteenth–nine-
teenth century), and dedicated to ascetic training, rituals, and pilgrimage. They are a maze of halls and galleries 
decorated with hundreds of rock-cut reliefs, picturing deities and masters of Buddhism, temples and shrines, real and 
fantastic animals, vegetal motifs, mandalas, zodiac signs, family crests, etc. The history and rock art of Taya Caves and 
the urge to preserve their cultural value led to this first-ever scientific investigation, dealing with the stone properties, 
deterioration, and environmental setting. Textural, mineralogical, geochemical, and petrophysical investigations were 
combined with a microclimate monitoring and chemical analyses of groundwater and rainwater. The caves are exca-
vated into a clay-rich fossiliferous siltstone, extremely soft and porous and highly susceptible to water-driven weath-
ering. Water represents a constant in Taya Caves, either flowing, dripping, and stagnant; or rising from the subsoil; or 
related to the extremely high relative humidity. Crusts and efflorescences represent important indicators of mineral 
dissolution and mobilization. The crusts are made of gypsum, crystallized from the dissolution of calcareous bioclasts 
and oxidation of pyrite, with minor calcite. The efflorescences are composed of chlorides, phosphates, sulfates, and 
carbonates, possibly deriving from agrochemicals and the surface vegetation cover. The salt weathering is strictly 
related to the microenvironmental variables and physico-chemical properties of the phases and waters involved. 
Rock-water interaction is particularly damaging even considering just the physical mechanisms. The stone is strongly 
sensitive to water absorption, hygroscopic adsorption, and slaking: the stresses generated by in-pore water and air 
movement and the swelling clay minerals may lead to rapid disintegration, especially during cyclic processes. This 
research is expected to raise concerns about the safeguard of Taya Caves and support future monitoring and conser-
vation plans, and to foster a wider promotion and valorization of this heritage site.
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Introduction
Caves in heritage science
The research on properties, weathering, and conser-
vation of natural stone in cultural heritage is largely 
devoted to open-air monuments, historical architecture, 

and archaeological standing structures, whereas under-
ground sites usually receive scarcer attention. This dis-
parity recurs in heritage protection at institutional level. 
Among the 908 sites of cultural or mixed value inscribed 
in the UNESCO’s list of World Heritage Sites, less than 
sixty (about 6%) include caves, hypogea, mines, rock-
hewn architecture, and subterranean settlements.

Yet the underground cultural landscape has a relation-
ship with human activities persisted for tens of thou-
sands of years, involving religious and artistic practices, 
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sheltering and housing, burial, food production and stor-
age, exploitation of raw materials, etc. [1, 2]. From a sci-
entific viewpoint, it represents a natural or semi-natural 
setting entailing a variety of environment-material inter-
actions, which are much different from those in built her-
itage. The multidisciplinary approach is fundamental.

Cave vulnerability can be evaluated by different risk 
factors: geological-geomorphological (structural and 
slope stability, seismic events, etc.); environmental (water 
interaction and weathering); biological (biomass growth); 
and anthropic (human presence, site planning, local 
urbanization and exploitation of natural resources) [3]. 
The risk can be quantified and mapped with the support 
of geographic information systems and numerical model-
ling [4, 5]. Anthropic factors are often the most critical, 
and indirectly increase the environmental and biologi-
cal risks. Visitors alter the cave microclimate, introduce 
new organic matter and microorganisms, and sometimes 
cause vandalistic damage [6, 7]; the increased air temper-
ature and CO2 level, associated with tourist flows, may 
accelerate condensation phenomena and cave wall corro-
sion [8–12].

Investigating those risk factors allows for a deeper 
comprehension of deterioration processes, which may be 
extremely severe and affect both the cave structure and 
rock art, namely sculpted and painted surfaces. Weather-
ing patterns are widely discussed in the literature about 
monument decay [13–15] and their characteristics are 
analogue in the cave environment, although their origin 
and time evolution are dissimilar. Generally, closer atten-
tion needs to be reserved to water-related decay, e.g., salt 
weathering, mineral dissolution, and biodeterioration.

What requires a different perspective is cave conser-
vation. First, the planning, documentation, and future 
evaluation of any conservation campaign greatly ben-
efits from a continuous environmental monitoring, of 
air (temperature, humidity, CO2 and Rn levels, airflows), 
water (composition, physical parameters, hydrogeology), 
and illumination; and graphic representation, often based 
on 3D digital reconstruction techniques nowadays [16, 
17].

Conservation and restoration treatments may target 
the cave and rock art directly. Some examples include 
surface cleaning, consolidation, structural reinforcement, 
biocide application, removal of debris, dust, mud nests, 
and trash. Indirect measures involve the management of 
the site and its surroundings: adjustment of visitor den-
sity and lighting regime, control of moisture and water 
flow, installation of microclimate buffer zones, mainte-
nance of protection barriers and trails, restriction of the 
local residential, commercial, and infrastructural devel-
opment, farming, deforestation, etc. Overall, the golden 
rule is to maintain the microenvironmental conditions as 

stable as possible. If the site or visitors are in danger, clos-
ing the show cave, temporarily or permanently, repre-
sents an arduous but recommended decision [7, 16–19].

Aim
This study addresses Taya Caves (田谷の洞窟), a Bud-
dhist sacred site in Yokohama, Kanagawa prefecture, 
central Japan. The history and rock art enshrined in Taya 
Caves, their allure, and the urge to comprehend, pre-
serve, and promote their cultural value led to this first-
ever scientific investigation, dealing with stone properties 
and deterioration, set against the environmental back-
ground. The cave vulnerability was evaluated through an 
experimental approach involving the analysis of micro-
environmental variables, i.e., air temperature, relative 
humidity (RH), and water chemistry; and textural, miner-
alogical, geochemical, and petrophysical properties of the 
rock of the caves. Close attention is paid to the environ-
mental constraints of stone deterioration, with emphasis 
on salt weathering and rock-water interaction. Elements 
of interest lie in the studied lithology, relatively unusual 
in caves, and the surprising conservation of the rock art, 
despite the extreme material weakness.

Being the first research on this theme, the results are 
expected to support future conservation plans. The com-
plementary goal is to foster a wider promotion and val-
orization of the site, little known presently.

Historical background
The Buddhist practice of retiring to isolated underground 
places for worship and meditation originated in India, 
where, from as early as the third century BCE, monks 
had excavated grottoes into the side of cliffs, adorning 
them with altars, sculptures, carvings, and murals. The 
artistic outcomes were sometimes outstanding, like in 
the Deccan cave temples of Maharashtra. Compared to 
open-air timber architectures, cave temples offered bet-
ter durability and protection against weather adversities, 
natural catastrophes, and human-made disasters. There, 
monks could pursue ascetic rituals in isolation and quiet-
ness while benefitting from a settled life [20, 21].

This practice spread in East Asia as Buddhism gradu-
ally made new proselytes, reaching Japan in the sixth 
century CE through the Korean Peninsula. Many caves 
frequented by monastic communities and examples 
of religious rock art are located in the Kanto region, 
in central Japan: Iwaya in Enoshima, Benten Kutsu in 
Kamakura, Oya-ji in Utsunomiya, Nippara in Okutama, 
Tamagawa Daishi in Tokyo, etc.; not to mention the 
countless mountain grottoes dedicated to prayer and 
burials.
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Taya Caves are a gem off the beaten track, hidden in 
the outskirts of Yokohama, excavated into a hillside in the 
grounds of Josen-ji temple. Their history seems to begin 
during the thirteenth century (Kamakura period), when 
the region became the new political and cultural center of 
Japan, after the first shogun’s government was established 
in the nearby city of Kamakura. The early times of Taya 
Caves are allegedly associated with the figure of a fleeing 
samurai, Asahina Saburo Yoshihide, and later with the 
local religious community of Tsurugaoka Hachimangu-
ji Nijugo-bo. This community was formed by Buddhist 
monks of the Shingon Esoteric sect, who excavated the 
caves and dedicated them to ascetic training and ritu-
als: during their quest for enlightenment, the disciples 
used to practice meditation, fast for weeks, and work 
for enlarging the underground spaces while praying and 
chanting. The countless chisel marks still visible in the 
interior are the evidence of a long and strenuous manual 
work. Today, Taya Caves appear as a maze of halls and 
galleries extending for 570  m on three floors, with the 
walls and ceilings carved with about 300 rock-cut high 
and low reliefs, many displaying fine artistic quality. 
The sculptures picture deities and masters of Buddhism, 
temples and shrines, real and fantastic animals, vegetal 
motifs, mandalas, zodiac signs, family crests, etc. (Fig. 1, 
Fig. 2) (video​). They were created in the mid-nineteenth 
century (late Edo period), when soon enough the caves 
became a destination of religious journeys. The believers 
who could not afford trips in far regions of Japan, would 
visit Taya Caves and worship the carved images symbol-
izing the Shikoku pilgrimage and the Kannon pilgrim-
ages of Bando, Saigoku, and Chichibu: that was a way to 
complete long spiritual routes – among the most popular 
traditional pilgrimages in Japan – in only one day, by vis-
iting one single sacred site [22]. Although Taya Caves are 
registered and formally safeguarded as Japanese Cultural 
Property, they are little known, even more so overseas, 
and far from the main tourist circuits, despite their allure 
and historical significance. 

Experimental
The first part of this study focuses on the environmental 
setting of Taya Caves. Exploratory site surveys initially 
involved only the microclimate, later combined with fur-
ther investigations.

A long-term microclimate monitoring was carried out 
for 19 months, from June 2018 to January 2020, record-
ing air temperature and RH in six different locations 
inside the caves, and one outside (Additional file 1), using 
Hygrochron data loggers by KN Laboratories (accuracy 
of ± 0.8  °C and ± 5% RH, resolution of 0.5  °C and 0.6% 
RH, and sampling rate of one measurement per hour).

Water chemistry was determined on samples of: 
groundwater, collected in the caves in two locations from 
May 2019 to January 2020, once per month; rainwater, 
collected uninterruptedly during the summer of 2019 
(June–September) and the winter of 2019–2020 (Decem-
ber–February); water of the pond near the cave entrance, 
collected three times from October 2019 to January 2020 
(Additional file  1). The water samples were filtered at 
0.45  µm and their major-ion chemical composition was 
analyzed by ion chromatography (IC), using a chromato-
graph Shimadzu Prominence HIC-NS, a non-suppressor 
system with a conductivity detector working in a meas-
urement range of 0.01–51,200 μS/cm. The water pH was 
also assessed by a visual colorimetric method known as 
Pack Test, by Kyoritsu Chemical-Check Lab. Corp, mix-
ing the samples with suitable reagents.

The second part of this study concerns the properties 
of the rock that Taya Caves are excavated into, its decay 
patterns, and the weathering products detected on the 
cave surfaces. The on-site surveys were followed by the 
laboratory investigation of samples collected all through 
the caves – 30 small solid and powder samples from the 
altered rock (Additional file  1), in addition to massive 
blocks of fresh rock.

A basic petrographic characterization was achieved by 
the examination of thin sections at the polarized-light 
microscope.

Further information on mineralogy, texture, and micro-
chemical composition was obtained through analyses 
at the scanning electron microscope (SEM): 15 carbon-
coated samples – thin sections, cross sections, and 
irregular solid and powder samples – were analyzed 
with a microscope Hitachi S-3400  N, equipped with a 
W cathode operated at 15  kV, detectors for secondary 
and back-scattered electrons (SE and BSE), and a system 
for energy-dispersive X-ray spectroscopy (EDS) Bruker 
Quantax 400 with a detector XFlash 4010.

Mineralogical composition was determined by X-ray 
diffraction (XRD), with a diffractometer Rigaku Ultima 
III equipped with a Cu anode operated at 40  kV and 
40 mA, measuring in the range 3–75°2θ with scan steps 
of 0.02°2θ and scan speed of 1 to 4°2θ/min. The measure-
ments were done on 27 samples ground to fine powders.

Bulk geochemistry, accounting for the major- and 
trace-element composition, was analyzed by X-ray fluo-
rescence (XRF), using a spectrometer Panalytical Axios 
operating in wavelength-dispersive spectroscopy (WDS) 
mode. Elemental quantification was obtained applying 
the fundamental-parameter method. The analyses were 
performed on 16 samples prepared as pressed pow-
der pellets. Loss on ignition (LOI) was also determined 
separately.

https://www.youtube.com/watch?v=44R1xyfJfJY
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Porosity and pore-size distribution were measured 
by mercury intrusion porosimetry (MIP) according to 
the ASTM standard D4404 [23], with a porosimeter 
Micromeritics AutoPore IV 9500, covering a pore range 
of 0.005–800 μm, on 10 samples having a mass of 0.5–1 g. 

Complementary calculations of bulk and matrix density 
were also obtained.

Rock-water physical interaction was tested measuring 
the following properties: (a) Water absorption in total 
immersion at atmospheric pressure and water absorption 

Fig. 1  Taya Caves: halls, galleries, and rock art
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rate, as per EN standard 13755 [24], on 4 bulk samples. 
(b) Hygroscopic water adsorption and desorption, as per 
EN ISO standard 12571 [25], on 8 bulk samples: they 
were oven-dried, placed in a climatic chamber at a con-
stant temperature of 23  °C, and then subjected to a RH 
increase through the sequence 30–50–70–80–85–90–
95–98%, and a subsequent decrease through the same 
steps. (c) Slake durability, assessed with the jar slake test 
following the indications by Santi [26], on 8 bulk samples: 
they were oven-dried, then immersed in water, and their 
slake category was recorded after 5–10-15–30  min and 
1–2-4–24-48 h.

The analyses and testing were carried out at Saitama 
University, in the laboratories of the Comprehensive 
Analysis Center for Science and of the Department of 
Civil and Environmental Engineering.

Environmental setting
Microclimate monitoring
The climate of the Kanto region in central Japan is char-
acterized by hot, humid summers, and cold, dry winters, 
with the rainy season occurring from early June to mid-
July [27]. From the climatic data of Yokohama, August is 
the warmest month (averaging 27 °C, with mean maxima 
of 31  °C) and January the coldest (averaging 6  °C, with 
mean minima of 2  °C)—temperature very seldom drops 
below 0 °C. Summer months have an average RH of about 
77%, which drops to 54% in wintertime. Precipitations are 
the highest in summer and early fall (especially in June, 
September, and October), amounting to 1700 mm yearly 
[28]. In that period, the number of rainy days almost 
reaches the number of days with no or minor precipita-
tion (< 0.5 mm). Typhoons represent the most important 

Fig. 2  Map of Taya Caves, with the list and location of the main rock-cut sculptures. The areas not accessible to visitors are in pale grey, the bodies 
of water in pale blue, and the surface covered by the hill above is in dark grey
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extreme weather events, and generally hit the region with 
violent winds and rainfalls in summer and early fall, most 
frequently in August and September [29].

In Fig. 3, the data of air temperature and RH collected 
inside Taya Caves are showed.1 As reference, the meas-
ures recorded outside the entrance are also presented.2 
The microclimate of Taya Caves is characterized by a 
mean temperature of about 17 °C and an extremely high 
RH close to 100%, both essentially constant all year long. 
Nevertheless, temperature and RH vary more near the 
surface: the former replicating the outdoor seasonal 

fluctuations, the latter often dropping significantly from 
the saturation point, reflected by higher values of stand-
ard deviation and range. The three relevant locations, 
defined in Fig. 3 as near-entrance and near-surface areas, 
include the entrance gallery and the surroundings of the 
Turtle hall (Fig. 2; Additional file 1). Along the entrance 
gallery, the temperature difference between winter and 
summer may be over 10  °C, and RH can register large 
deviations from the typical near-100% values, decreasing 
to about 85%. These conditions represent an evidence of 
the influence of external airflows.

The microclimate setting of the near-entrance and 
near-surface areas deserves further considerations. First, 
all those locations are in the southern part of Taya Caves 
and on the southern flank of the hill, so they get a pro-
longed exposure to sun and, in summertime, also to the 
prevailing southerly winds [28]: these represent further 
reasons for the relevant dryer microclimate. Moreover, 

Fig. 3  Monitoring of air temperature and RH inside Taya Caves and outdoors. The interior measures are displayed in two groups, three monitoring 
sites each, based on their location (for each site, the temperature and RH trends have matching color brightness, as per the color scales at the 
bottom)

1  The RH data need to be taken with caution, their accuracy being affected by 
the technical limitations of the sensors, the extreme moisture, and condensa-
tion phenomena. For the same reason, some records are incomplete.
2  These measures are conditioned by the particular microenvironmental 
conditions of the caves and the surrounding vegetation cover.
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it is worth noting that the Turtle hall is nearby old sec-
ondary entrances, which were permanently closed with 
their walls secured after major collapses occurred during 
the Great East Japan Earthquake of 2011; therefore, until 
about ten years ago, all the surroundings were less humid 
and in constant, direct connection with the external envi-
ronment, just like the current entrance gallery. The last 
thing to report is the first-time installation in October 
2018 of a stainless-steel door at the main entrance, open 
only during the visiting hours, every day from 9:30 a.m. 
until 4:30  p.m.; while this did not produce any signifi-
cant microclimate change in the innermost caves, in the 
entrance gallery the standard deviations and ranges of 
temperature and RH registered after the door installation 
are appreciably lower than before.

The cave microclimate is probably not much affected 
by the usually low and inconstant visitor flow, which is 
mostly concentrated during weekends and the holidays in 
May and August.

Water chemistry
The microenvironment of Taya Caves is characterized by 
the constant presence of water, either flowing, dripping, 
and stagnant, or related to the extremely high RH. Water 
infiltrates and percolates through the vaults, rises from 
the subsoil, condensates, streams, and accumulates, wet-
ting many stone surfaces.

The chemical properties of the water sampled inside 
and outside Taya Caves are summarized in Table 1. The 
groundwater shows analogue composition patterns in 
the two inner locations, with Ca2+ cations and SO4

2− and 
Cl− anions predominating: they record average concen-
trations of 23, 23, and 16 ppm, respectively, and maxima 
amounting to 51, 35, and 27 ppm. However, the ground-
water from the Turtle hall, if compared to the samples 
collected near Asahina’s Benzaiten (Fig.  2; Additional 
file  1), generally reports higher mineralization—i.e., the 
ion concentrations are almost two-fold on average—as 
well as higher chemical variability—in terms of standard 
deviations. The former spot, closer to the cave entrance, 
includes a body of flowing water fed by a stream seeping 
from the wall, whereas the latter, in a deep area, repre-
sents a body of mostly stagnant water: these observations 
might explain the compositional differences. Similar ion 
ratios were also detected in the water from the pond near 
the cave entrance. The bodies of water mentioned have 
a pH typically between 7.0 and 7.5, and the common 
composition of low-mineralization freshwaters [30–33]. 
These results can be compared to the chemistry of rain-
water: its pH is slightly acid (6.3) and all the ion con-
centrations are much lower (e.g., about 1 ppm for Ca2+, 
3 ppm for SO4

2−, and 2 ppm for Cl−).
In light of these remarks, the composition of the 

groundwater of Taya Caves derives from the enrichment 
mainly in Ca2+, SO4

2−, and Cl− of rainwater and surface 

Table 1  Chemical composition by  IC and  pH of  the  groundwater in  Taya Caves, the  water of  the  nearby pond, 
and rainwater, averaged over the 2019 and 2020 samplings

Ion concentrations are in ppm, pH is dimensionless

The values in parentheses are standard deviations

Caves’ interior Caves’ exterior

Turtle hall Asahina’s Benzaiten Pond Rain

Na+ 11.0 (± 1.4) 6.9 (± 0.7) 9.6 1.3

Mg2+ 7.7 (± 1.4) 4.4 (± 0.9) 8.5 0.2

K+ 2.0 (± 0.4) 1.4 (± 0.2) 2.8 1.1

Ca2+ 32.9 (± 12.2) 12.8 (± 3.8) 31.6 0.7

Caves’ interior Caves’ exterior

Turtle hall Asahina’s Benzaiten Pond Rain

NO3
– 0.4 (± 0.2) 0.4 (± 0.1) 0.6 0.1

SO4
2– 26.5 (± 5.0) 19.8 (± 3.3) 47.9 2.6

Cl– 22.6 (± 2.3) 8.6 (± 1.1) 20.0 2.4

Caves’ interior Caves’ exterior

Turtle hall Asahina’s Benzaiten Pond Rain

pH 7.5 (± 0.2) 7.2 (± 0.2) 7.4 6.3
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waters. During the infiltration into the soil of the hill and 
the percolation through the rock pores, water dissolves 
rock-forming minerals and other inorganic and organic 
compounds. The same applies to water capillary rise from 
the subsoil [32, 34].

One last comment is about the time variation of 
groundwater composition. The common trend shows the 
ion concentrations decreasing from summer to winter, 
this being probably connected with the higher precipita-
tions in summertime, which entail enhanced rock-water 
interaction and leaching phenomena.

Petrological characteristics
Taya Caves are excavated into the outcrops of the Naga-
numa Formation of the Sagami Group, a sedimentary 
unit of the western Tokyo Bay dated to the Middle Pleis-
tocene (0.5  Ma). The formation mostly includes marine 
siltstones and sandstones, with intercalated tuff layers, 
and in the lower part yields a number of neritic fossil spe-
cies [35–37].

Taya stone is a very soft and porous siltstone, grain-
supported and well sorted, composed mainly of quartz, 
plagioclase, and lithoclasts. The majority of the lithic 
fragments are very fine grained and constituted of 
clay minerals mostly of the groups of illite and smec-
tite (montmorillonite-vermiculite composition). Other 
phases detected in minor amounts include actinolite, 
chlorite, zeolites (mordenite, stilbite, and laumontite), 
biotite, zircon, pyrite, and oxides of Fe and Ti. The grains 
are characterized, on average, by low sphericity and sub-
angular to sub-rounded shape. The abundant intergranu-
lar porosity is filled sometimes with a clay-rich matrix.

A brown and a grey rock facies can be distinguished 
in Taya Caves. Besides the color, the main difference is 
the occurrence of a number of bioclasts and a relatively 
high concentration of pyrite in the grey facies, contrarily 
to the brown facies (Figs. 4, 5). The calcareous bioclasts 
include foraminifers, bivalves, gastropods, ostracods, 
echinoderms, and algae, can be very coarse and reach the 
size of several centimeters, although they are also finely 
dispersed in the rock matrix. Pyrite occurs in the matrix 
too, but many crystals fill the fossil intraparticle poros-
ity, exhibiting a framboidal and multi-framboidal texture 
[38, 39]. Pyrite represents the diagenetic product of detri-
tal Fe minerals reacting with the H2S formed after the 
bacterial reduction of dissolved sulfates [40]; this activ-
ity is fostered by organic matter, which is particularly 
abundant in bioclastic sediments, explaining the pyrite 
replacement of mollusk soft parts, aragonitic shells and 
their organic matrix, and formation of internal molds of 
chambered shells [41, 42].

Overview of stone deterioration
The surveys conducted in Taya Caves disclosed the fol-
lowing stone deterioration patterns, classified according 
to the ICOMOS’ indications [13].

Cracking phenomena are evident throughout the caves, 
on carved and non-carved elements, as small fractures 
or even extended splitting on vertical surfaces. Partial 
collapses of the sculpted ceiling in some halls are also 
noticeable. Other forms of detachment, more localized, 
include disintegration, scaling, and peeling—the last, 
principally along the entrance gallery. Features induced 
by material loss, in particular erosion, are more evident 
on the sculpted elements, with their original surface 
and details fading, the edges rounding, and parts miss-
ing. A specific type of differential erosion affects the 
grey rock facies, with the selective removal of fossil frag-
ments, leaving surface cavities. One last point to report 
about the physical damage is the engraving of vandalistic 
graffiti.

As for the deterioration patterns involving surface 
alteration of chemical composition and color, the surveys 
revealed the occurrence of black crusts, pinkish efflores-
cences, black and orange patinas, and soiling from candle 
smoke. The crusts and efflorescences are localized in the 
galleries and halls of the lowest levels of the caves, on the 
first floor, relatively near the entrance. The crust growth 
may jeopardize the readability of the carvings.

Finally, it is worth mentioning the widespread biologi-
cal colonization, involving a diffuse growth of whitish 
crustose lichens, the presence of phototrophic organ-
isms, i.e., moss, algae, and other lower plants near elec-
tric light sources, and the penetration through the cave 
ceiling of roots of the higher plants growing on Taya hill. 
The root growth is visibly associated with rock fractures.

Some examples of the decay patterns mentioned are 
showed in Fig. 6.

Chemical alterations
Composition and microstructure
The black crusts are constituted by gypsum crystals 
(CaSO4·2H2O) of diverse size and habit, tabular, pris-
matic, bladed, acicular, or lenticular in rosette-shaped 
aggregates. The crusts are often characterized by a com-
posite stratigraphy, with an intermediate layer of finer-
grained calcite (CaCO3) in between the surface gypsum 
and the host rock (Fig. 7). Their dark color is due to car-
bonaceous matter entrapped in the crystalline gypsum 
mesh. The crusts can be over 1 mm thick, and are more 
compact than the substrate, i.e., with a porosity over 50% 
lower than that of the rock (see Porosity). A buffer zone 
between the stone surfaces with gypsum crusts and those 
without major chemical alteration is affected by a slight 
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early sulfation. The composition differences are better 
explained by the bulk chemical analyses (Table  2): the 
crusts report concentrations of SO3 and CaO of about 
39 and 33%, respectively—versus 1 and 4% from the sub-
strate—whereas the early sulfation entails only a mod-
erate deviation from the silicate rock composition. The 
trace-element composition indicates the scarce influence 
of external air pollution, which generally is responsible of 
high heavy-metal concentrations in black crusts [43–45]. 

As for the efflorescences, their composition was deter-
mined by the SEM microanalyses, revealing high concen-
trations of P, Cl, S, as well as K and Ca, and lastly Mg, 
all not strictly attributable to the mean silicate rock com-
position and detected on spots without visible preserved 
fossils (Fig. 8). This composition seems to be given overall 
by mixed chlorides, phosphates, sulfates, and carbonates. 
That is also corroborated by the bulk chemical analyses, 

e.g., revealing high enrichments in Cl—with a concentra-
tion up to 0.2%, that is, about ten-fold that in the rock—
and P2O5—over three-fold (Table  2). A precise phase 
determination could not be achieved by XRD, probably 
because of the low crystallinity and the very fine grain 
size, except for the identification of gypsum, calcite, and 
apatite (Ca5(PO4)3(F/OH/Cl)). The presence of K-chlo-
rides is also likely.

Finally, minor chemical alterations, affecting the stone 
color, are produced by black or orange patinas, generally 
characterized by a high Fe content, and a slight enrich-
ment in Mn. The main component of the orange patinas 
is goethite (FeO(OH)), and their Fe2O3 concentration is 
almost four-fold that of the bulk rock (Table 2).

Sources
Gypsum
The origin of gypsum in a non-carbonate rock like Taya 
stone, with relatively low Ca and S content, and with no 
significant contribution from extrinsic air pollutants or 
other geomaterials in the cave structure, is explained by 
the dissolution and interaction of two rock components: 
calcareous bioclasts and pyrite (FeS2). The fabric-selec-
tive dissolution of calcareous bioclasts is a well-known 
process generating moldic porosity [46], and has been 
recognized in Taya Caves as differential erosion (see 
Overview of stone deterioration). The reaction of CaCO3 
dissolution releases Ca2+ and HCO3

−, and has higher 
kinetics in acid solutions (especially when pH is below 6 
or 5) whereas, in basic and alkaline solutions, rather pre-
cipitation is favored [47–52]. Pyrite is the most common 
species involved in mudrock weathering, and can alter 
when exposed to air at any pH value, with higher kinetics 
when in contact with water and in framboidal minerals 
[53–55]. Pyrite oxidizes to Fe-oxides and hydroxides (e.g., 
goethite, hematite) producing H2SO4. The final stage 
involves the reaction of the dissolution products, i.e., 
mobilized Ca2+ or recrystallized CaCO3 from fossils and 
H2SO4 from pyrite, leading to gypsum crystallization, 
which can happen as shortly as in few weeks or months 
[56].

There are several experimental clues that allow for rec-
ognizing these processes as the principal driving forces 
of the formation of gypsum crusts in Taya Caves. First, a 
spatial correspondence: bioclasts and pyrite are detected 
only in the grey rock facies, and the crusts are observed 
only on the grey facies. Another reason is the observed 
pyrite oxidation and intermediate formation of a surface 
layer of recrystallized calcite, serving as reaction sub-
strate for gypsum nucleation and growth (Fig. 7). It is also 
worth noting that gypsum precipitation occurs even for 
very low concentrations of CaO and pyrite [53]: in Taya 

Fig. 4  Hand-specimen photographs (top-left) and thin-section 
photomicrographs at the SEM-BSE (top-right) and optical microscope 
in plane- and cross-polarized light (bottom), differentiating between 
the brown and the grey facies of Taya stone
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stone, CaO content is about 4%,3 while SO3 is 1.15% in 
the grey rock facies—clearly higher than in the brown 
facies (Table 2). A final clue is the chemical composition 
of the groundwater, in particular its enrichment in Ca2+ 
and SO4

2− (Table 1). The rock-water chemical interaction 
occurs during the in-pore filtration of the slightly acid 
water from the rain or the surface streams, during which 
its pH slightly rises,4 and after the capillary rise from the 
subsoil and lacustrine waters.

Figure 9 shows the reconstruction of one of the possi-
ble sequences of gypsum formation in Taya Caves. The 
process starts in the grey rock facies, rich in calcareous 
fossils and framboidal pyrite, mostly filling the shell inter-
nal pores. The pyrite inside intact bioclasts is virtually 
sealed, and limitedly interacts with the external microen-
vironment. When the bioclast walls are dissolved, pyrite 
becomes more reactive and can dissolve too, migrating, 
recrystallizing, and breaking down the former multi-
framboids. The released pyrite can undergo oxidation, 
as suggested by microcrystal zonings (S-depletion of 

oxidized rims) and framboid substitutions (with pseudo-
morphs of Fe-oxides and hydroxides).

In conclusion, other possible mineral sources fueling 
gypsum precipitation need to be briefly mentioned, 
e.g., zeolites, plagioclase, and actinolite. However, their 
weathering is deemed more limited, as also suggested 
by the groundwater composition, namely by Na and Mg 
concentrations.

Other soluble salts
As for the other secondary phases detected in Taya 
Caves, particularly the salts in the efflorescences, possi-
ble external sources need to be taken into account, rather 
than the contribution of rock-forming minerals. In fact, 
the fresh Taya stone has Cl and P concentrations match-
ing the typical low values of mudrocks [58], and does not 
contain halite, which represents the dominant chloride in 
marine sedimentary rocks [59]. In addition, Taya Caves 
do not contain deposits of bat guano or bones, represent-
ing possible sources of phosphates [60].

Then, the salt source is possibly the cropland for veg-
etable farming on Taya hill, above the cave vault, and 
the mineral agrochemicals used therein. No precise 
indications could be obtained from the landowners and 
no comparative soil analyses were carried out, which 
would both validate that assumption. However, the com-
positional correspondence between the efflorescences 
and some of the most traditional mineral-based chemi-
cals used in agriculture is striking [61–65]. For instance, 
K-salts are extensively utilized as fertilizers, especially 

Fig. 5  Representative XRD pattern determined on Taya stone, with the average semi-quantitative composition of the major phases calculated via 
software (Ab albite, Act actinolite, Bt biotite, Clc clinochlore, Ilt illite, Lmt laumontite, Mnt montmorillonite, Mor mordenite, Qz quartz, Stb stilbite)

4  Although the basic and acid products of CaCO3 and pyrite dissolution 
may neutralize each other [55, 56], in this case the pH increase is supposed 
to depend on the somewhat greater contribution of the weathering of car-
bonates and other minerals releasing alkali ions [14].

3  The CaO content in the brown and grey rock facies is similar, although the 
latter contains calcareous bioclasts. This is explained by the highly variable 
distribution, relative concentration, and grain size of the fossils. The same rea-
son lies in the absent or weak signals of any carbonate mineral in the XRD 
patterns.
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sylvite (KCl), and also K-Mg chlorides and sulfates. 
Phosphates find a large application as fertilizers and 
pesticides too, mainly deriving from organic products, 
phosphate rocks and apatite, and commercialized as 
Ca(H2PO4)2·H2O, at times mixed with gypsum. Chlorides 
and phosphates would represent the major agriculture-
derived contribution to the efflorescences in Taya Caves. 
Pure gypsum and calcareous rocks are also widely used 
as fertilizers, pesticides, and soil amenders; in this case, 
however, the fossil and pyrite dissolution are the main 
source of the reprecipitated calcite and gypsum in the 
efflorescences.

Another concurrent factor is related to the soil of 
Taya hill, in particular to its extensive vegetation cover. 
The subsurface waters of forest soils are generally richer 
in the products of transpiration and decomposition of 
organic acids including, e.g., P, Cl, K, S, Ca, etc. [31, 34].

Similarly to the crusts, the efflorescences form after 
the percolation of water from rain or surface streams 
through the rock pores, carrying in solution the chemi-
cals linked to the agrochemical use and vegetation cover, 
or water capillary rise. The groundwater composition 

also confirms the major chloride input and the acidity 
reduction (Table 1).

Environmental constraints
In Taya Caves, well-formed and coarse-grained crusts 
occur only in the entrance gallery and the Turtle hall. The 
efflorescences also occur in the entrance gallery, covering 
large surfaces on the lower walls, but are observable in 
the adjoining parallel exit gallery too. Only minor traces 
of chemical alteration are detected in the surrounding 
areas. That is the case, for instance, of the early-sulfation 
buffer zone, slightly deeper into the caves, namely in the 
Wisdom Kings hall, the Zodiac hall, and the inner sectors 
of the entrance gallery (cf. Figure 2).

It is clear that the crusts and efflorescences occur in the 
same or nearby cave zones. Their formation and stabil-
ity are strongly influenced by microenvironmental fac-
tors, the most significant being air humidity and rock 
moisture, their fluctuations, and evaporation kinetics. 
These factors control salt crystallization, growth, degree 
of crystallinity, and cycles of crystallization/dissolution. 

Fig. 6  Some of the stone deterioration patterns recognized in Taya Caves: erosion and rounding of the carved elements (a, e), black soiling and 
patinas (a, b), fractures (c), splitting (d), and peeling (f). The presence of flowing water is displayed in (g). The partial collapse of a sculpted ceiling is 
showed in (h)
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Generally, the driest areas of Taya Caves appear as the 
most intensely disturbed by salt weathering.

The secondary phases have diverse solubility and 
hygroscopicity. Gypsum, after calcite, has the low-
est solubility and an extremely high deliquescence RH, 
higher than 99% [66], so it is potentially stable in many 

conditions, even very humid. However, gypsum does not 
precipitate or dissolves where RH remains at nearly con-
stant 100%, e.g., in the innermost cave areas, and where 
the substrate is constantly wet (because of stronger vapor 
condensation or water runoff and dripping). On the con-
trary, unwet surfaces, lower mean RH [67], and more 

Fig. 7  Gypsum crusts deteriorating the carvings in the Turtle hall. Their chemical and mineralogical composition and stratigraphy are showed by 
the SEM–EDS observations and X-ray mappings, and the representative XRD pattern (Ab  albite, Cal calcite, Gp gypsum, Qz quartz)
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frequent and longer RH deviations from saturation, allow 
gypsum to crystallize and stabilize, for instance near the 
current and ancient gates (Fig.  3). Further closer to the 
cave entrance, where RH is the lowest, the efflorescences 
form: they contain salts with a significantly lower deli-
quescence RH compared to pure gypsum, and require a 
dryer environment [14, 68].

Nevertheless, reasoning in terms of salt mixtures, 
rather than pure phases, represents the best approach. 
In fact, the actual deliquescence RH of gypsum in Taya 
Caves is possibly lower, since the other salts in solution 
may considerably increase gypsum solubility [69, 70]. 
That applies especially to the surfaces with the efflo-
rescences, where the concentration of the other salts is 
supposedly higher and solution supersaturation is eas-
ily reached after water evaporation: the chlorides play a 
leading role in increasing gypsum solubility [66], so that 
actual crusts and coarse-grained gypsum crystals can-
not grow. This is also in agreement with previous studies 

reporting the formation of powdery gypsum patinas in 
less humid environments as opposed to gypsum crusts 
[70].

Rock‑water physical interaction
Porosity
Taya stone is characterized by a very low density and 
extremely high porosity, being 42% on average and rang-
ing from 40 to 47%, as determined by MIP. The pore-
size distribution indicates that micropores (smaller than 
0.1  µm) are in minority, i.e., on average 12% versus the 
88% of the larger capillary pores. The unimodal distribu-
tion has a peak on pore size values slightly smaller than 
10  µm (Fig.  10). No significant differences were found 
between the brown and the grey facies.

These data are very important for understanding the 
physical mechanisms of rock-water interaction. In fact, 
open porosity can control the intensity of water-related 

Table 2  Bulk chemical composition of  Taya stone, differentiating between  the  brown- and  grey-colored facies, 
and samples representative of some weathering patterns, determined by XRF

Major-element oxides and LOI are in wt%, trace elements in ppm

bdl stands for “below detection limit”

Rock Weathering

Brown facies Grey facies Gypsum crusts Early sulfation Efflorescences Orange patinas

Na2O 1.74 1.74 0.20 1.74 1.60 1.02

MgO 2.37 3.58 0.53 3.26 2.90 1.85

Al2O3 16.67 16.19 1.73 15.39 14.82 9.25

SiO2 60.07 57.66 5.78 55.38 54.68 40.53

P2O5 0.07 0.10 0.02 0.08 0.33 1.19

SO3 0.03 1.15 38.79 2.32 1.07 0.15

K2O 1.58 1.48 0.19 1.55 1.66 0.95

CaO 3.73 3.94 32.66 4.36 4.28 2.95

TiO2 0.61 0.61 0.12 0.60 0.60 0.44

MnO 0.10 0.20 0.01 0.11 0.14 0.91

Fe2O3 6.37 6.76 0.97 6.69 6.86 26.33

LOI 6.47 6.43 18.92 8.34 10.75 14.24

Cl 159 219 186 156 1675 151

V 72 138 bdl bdl bdl 162

Cr 83 66 bdl bdl 57 bdl

Ni 37 bdl 56 41 bdl 116

Cu 61 73 bdl 88 101 90

Zn 103 108 bdl 117 132 197

Br bdl bdl 31 21 213 bdl

Rb 62 57 bdl 57 54 52

Sr 367 429 381 434 331 343

Y 22 15 bdl 18 20 179

Zr 117 137 bdl 155 144 118

Ba 277 180 bdl 159 207 bdl



Page 14 of 20Germinario et al. Herit Sci            (2020) 8:87 

weathering, and each pore-size class is preferentially 
involved in different processes.

Water absorption
Pore volume rules the amount of liquid water absorbed 
by the rock, but the process rate is markedly controlled 
by pore-size distribution [71, 72]. The mass increase of 
Taya stone in conditions of total immersion is prominent, 

about 25%, and extremely rapid, virtually running out 
after few tens of seconds (Fig. 11). Almost the totality of 
water is absorbed during the very first minute, because 
of the extremely high porosity, good pore interconnec-
tion, and almost exclusive presence of capillary pores 
that, together with macropores, are filled most quickly 
[73]. The minor influence of micropores, which are typi-
cally filled after longer times, cannot be easily assessed. 
In fact, at laboratory scale, the material is too weak and 
cannot withstand hour- or day-long immersions. The 

Fig. 8  Different observation scales of the efflorescences in Taya Caves (gallery, wall detail, and microscopic detail at the SEM-BSE), with their 
chemical composition summarized by the SEM–EDS microanalysis of three representative spots
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testing turned out to be very troublesome—due to early 
cracking and disintegration—even for large specimens 
(up to 1 kg). It is worth noting, however, that variations of 
water content can cause major changes in the mechanical 
performance of the stone [74], but the actual resistance of 
the rock mass in the caves is higher.

Hygroscopic water adsorption
Pore size has also a dramatic impact on hygroscopic 
water adsorption. The maximum condensation-related 
mass increase of Taya stone is 4% on average (at 98% 
RH), obviously much lower compared to liquid water 
absorption. It is worth noting the adsorption trend. 
Up to 90% RH, the mass increase is nearly linear, cor-
responding to 0.1–0.3% for every increase of 5% of 
RH, then the trend clearly becomes steeper: at the 
final stage, with extremely high humidity, the mass 
increase reaches about 1%, corresponding to 1/4 of 
the total hygroscopic water that the stone can adsorb. 
The desorption curves follow the relevant adsorption 
trends, pointing out a rapid loss of water down to 85%. 
A certain degree of hysteresis is noticeable, indicating 
the permanence of residual water stored in the pores 
(Fig. 11). Summarizing, RH fluctuations are particularly 
critical around 90%, since they can cause the strong-
est variations of adsorbed or desorbed water vapor and 
related mass changes, especially approaching air satura-
tion. Hygroscopic adsorption is often more significant 

for micropores: in fact, water vapor can condensate 
inside pores even when RH is lower than 100%, but 
the smaller the pore the lower the adsorption RH [75]. 
However, the prevailing larger capillary pores in Taya 
stone require an extremely high RH for hygroscopic 
adsorption to take place, equal to 95% or higher. As for 
the differences between the brown and grey facies, their 
behavior is practically identical, with the exception that 
the brown rock type shows a slightly higher adsorption.

Slake durability
The definition of slaking is slightly changing in the litera-
ture, but generally indicates a form of rock disintegration 
resulted from the direct interaction with water in liquid 
and/or vapor state (e.g., partial contact or immersion, 
alternate wetting/drying, exposure to air humidity) [76, 
77]. Taya stone turned out to have a surprisingly low slake 
durability. At laboratory scale, most specimens begin 
crumbling right after the water immersion, with some 
differences between the brown and grey rock type dur-
ing the early stage: the grey type may not show massive 
disintegration in the first 10–15 min, whereas the brown 
type may face advanced decay, with extensive cracking 
and crumbling already in the very first minutes, until the 
specimen turns quickly into a heap of chips and flakes 
or a mud-like mass. These last conditions are reached in 
few hours by the grey rock type too (Fig. 11). The diverse 

Fig. 9  SEM-BSE photomicrographs showing different spatial arrangements of pyrite (the white grains) in the grey facies of Taya stone, and EDS 
chemical maps with examples of pyrite oxidation and S depletion. The inset shows some coarse-grained calcareous fossils on the walls of Taya 
Caves
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timings might be explained by the only major textural 
difference between the two facies, namely the presence of 
harder fossil shells, acting somewhat as a structural rein-
forcing component of the rock matrix.

Slake deterioration related to water absorption is 
mainly caused by: (1) the mechanical action of water on 
the weak intercrystalline bonds; (2) swelling-induced 
stresses, especially the volume changes of expansive clay 
minerals, in particular smectites (montmorillonite vol-
ume increases two-fold [78]); (3) the tensile stresses gen-
erated by the air entrapped in voids and discontinuities 
and pressurized as water is absorbed. The weathering is 
particularly severe for Taya stone due to the high and fast 
water absorption and the abundance of clay minerals. 
The related deformations and mechanical stresses may be 
exacerbated when water absorption alternates cyclically 
with drying processes, during which clay minerals dehy-
drate and shrink and negative suction pressures develop 
in the pores. This also happens with cycling hygroscopic 
adsorption/desorption [26, 53, 76, 79], which recurs 
more frequently near the cave entrance, just in the men-
tioned RH critical range (90–100%).

Conservation issues
The preservation of a semi-natural site like Taya Caves 
and of the rock art enshrined therein is difficult to put 
in practice, considering that the first measure to adopt 
would be to keep the microenvironmental parameters 
as constant as possible. Dealing with stone preservation 
means dealing with the safeguard of the whole site. Here, 
the general key points to address in a future conservation 
campaign will be highlighted.

Overall, stone weathering in Taya Caves is principally 
due to a combination of the following major factors:

•	 Water absorption/adsorption and related cycles;
•	 Mineral dissolution, mobilization, and precipitation 

and related cycles;
•	 Land use and vegetation cover of Taya hill;
•	 Structural instability due to static problems and 

earthquakes.

Rock-water chemical and physical interaction poses 
probably the highest risk. Although that is a constant pro-
cess in Taya Caves, it might upsurge due to exceptional 
events associated with major increases of water flow 
rate, e.g., in summer and early fall, when most precipita-
tions are concentrated and typhoons occur. Wetting/dry-
ing cycles need also to be taken into consideration, both 
temporally—i.e., the alternation of rainy and fair days, 
more frequent in the rainy season—and spatially—that is, 
more cycles occur in the cave areas affected by external 
airflows.

Different degrees of weathering susceptibility can be 
traced in different cave sectors. Taya Caves are a rela-
tively homogeneous semi-closed system, but the near-
entrance and near-surface areas represent an exception 
and demand attention. There, the lower and more vari-
able humidity and moisture trigger salt weathering. Sol-
uble salts react differently to environmental changes if 
compared to the rock, concerning the cyclic processes 
of crystallization/dissolution, hydration/dehydration, 
hygroscopic adsorption/desorption, etc. These pro-
cesses cause mechanical fatigue, strongly localized at the 
interface with the rock, which eventually leads to major 
disintegrations.

Finally, with regard to the conservation or restoration 
interventions done so far, the most important involved 
the arrangements for setting up the show cave, occa-
sional safety measures and targeted works of wall rein-
forcement and reconstruction, and the installation of a 
door at the entrance. Moreover, it is worth reporting the 
recent digital reconstructions in three-dimensional mod-
els of the topography and morphology of Taya Caves [80, 
81]; this represents the first step to pass on their history 
and beauty to the next generations, and may support the 
future evaluation of deterioration rate.

Summary and conclusions
The history and rock art enshrined in Taya Caves, their 
allure, and the urge to comprehend, preserve, and pro-
mote their cultural value led to this first-ever scientific 
investigation, dealing with the stone properties, deterio-
ration, and environmental setting.

Taya Caves are a composite system of underground 
halls and galleries excavated and carved into a Pleis-
tocene clay-rich fossiliferous siltstone. The rock is 
extremely soft and porous, yet the caves and their 

Fig. 10  Representative MIP data of porosity, pore-size distribution, 
and other related properties, determined on Taya stone
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sculptural heritage still survive. The ongoing stone 
deterioration, however, poses a threat to the site preser-
vation, as indicated by cracking, detachments, material 
losses, surface alteration, and biological colonization. 
The highest risk is placed by water and its chemical 
and mechanical action on the stone. Water represents 
a constant in Taya Caves, either flowing, dripping, and 
stagnant; or rising from the subsoil; or related to the 
extremely high RH, close to 100%.

During infiltration and percolation of rainwater and 
surface water, capillary rise, or vapor condensation, cyclic 
processes of mineral dissolution, mobilization, and pre-
cipitation occur. Their marker is the formation of crusts 
and efflorescences on the cave walls. The crusts are 
mainly constituted by gypsum, crystallized from the reac-
tion of the dissolution products of calcareous bioclasts 

and pyrite minerals; calcite is also detected as minor 
component. The efflorescences, instead, are composed 
of mixed chlorides, phosphates, sulfates, and carbon-
ates: considering the presence of a cropland above the 
cave vault, they might possibly derive from agrochemi-
cals (especially sylvite- and apatite-based), or from the 
surface vegetation cover. The groundwater composition, 
enriched in Ca2+, SO4

2−, and Cl−, provides further con-
firmations. Crusts and efflorescences only occur in the 
driest cave areas, the closest to the entrance or surface, 
in the southern side—apart from those, the cave micro-
climate is characterized by highly stable temperature and 
RH. The modes and mechanisms of salt weathering and 
cycles of salt dissolution/recrystallization are related to 

Fig. 11  Physical interaction of Taya stone with water: representative trends of mass change by water absorption in total immersion at atmospheric 
pressure and by hygroscopic water adsorption/desorption in the shaded RH range (upper box); slake durability, determined in total immersion in 
water by the jar slake test (lower box). When differentiating between the brown and grey rock facies, the 2 different colors are used in the graphs
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the following parameters: phase solubility, hygroscopic-
ity, and deliquescence; microenvironmental variables, 
i.e., RH, rock moisture, and evaporation kinetics; in-pore 
water mineralization and supersaturation. The most sta-
ble secondary phase turns out to be gypsum; its crystalli-
zation, however, may occur only on unwet substrates and 
where the air is not constantly water-saturated.

Rock-water interaction is particularly damaging even 
considering just the physical mechanisms. The siltstone 
of Taya Caves features a very high and fast absorption of 
liquid water, and a more contained yet significant adsorp-
tion of hygroscopic water, especially when the RH is 
higher than 90%—these processes are ruled by the high 
porosity and the specific pore-size distribution controlled 
by capillary pores. The slake durability is extremely low: 
as water is absorbed, the mechanical stresses generated 
by in-pore water and air movement and the swelling 
clay minerals may lead to rapid disintegration phenom-
ena. These are exacerbated by cycles of wetting/drying 
and hygroscopic adsorption/desorption, occurring more 
often where the microclimate is changing and affected 
by external airflows. In other terms, the cave areas near 
the entrance or surface present again an increased decay 
susceptibility.

The scientific questions about Taya Caves have 
not been all answered, and further work needs yet to 
be done. Interesting insights might be provided, for 
instance, by targeted investigations of the structural 
stability, the engineering properties of the rock mass, 
and the related risk to visitor safety; or the actual dam-
age brought about by the microbiological colonization.

Concluding, there is no doubt that the intrinsic vul-
nerability of Taya Caves requires constant monitoring, 
complemented by extraordinary surveys, particularly 
after extreme natural events (intense precipitations and 
typhoons, earthquakes) or changes of the visitor flow. 
The information provided in this study can aid those 
activities. Furthermore, this first research is expected 
to raise concerns about the cave safeguard and support 
future, more organic conservation plans. Finally, it will 
hopefully foster a wider promotion and valorization of 
this heritage site.
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