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Abstract
Understanding the long- and short-term weathering features according to rock type is very important for maintaining the original form
of stone heritages. In this study, the material characteristics of a deteriorated �ve-story stone pagoda were compared with those of
fresh rocks from its quarrying site at nearby Geumgolsan Mountain, Korea to diagnose the degree of damage and develop a
comprehensive interpretation of the weathering mechanism. The stone pagoda was built from lithic tuff comprising pumice and
phenocrysts such as quartz, K-feldspar, plagioclase, and mica based on plagioclase substrates; the mineralogical and geochemical
characteristics are similar to those of the fresh rocks. The lithic tuff of the stone pagoda demonstrated a low ultrasonic velocity of
2863 m/s and a high water absorption rate and porosity of 9.5% and 19.2%, respectively, which are poorer than the physical
properties of the fresh rocks (i.e., ultrasonic velocity of 3336 m/s, water absorption rate of 8.65%, and porosity of 17.83%). The
lithological characteristics and physical properties demonstrated a considerable in�uence on the weathering and stability of the
stone pagoda. In particular, fragments of relatively weak pumice detached from the original rock to form cavities of various sizes.
These cavities introduced moisture within the rock, which produced oxides and hydroxides of iron and manganese. In addition,
contaminants such as dust, salt crystals, clay minerals, and microorganisms adhering to the surface of the stone pagoda accelerated
its physical, chemical, and biological weathering. The results of this study will be important for realizing the stable and long-term
conservation of the �ve-story stone pagoda at Geumgolsan Mountain.

Introduction
Because of its strength, rock has traditionally been widely used to make buildings, monuments, artifacts, and tools. In Western
cultures, rock was mainly used as a building material; in Eastern cultures, however, wooden buildings prevailed, and rock was mostly
used for monuments such as pagodas, steles, and Buddha statues. Despite the different applications, the excellent durability of rock
led to its wide use by various cultures in stone buildings and monuments that are exposed to the outdoors. In general, rocks have
undergone millions of years of weathering throughout their geological history. The long-term weathering features by rock type are the
basis for understanding the natural weathering mechanism of stone heritages. However, stone heritages undergo changes from their
original form not only because of natural weathering but also because of environmental impacts (Vidal et al. 2019), climate change
(Kim 2016; Zhang et al. 2019), structural deformation (Jo and Lee 2016; Kim et al. 2021), and intentional damage (Gomes et al.
2017). In this context, Fookes et al. (1971) emphasized the importance of understanding the short-term weathering resistance and
damage potential of rocks for conserving the original forms of stone heritages.

In an effort to establish a systematic conservation system for stone heritages, various studies have focused on identifying the
material characteristics of stone heritages and the causes of damage (Smith et al. 2008; Patil and Kasthurba 2020). In the past
several decades, various methodologies including damage mapping have been applied to diagnosing the condition of stone
heritages (Theodoridou and Török 2019; Randazzo et al. 2020). Various nondestructive testing methods such as ultrasonic
measurement (Jo et al. 2012; Chen et al. 2020), infrared thermography (Avdelidis and Moropoulou 2004; Jo and Lee 2014),
hyperspectral image analysis (Chun et al. 2015), and sensor measurement (Park et al. 2021) as well as simple testing (Cabrera et al.
2021) have been established as essential for diagnosing the conditions of and degree of damage to stone heritages.

Various conservation studies have been conducted on a �ve-story stone pagoda at Geumgolsan Mountain in Korea, for which the
stone members are in very poor condition and require an urgent safety diagnosis. In the present study, various techniques were
applied to analyze the material characteristics of the stone pagoda, which were compared with the material characteristics of fresh
rock from the quarrying site of provenance to identify the weathering features. The present state of surface damage to the stone
pagoda was mapped through visual observation and simple testing, and the microstructure and components of contaminants were
analyzed. Based on the weathering features and damage diagnosis, a comprehensive interpretation of the weathering mechanism
was developed, which should help facilitate the conservation of the stone pagoda.

Study Object And Methodology

2.1. Study object
The Cultural Heritage Administration in Korea has designated approximately 571 stone monuments and structures as national
heritages as of 2020. These stone heritages range from petroglyphs and dolmens dating to the prehistoric period to stone pagodas,
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stone Buddha statues, stone steles, rock-carved Buddha statues, stone stupas, and �agpole supports dating to various historical
periods. In particular, stone pagodas (34.0%) account for the highest proportion of current stone heritages.

The �ve-story stone pagoda at Geumgolsan Mountain (Korean Treasure No. 529) was the object of this study. The pagoda is located
in Jindo-gun, which is the southernmost tip of the Korean peninsula and is bordered by several straits and hundreds of islands
(Fig. 1). This area has a warm climate and large amounts of precipitation; it has historically been a strategically important location
between the West and South Seas. The stone pagoda was built on �at ground, and it is located on the right side of an elementary
school and in front of Geumgolsan Mountain, which is an outcropping of tuff that rises 193 m above sea level. The construction date
of the stone pagoda is not yet known, but it is estimated to have been after the middle of the Goryeo dynasty (918–1392 CE) owing
to its low base and high �rst-story body. This stone pagoda has experienced severe deterioration due to physical, chemical, and
biological weathering. A scienti�c approach to characterizing the weathering features and diagnosing the damage is necessary to
ensure the conservation of the stone pagoda.

2.2. Methodology
Material analysis, mapping of the conservation conditions, and nondestructive ultrasonic testing were conducted to determine the
weathering characteristics of the stone pagoda and diagnose the degree of damage. The material analysis was performed on rock
fragments exfoliated from the stone pagoda and rocks collected from the quarrying site of provenance. A polarizing microscope
(Eclipse E600W, Nikon) and X-ray diffraction (D/Max-2000, Rigaku) were used to analyze the mineralogical characteristics. Then, an
inductively coupled plasma optical emission spectrometer (FUS-ICP) and neutron activation analysis system (INAA) operated by
Actlabs in Canada were used to quantitatively analyze the geochemical characteristics (i.e., main components, trace elements, and
rare earth elements). Scanning electron microscopy (SEM, MIRA3 LMH, TESCAN) was used to observe the microstructures of rocks
and discolored contaminants, and energy-dispersive spectrometry (EDS, Quantax 200, Bruker) was used to detect the components of
certain structures.

The conservation condition of the stone pagoda was analyzed by mapping the types of damage through visual inspection and
simple testing. First, damage to the stone pagoda that could be observed with the naked eye was classi�ed as structural crack, hair
crack, delamination, scaling, fragmentation, cavity, brown discoloration, black discoloration, or biological colonization (ICOMOS-ISCS
2008). The discoloration and biological colonization were divided into �ve grades according to the visibility of the original rock and
microbial coverage, respectively. Simple tools such as a scale, tapping tool, and caliper were used to supplement the objectivity of the
damage type classi�cation and mapping. The digital mapping method and quantitative evaluation of the damage types were based
on the approach presented by Jo & Lee (2011).

Ultrasonic measurement (PUNDIT Plus, CNS Farnell) is a nondestructive testing method, and it was used to quantitatively measure
the degree of weathering of the stone pagoda. To establish the measurement conditions for the stone pagoda, which had severe
surface irregularities, the intensity of the received waveform according to the ultrasonic frequency and transducer distance was
analyzed in advance to calibrate the system. For the transducer, an exponential type with a frequency of 54 kHz was selected
because it is not signi�cantly affected by irregularities and porous materials, and a probe correction factor of 1.08 as suggested by
Lee & Jo (2017) was applied. Rubber clay without residue was used as the coupling medium.

The ultrasonic transducers were arranged for indirect measurement at a distance of 200 mm. In particular, the difference between the
ultrasonic velocities of the direct measurement (Vd) and indirect measurement (Vi) was corrected by applying a linear regression
equation (Vd = 1.355Vi − 71.394, R2 = 0.91) at measurement points on the body of the �ve-story pagoda. The corrected ultrasonic
velocities were projected on the elevation of the stone pagoda to identify members with relatively weak physical properties. In
addition, ultrasonic velocities were obtained for fresh rocks from the provenance site at Geumgolsan Mountain, and the weathering
index suggested by Iliev (1966) was used to calculate the weathering grade.

Material And Weathering Characteristics

3.1. Geological and rock distribution
The geology of the Korean peninsula is very diverse, and its rocks are often well exposed in the mainly mountainous terrain. More
than half of the peninsula comprises granite and granite gneiss. The former mainly intruded during the Triassic, Jurassic, and
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Cretaceous periods, whereas the latter formed because of metamorphism and granitization of sedimentary rocks during the
Precambrian. In addition, volcanic rocks can be found mainly in strata from the Cretaceous period of the Mesozoic era in the
southern part of the Korean peninsula and are exposed as tuff, andesite, and rhyolite. The geological characteristics of the Korean
peninsula are closely related to the materials and construction techniques used to shape the stone heritages of the country (Lee and
Jo, 2016).

The geology of the area around the �ve-story stone pagoda was formed by volcanic activity during the Cretaceous period, and it
mainly comprises quartz porphyry, porphyry tuff, acidic tuff, and porphyrite (Fig. 2). Geumgolsan Mountain comprises acidic tuff,
which is the same material used to build the stone pagoda. In general, tuff is soft, highly porous, and absorbent, and it has the
advantage of being easily dressed. Therefore, tuff has long been widely used as a material for buildings and stonework. The stone
pagoda appears to have been constructed from tuff because of its proximity to Geumgolsan Mountain and the ease of dressing this
material. This is evidenced by the many traces of quarrying that have been observed in large outcrops on Geumgolsan Mountain.

3.2. Lithological characteristics
The �ve-story stone pagoda was built from lithic tuff that is light yellow to light gray. The rock contains many fragments of light
green pumice with sizes of several millimeters to several centimeters (Fig. 3a). Because pumice has weak physical properties
compared to the rock substrate, these fragments detached from the original rock of the stone pagoda owing to physical and chemical
weathering (Fig. 3b). A horizontal bedding structure was clearly observed for the pagoda, which was attributed to the material
characteristics of lithic tuff (Fig. 3c). In general, masonry structures require a horizontal bedding to prevent cracking due to
compressive forces. However, some members of the stone pagoda exhibited a vertical bedding structure around which microcracks
were distributed (Fig. 3d); this was presumed to indicate that the material characteristics were not su�ciently considered at the time
of construction.

To supplement the petrographic features of the stone pagoda, a slab analysis was conducted on lithic tuff collected from
Geumgolsan Mountain. These samples clearly contained pumice, which was not well observed on the surface of the stone pagoda,
and phenocrysts such as quartz, plagioclase, K-feldspar, and biotite were identi�ed. In addition, iron-containing minerals were
discolored to light brown because of chemical weathering, and dark-colored contaminants caused by manganese hydroxide were
partially extracted from the surface (Fig. 3e).

The mineral compositions of the lithic tuff of the stone pagoda and Geumgolsan Mountain were analyzed by using a polarizing
microscope (Fig. 4a) and X-ray diffraction (Fig. 4b). The results showed that the rocks contained pumice and phenocrysts such as
quartz, K-feldspar, plagioclase, and mica based on plagioclase substrates. In modal analysis based on the mineral composition, the
rocks were plotted in the area corresponding to lithic tuff with a composition of 36.2–42.4% glass, 5.8–9.2% crystal, and 51.9–57.1%
rock fragment (Fig. 4c).

The main components of the lithic tuff in the stone pagoda and Geumgolsan Mountain were plotted on total alkalis–silica (TAS) and
SiO2-(Zr/TiO2 × 0.001) classi�cation diagrams (Figs. 4d, 4e). The rocks from the two sources were in the area corresponding to
rhyolite. In addition, the rocks showed almost the same trends in their geochemical characteristics regarding the major, rare earth, and
compatible and incompatible elements (Fig. 4f). These results indicate that the stone pagoda and lithic tuff of Geumgolsan
Mountain have a genetically common source.

3.3. Weathering characteristics
The soft and porous characteristics of lithic tuff are convenient for stone dressing but are also the main factors for the weak physical
properties. In addition, the fragments of pumice cause differential weathering (Germinario and Török 2020), and the bedding structure
causes cracks because of anisotropy (Wang et al. 2017). Therefore, a slab cross-sectional analysis and simple test of the physical
properties were performed to examine the weathering characteristics of lithic tuff.

First, lithic tuff showing the same weathering tendencies as the stone pagoda was collected from Geumgolsan Mountain, and its
cross-section was polished to produce a slab sample. The slab face comprised two weathered layers discolored to black and a fresh
layer (Fig. 5). The outermost �rst weathering layer had cavities that formed because of the erosion or detachment of pumice, and the
layer showed relatively severe discoloration because of oxides and hydroxides. The second weathering layer below the rock surface
was discolored because of chemical weathering, similar to the surface layer, but pumice fragments remained within the layer. In the
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innermost fresh layer, the light green color of the original rock was maintained well without discoloration, and the pumice fragments
remained within the layer. However, the pumice fragments were so soft that they could be detached even by �ngernails.

The water absorption rate and porosity of a specimen detached from the stone pagoda and fresh rock from Geumgolsan Mountain
were calculated to compare their physical properties (Fig. 6a). On average, the water absorption rate and porosity of the stone pagoda
were 9.5% and 19.2%, respectively, which were greater than the water absorption rate (8.6%) and porosity (17.8%) of the rock from
Geumgolsan Mountain. Thus, the stone pagoda showed poorer physical properties than the fresh lithic tuff. To identify the
weathering characteristics of the stone pagoda, fresh lithic tuff was submerged in distilled water for 24 h and dried at 105° C for
another 24 h. Then, the change in weight was measured (Fig. 6b). The lithic tuff showed relatively rapid changes in weight for one
cycle and then gradually decreased in weight thereafter. The decrease in weight was attributed to weak minerals including pumice
reacting with water, which cause them to dissolve partially or detach physically. After 5 days of submersion, the pumice in the lithic
tuff detached and precipitated in the beaker. This indicates that the pumice is sensitive to moisture.

To examine the chemical weathering characteristics, SEM equipped with EDS was conducted on small samples of the stone pagoda.
The pumice surface was observed to be covered with cubic sodium chloride crystals (Na 34.3 wt.%, Cl 53.8 wt.%) (Fig. 7a), which was
attributed to the sea breeze because the stone pagoda is about 3 km from the ocean. In addition, the brown discoloration on the
surface of the stone pagoda appears to have been caused by microcrystalline clay minerals and iron oxide (Fig. 7b) with some
coexisting microcrystalline gypsum crystals (Figs. 7c and 7d). The maximum iron oxide content for the brown discoloration was 26.5
wt.%. In contrast, the black discoloration consisted of diverse structures such as a thick crust of amorphous material (Figs. 7e and
7f), dendrites (Figs. 7g–7j), and acicular-columnar microtexture aggregates (Fig. 7k). EDS analysis showed that the black
discoloration materials mainly comprised Mn (19.4–71.7 wt.%) and Fe (1.2–26.5 wt.%). High levels of Ca (13.7 wt.%) and S (12.9
wt.%) were detected in the acicular-columnar microtextures, which indicated the coexistence of gypsum crystals (Figs. 7l–7n). Clay
minerals, dust, �ne soil particles, and microorganisms were also identi�ed.

Damage Diagnosis

4.1. Conservation conditions
The stone pagoda has been exposed to the outdoor environment since its construction, which has led to a complex pattern of various
kinds of physical, chemical, and biological weathering. In particular, several hundred cavities can be observed with the naked eye; this
has been attributed to the detachment of pumice fragments with sizes of several millimeters to several centimeters (Fig. 8a). In
addition, cracks that are generally �ne or parallel to the stone surface have developed in the bedding direction at the edge of the
basement, and structural cracks have occurred on the south side of the fourth-story roof (Fig. 8b). Delamination and scaling mainly
occurred on the sides of the members, and a signi�cant degree of three- to �ve-layer scaling was observed on the south basement
(Fig. 8c). Although fragmentation was identi�ed in some of the roof and foundation stones, fragmentation does not appear to have
caused structural deformation in general (Fig. 8d). Regarding chemical damage to the stone pagoda, brown and black discolorations
were commonly observed, and the effects of diverse secondary contaminants were identi�ed on the basement stone and roof support
(Figs. 8e and 8f). In addition, biological colonization was observed throughout the stone pagoda. Various microorganisms such as
algae, lichens, and bryophytes adhered to the stone surface as parasites, which resulted in black, green, and light gray colors. In
particular, lichens were widely distributed on the bodies of each story and the upper parts of roof stones exposed to precipitation
(Figs. 8g and 8h).

The damage map is commonly used to describe and record conservation conditions; it provides basic data for conservation
conditions by symbolizing damage types and mapping their ranges. A damage map was created (Fig. 9) to visualize and quantify the
conservation conditions of the stone pagoda. The main causes of damage to the stone pagoda were determined to be physical
weathering such as delamination, scaling, and cavities; chemical weathering such as brown and black discoloration; and biological
colonization such as lichens. In particular, all types of physical and chemical weathering except for biological colonization
predominantly occurred on the west and south faces. The west face showed severe damage in terms of hair cracks (1.6),
fragmentation (0.9%), and discoloration (38.9%), while the south face showed severe damage in terms of delamination (9.6%) and
scaling (7.5%). Cavities larger than 1 cm were observed on the east face. Biological colonization covered almost 100% of the north
face.

4.2. Ultrasonic measurement



Page 6/15

Because the ultrasonic velocity through a rock is sensitive to cracks, mineral decomposition, and voids, it is widely used to evaluate
the degree of weathering of stone heritages (Lee and Jo 2016; Chen et al. 2020). In this study, the ultrasonic velocity was measured
for each face of the stone pagoda, and the results were compared with those of fresh lithic tuff from Geumgolsan Mountain to
calculate the relative weathering indices. The weathering index at each measurement point (167 points on the east face, 168 points
on the west face, 167 points on the south face, and 164 points on the north face) were projected onto elevation views of the pagoda
in the form of a contour map and was used to identify the overall weathering trends (Fig. 10). The ultrasonic velocities of the stone
pagoda were 1551–3605 m/s (average of 2741 m/s) on the east face, 924–4135 m/s (average of 2820 m/s) on the west face, 893–
3610 m/s (average of 2818 m/s), on the south face, and 1399–3950 m/s (average of 3025 m/s) on the north face. Overall, all faces
showed a wide range of ultrasonic velocities, and the average ultrasonic velocity was highest on the north face. The average
ultrasonic velocity for the entire stone pagoda was calculated to be 2863 m/s.

Iliev (1966) proposed a coe�cient of weathering (K) based on the rates of change in the ultrasonic velocities of fresh and weathered
rocks. The K value comprehensively considers in�uencing factors of the ultrasonic velocity that change with the degree of weathering
(e.g., the density, porosity, expansion of microcracks, and degree of consolidation). The K value continuously increases as the
weathering degree becomes more severe, and it can be used to divide weathering into �ve grades. To calculate the K value of the
stone pagoda, ultrasonic velocities were measured at fresh outcrops (30 points) on Geumgolsan Mountain (i.e., the quarrying site of
provenance). The ultrasonic velocity for the fresh rock was 3161–3863 m/s with an average of 3336 m/s. These values were used to
calculate the K value and grade the weathering of the stone pagoda. The K values of the stone pagoda were projected onto the
elevation views for each face. All faces were undergoing some weathering, but most measurement points graded as slightly
weathered (57.4%) or moderately weathered (29.0%). Some measurement points graded as fresh or highly weathered. The average K
value for the stone pagoda was 0.14. Based on the distribution of K values, the basement and fourth-story roof are relatively
vulnerable on the east face, and the �rst-�oor body shows severe weathering on the west and south faces. On the north face,
although the fourth- and �fth-story roofs have poor physical properties, the overall conservation condition is good compared to the
other faces.

Weathering Mechanism Interpretation
The �ve-story stone pagoda was built from lithic tuff with a vitric substrate containing pumice in large quantities. This stone has the
same lithological characteristics as rocks from the nearby Geumgolsan Mountain. The lithic tuff of the stone pagoda has a low
ultrasonic velocity (2863 m/s) and a high water absorption rate (9.5%) and porosity (19.2%). These are poorer physical properties
compared to those of fresh rock from Geumgolsan Mountain, which has an ultrasonic velocity, water absorption rate, and porosity of
3336 m/s, 8.7%, and 17.8%, respectively. This demonstrates that the stone pagoda has undergone continuous weathering since
construction. In contrast, the bedrock of Mudeungsan National Park (UNESCO Global Geopark) contains tuff from the Cretaceous
period and has an ultrasonic velocity, water absorption rate, and porosity of 4948 m/s, 0.4%, and 1.0%, respectively (Noh et al. 2020).
This clearly demonstrates the severity of the degree of weathering experienced by the stone pagoda. Therefore, although the stone
pagoda was constructed from rocks in Geumgolsan Mountain owing to the close proximity and convenience for dressing, these rocks
had low durability from the time of construction. According to historical data, the stone pagoda appears to have been constructed
around 1300 CE. Thus, the difference in average ultrasonic velocity (473 m/s) between the stone pagoda and fresh rock from
Geumgolsan Mountain represents the degree of physical weathering over about 700 years.

Based on the above results, the weathering mechanism for the stone pagoda was interpreted to be as follows. The lithological
characteristics and physical properties had a considerable in�uence on the weathering and stability of the stone pagoda. In particular,
weak pumice fragments detached from the original rock as the physical and chemical weathering progressed, which formed cavities
of various sizes that not only degraded the physical properties of the rock but also acted as passageways for the in�ow and transfer
of moisture. In addition, they provided places for contaminants and microorganisms to collect and thus accelerated secondary
damage. The moisture introduced through the cavities accelerated the weathering of minerals by reacting with the large amounts of
iron and manganese within the tuff to produce iron oxide, iron hydroxide, manganese oxide, and manganese hydroxide. In addition,
contaminants such as dust, salt crystals, clay minerals, and microorganisms adhered to the surface of the stone pagoda, which
accelerated the chemical and biological weathering over time. In particular, the sea breeze from the nearby ocean (3 km away) and
lime used as a repair material in the past formed NaCl and CaSO4 crystals that reacted with the moisture. These oxides, hydroxides,
and salt crystals increased the pressure inside the rock, which caused cracks and blistering to develop. Diverse chemically weathered
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materials were deposited in the cracks and blisters, which resulted in brown and black discolorations. Freeze–thaw action in winter
may have caused scaling zones to expand and eventually lead to scaling-off of the stone members. As such, the major factors for the
weathering of the �ve-story stone pagoda were attributed to the weak physical properties of lithic tuff with pumice fragments. In
addition, the resulting cracks, delamination, scaling, blackening, and biological colonization led to the complex damage patterns of
the stone pagoda. Although these factors sometimes acted individually, most appeared to interact with each other to accelerate the
damage to the stone pagoda. These �ndings are important for ensuring the stable and long-term conservation of this pagoda and
may help with establishing a scienti�c conservation system for similar stone heritages.

Conclusion
1. The �ve-story stone pagoda was built from lithic tuff containing pumice and phenocrysts such as quartz, K-feldspar, plagioclase,
and mica based on plagioclase substrates. The stone pagoda and lithic tuff of Geumgolsan Mountain have similar geochemical
characteristics, which indicate a genetically common source.

2. The slab face of the lithic tuff from the stone pagoda comprised two weathered layers and a fresh layer. The weathered layers were
discolored to black and brown because of the complex reaction of microcrystalline clay minerals, iron oxide, manganese hydroxide,
amorphous materials, microorganisms, salt crystals, dendrites, and acicular-columnar microtexture aggregates. In particular, the
outermost �rst weathering layer had cavities due to erosion or the detachment of pumice fragments. For this reason, the stone
pagoda showed poorer physical properties than the fresh lithic tuff from Geumgolsan Mountain.

3. The stone pagoda underwent physical damage such as delamination, scaling, and cavities; chemical weathering such as brown
and black discolorations; and biological colonization such as lichens. In particular, the west face showed severe damage in terms of
hair cracks (1.6), fragmentation (0.9%), and discoloration (38.9%), while the south face showed severe delamination (9.6%) and
scaling (7.5%). Biological colonization covered almost 100% of the north face.

4. The average ultrasonic velocity of the entire stone pagoda was calculated to be 2863 m/s. The average ultrasonic velocity was
lowest on the east face. The coe�cients of weathering calculated from the ultrasonic velocity indicated that most measurement
points on the pagoda were slightly weathered (57.4%) or moderately weathered (29.0%). The average coe�cient of weathering was
0.14. The difference between the average ultrasonic velocities (473 m/s) of the stone pagoda and fresh rock from Geumgolsan
Mountain represents the degree of physical weathering over about 700 years.

5. The weathering of the stone pagoda is closely related to the weak physical properties of its building material. The pumice
fragments detached from the original rock, which formed cavities of various sizes. The cavities introduced moisture, which produced
oxides and hydroxides of iron and manganese. In addition, contaminants such as dust, salt crystals (NaCl, CaSO4), clay minerals, and
microorganisms adhered to the surface of the stone pagoda, which accelerated physical, chemical, and biological weathering over
time. This interpretation of the weathering mechanism is important for the stable and long-term conservation of this stone pagoda
and may help with establishing a scienti�c conservation system for similar stone heritages.
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Tables
Table 1. Component results from energy-dispersive spectrometry for blackened samples of the stone pagoda (wt.%).

Points C O Na Mg Al Si P S Cl K Ca Mn Fe Total

a - 11.94 34.30 - - - - - 53.76 - - - - 100.00

b 14.05 44.11 - 0.35 2.72 12.92 1.36 - - 0.52 - - 23.97 100.00

c 13.82 49.64 - - 1.71 2.18 - 15.41 - - 17.24 - - 100.00

d 14.44 51.08 - - 1.67 2.93 - 13.73 - - 16.15 - - 100.00

e 3.87 39.09 0.53 0.87 5.61 19.35 - 0.60 1.67 2.17 - 20.67 5.57 100.00

f 5.79 31.76 - 1.53 6.85 16.40 - - 2.03 2.34 - 24.68 8.62 100.00

g 2.03 30.23 0.43 0.33 2.54 5.83 - 0.63 0.65 2.22 - 51.81 3.30 100.00

h 4.86 40.98 5.15 - 8.54 28.56 - 0.53 - 0.77 0.30 9.07 1.24 100.00

i - 45.15 - 2.06 - - - - - - 1.82 50.97 - 100.00

j - 23.26 - 0.84 - 2.21 - - - - 1.95 71.74 - 100.00

k 2.07 44.21 0.70 - 2.17 20.41 - - 1.54 2.19 1.81 19.39 5.51 100.00

l - 17.20 - - 1.22 2.72 - 3.06 - - 5.62 70.18 - 100.00

m 5.47 56.58 - - 3.22 6.19 - 12.89 - 1.92 13.73 - - 100.00

n - 31.27 1.63 1.08 8.65 20.43 - - 2.05 3.69 1.13 3.61 26.46 100.00

Table 2. Ultrasonic velocity for each face and average weathering coe�cient and grade of the stone pagoda compared to fresh lithic
tuff from Geumgolsan Mountain

Points Velocity (m/s) Total

East West South North Velocity (m/s) Coe�cient (K) Grade

Ave. 2,741 2,820 2,818 3,025 2,863 0.14 Slightly weathered

Min. 1,551 924 893 1,399 893 0.73 Completely weathered

Max. 3,605 4,135 3,160 3,950 4,135 0.00 Fresh

Figures
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Figure 1

Location and appearance of the �ve-story stone pagoda at Geumgolsan Mountain, Jindo-gun.
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Figure 2

Geology of the area around the stone pagoda and quarrying traces observed in Geumgolsan Mountain.
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Figure 3

Photographs showing lithological features of the stone pagoda. (a) Lithic tuff containing light green pumice of various sizes. (b)
Pumice detached from the original rock. (c) Horizontal bedding structure of lithic tuff. (d) Vertical bedding structure and microcracks
distributed around the structure. (e) Petrographic features of the stone pagoda based on a slab analysis.
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Figure 4

Mineralogical and geochemical characteristics of the stone pagoda and Geumgolsan Mountain. (a, b) Mineral composition analysis
by using a polarizing microscope and X-ray diffraction. (c) Modal analysis results based on the mineral composition. (d, e) TAS and
SiO2-(Zr/TiO2 × 0.001) classi�cation diagrams. (f) Geochemical behavior characteristics of major, rare earth, and compatible and
incompatible elements.

Figure 5

Slab cross-sectional analysis of the weathered lithic tuff.

Figure 6

Physical properties of the lithic tuff of the stone pagoda and Geumgolsan Mountain. (a) Comparison of the water absorption rate and
porosity. (b) Change in weight of fresh lithic tuff submerged in distilled water.
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Figure 7

Scanning electron microscopy images and energy-dispersive spectrometry analysis points for blackened samples of the stone
pagoda.

Figure 8

Conservation conditions of the stone pagoda. (a) Detachment of pumice fragments in a wide variety of sizes. (b) Structural crack on
the south side of the fourth-story roof. (c) Three- to �ve-layer scaling of the south basement. (d) Fragmentation of the roof stone. (e, f)
Brown and black discoloration caused by mineralogical weathering and diverse secondary contaminants. (g, h) Biological
colonization observed throughout the stone pagoda.
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Figure 9

Damage maps and quantitative evaluation of a representative face (south) of the stone pagoda.

Figure 10

Ultrasonic measurement of a representative face (east) of the stone pagoda.


