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Cliffs along the Isotake coast, Shimane, Japan, have two types of distinctive surfaces with different colours, with
tafoni andwithout tafoni, even though they consist of the same pyroclastic rock. Rockfalls, which result in severe
accidents, occur only on the surface without tafoni. Geochemical analyses of the cliff materials and the Schmidt
hammer rebound test were conducted to elucidate the process of salt weathering in the formation of tafoni.
The strontium stable isotope ratio (87Sr/86Sr) of the calcite (i.e., 0.706298) found on the backwall of tafoni indi-
cated that the calcium in this calcite is derived from cliff materials, although the cliff receives seawater through
splashing. Carbon, hydrogen, nitrogen and sulfur elemental analyses and X-ray diffraction patternmeasurements
revealed that clinoptilolite formed by hydrothermal alterationwasmore abundant in the cliff surfaceswith tafoni
than in those without tafoni, indicating a high abundance of calcium available for incorporation into calcite. The
hardness of the cliff materials increases as the clinoptilolite content increases in any surface type. Consequently,
tafoni preferentially form on surfaces with abundant clinoptilolite produced by hydrothermal alteration, al-
though the surfaces have also been strengthened by hydrothermal alteration. Our results imply that the presence
of tafoni indicates an overall lower risk of rockfalls.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

A rockfall accident that caused a fatality occurred approximately
60 years ago at a pyroclastic rock cliff on the Isotake coast of Shimane,
Japan. Rockfalls have occurred on cliff surfaces without tafoni (singular,
tafone) even in recent years but have apparently not occurred on those
with tafoni. Kogure et al. (2019) conducted the Schmidt hammer re-
bound test (SH test) on a tafone surface with a height and width of
more than 10 m and a cliff surface without tafoni. This SH test found
that the rebound value (R-value) of the tafone surface was significantly
higher than that of the cliff surface without tafoni. The results are con-
trary to previous studies: the outer rock surfaces have a greater hard-
ness than the rock interior (Conca and Rossman, 1982, 1985) or tafone
backwalls, i.e., case hardening (Mottershead and Pye, 1994;
Turkington, 1998; Goudie et al., 2002; Viles and Goudie, 2004); the dif-
ferences may not be statistically significant (e.g., Mellor et al., 1997;
tal Systems Science, Shimane
-8504, Japan.
re).
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Matsukura and Tanaka, 2000; McBride and Picard, 2000; Mustoe,
2010; Roqué et al., 2013). Therefore, the tafone on the Isotake coast is
unique in terms of its greater hardness than the outer rock surfaces. Fur-
ther investigation will provide new insights into the tafoni formation
process because, to the best of the authors' knowledge, no papers
have investigated and discussed the formation process of such tafoni.

On the Isotake coast, Kogure et al. (2019) reported that calcite pre-
cipitates only on the backwall of tafoni, while it is absent on the cliff sur-
faces without tafoni. This situation implies that the tafoni formation
process is associated with the salt weathering and that salt distribution
characterizes the shape and stability of the cliff surfaces on the Isotake
coast. Salt distribution is controlled by the distribution of moisture con-
tent (e.g., Huinink et al., 2004; Martinho et al., 2012; Schnepfleitner
et al., 2016). Matsukura and Tanaka (2000) showed that tafoni caused
by salt weathering arise on granite surfaces with higher moisture con-
tents. The salt distribution is also affected by the distribution of specific
minerals. For example, the concentration of clay minerals is positively
correlated with the number of tafoni per surface area (Sancho and
Benito, 1990). Considering that plenty of clay minerals, such as zeolite
groups, are present in the rocks around the Isotake coast (Misumi and
Ohira, 2006), the coastal cliffs are also likely to have clay minerals.
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Since the clayminerals are always hydrates, the amount of clayminerals
in a rock is evaluated by themeasurement of hydrogen content in them.
This is achieved by carbon, hydrogen, nitrogen and sulfur (CHNS) ele-
mental analysis (AnalyticalMethods Committee, 2006): a higher hydro-
gen content indicates a larger amount of clayminerals in the rocks if the
rocks originally have the same chemical composition. These techniques
are valid if the tafoni are actually formed by the precipitation of calcite
originating from chemical elements inherent to the cliff materials on
the Isotake coast. On the other hand, calcium (Ca) used for the precipi-
tation of calcite can be provided by seawater because the large tafone is
located on the seaward part of the cliff surface (Kogure, 2019). There-
fore, the origin of Ca should be identified to reveal the tafoni formation
process although very few literatures reported calcite as a salt
weathering mineral (e.g. Rothrock, 1925; Young, 1964).

This paper aims to discuss the factors and processes for the forma-
tion of tafoni on pyroclastic rock surfaces along the Isotake coast,
where Kogure et al. (2019) evaluated the R-values and identified the
precipitation of calcite on a single cliff. In this study, four sites were se-
lected for investigation, from which rock and salt samples were col-
lected in addition to the SH test and moisture measurements. The
samples were used for CHNS elemental analysis to investigate the spa-
tial distribution of hydrogen content and for X-ray diffraction (XRD)
analysis to determine the types of minerals included in the rocks and
salts. The strontium (Sr) stable isotope ratio (87Sr/86Sr) was also mea-
sured to identify the origin of Ca because Sr works as a trace element
of Ca.

2. Study area

2.1. Environmental settings

The Isotake coast runs ENE–WSW and faces the Sea of Japan to the
north on the coast of Ohda City, Shimane, Japan (Fig. 1a). Sandy beaches
and coastal cliffs with heights exceeding 30 m develop along the coast
Fig. 1.Map of the cliffs along the Isotake coast: (a)map of the entire coast, (b) and (c) close-upm
Fig. 1b. The elevation shown via the bold contour line is 50 m above sea level, and the interval

2

(Fig. 1b, c). Ohda City is located in a humid subtropical area, with an an-
nual mean temperature and annual precipitation of 15.1 °C and
1738.4 mm, respectively (Japan Meteorological Agency). Fig. 2 shows
climate data in Ohda city between 1981 and 2010. Although the
monthly mean minimum temperature was above 0 °C (Fig. 2a), the
nighttime low temperature dropped below 0 °C during nights of dozens
of days each year (Fig. 2b). The geology of this area consists mainly of
the Miocene Kuri Formation (Kano et al., 1998). The cliffs featuring
the Kuri Formation are composed of rhyolitic pyroclastic rocks. These
rocks were formed during the opening of the Sea of Japan, which oc-
curred mainly during the interval 16.1–14.2 Ma (Otofuji et al., 1991).
These rocks have subsequently been hydrothermally altered and sub-
jected to low-grade metamorphism, resulting in extensive zeolite for-
mation (Misumi and Ohira, 2006).

Cliffs along the Isotake coast are approximately 30 m in height, and
the top surface is covered by vegetation (Fig. 3). Some of the cliffs
have tafoni on their vertical surfaces, with maximum heights and
widths exceeding 10 m and depths of several metres. No wave-cut
notches can be seen on the cliff surfaces along the Isotake coast,whereas
some caves are likely to have been formed by wave erosion (Fig. 3b, d).

2.2. Study cliffs

Four cliffs were selected for investigation (Figs. 1 and 3): Cliffs 1, 2, 3
and 4. Cliffs 1 and 2 have a tafonewith a maximumwidth and length of
10m and a depth of approximately 2m, as shown in the enlarged photo
in Fig. 3a and b, respectively. Cliff 3, which was investigated in Kogure
et al. (2019), has the largest tafoni in the study area with the most dis-
tinctive surface: the vertical profile along Line A in Fig. 4a shows a large
tafone, whereas the profile along Line B shows no tafoni (Fig. 4b). Cliff 4
is located in the eastern part of the study area, where the rock face is
slightly different from other areas. Cliff 4 also has a cavernous structure;
however, this appears to be a cave than a tafone. Therefore, we selected
this cliff as an environmental reference for the study cliffs with tafoni.
aps of a part of the coast shown in Fig. 1a and (d) close-upmap of the study site shown in
between contour lines is 10 m.



Fig. 2. Climate data from 1981 to 2010 in Ohda city derived from aweather station of the JapanMeteorological Agency located 5 km away from the study cliff: (a) changes in themonthly
mean temperature and precipitation and (b) number of days for which the temperature dropped below 0 °C during night.
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Some holes are found on part of the cliff surfaces surrounding the
upper part of the tafoni (e.g., enlarged part in Fig. 4a). These holes
have different sizes and shapes, and some of them seem to have coa-
lesced to form a larger tafone. The cliff surface surrounding the large
tafone in Fig. 4a has large hollows just beneath it (Fig. 4c, d). Therefore,
the surfaces appear to be a thin crust with some holes connecting to the
large hollows. This may be a sign of the tafoni growing upward that re-
sults in the enlargement of the tafoni.
Fig. 3. Photos of the study cliffs: (a) Cliff 1, (b) Cliff 2, (c) Cliff 3 and (d) Cliff 4. The close-up pho
same cliff as investigated in Kogure et al. (2019). This figure is available in colour online.
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The surfaces of cliffs with tafoni and surfaces without tafoni differ
most noticeably in terms of the colour of these surfaces despite having
the same geology on amicroscopic level. The surfaces of cliff with tafoni
are yellow-red with a middle value and various chroma in the Munsell
soil colour charts (e.g., 10YR/5/2 for Fig. 5a and 10YR/6/6 for Fig. 5b),
while the cliff surfaces without tafoni have higher values and lower
chroma (e.g., 7.5YR/6/1 or 7.5YR/7/1 for Fig. 5c). The petrological char-
acteristics of the rocks from both surfaces were investigated by thin
tographs in Fig. 3a and b show the studied tafone in Cliffs 1 and 2, respectively. Cliff 3 is the



Fig. 4. Cliff 3 (modified after Kogure et al. (2019)): (a) vertical surfaces with tafoni on the seaward part and rockfalls on the inland part, (b) vertical profiles along Lines A and B in Fig. 4a,
(c) a seaward part of the cliff surface surrounding the largest tafone and (d) inland part. The picture was taken from the west. This figure is available in colour online.
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section analysis (Kogure, 2019). The photomicrographs of the pyroclas-
tic rocks from the surfaces show that rocks from both surfaces have the
same mineral composition, although the abundances and sizes of the
grains differ (possibly caused by the heterogeneity in sediment struc-
ture). Therefore, the rock types of the surfaces are the same even though
the colours of the surfaces differ.

Blocks with amaximum length of one to threemetres accumulate at
the base of Cliff 3 (Fig. 4a). Striations, which are seen on the cliff surface
without tafoni and are just above the blocks, indicate that they are scars
of the detachment of the blocks from the surface. However, the cliffs
with tafoni have no accumulation of blocks at their base and no scars
on their surface (Fig. 4a). This situation suggests that most of the rock-
falls may occurred on the cliff surface without tafoni. The cliffs with
rockfalls have no particular precipitates on their surfaces. Cliffs 1 and 2
have no surfaces that could become a potential source for rockfalls
found at Cliff 3, although a few blocks exist at the base of each cliff
(Fig. 3a, b).

2.3. Precipitates on the surface of tafoni

Yellow-red (10YR/6–8/8) precipitates on the surface of the tafoni
suggest that they are responsible for the yellow-red colour of the sur-
face (Fig. 5d). In contrast, almost noprecipitates are seen on the cliff sur-
face without tafoni (Fig. 5c).

Most precipitates appear on the backwall of tafoni with a flat face
(Fig. 5e) or with one moderately expanded face (Fig. 5f). Furthermore,
precipitates that have a flower-like structure (Fig. 5g) can be found at
a relatively lower frequency. The flower-like precipitates have already
been identified to be calcite through XRD analysis (Fig. 5h, Kogure,
2019). The maximum length of the expanded calcite is approximately
10 cm. Flower-like structures are easily broken by the impact of a rock
hammer.

The precipitates on the backwall of tafoni appear to induce the de-
tachment of small fragments of the pyroclastic rock and gravel from
the surface during their growths, as evidenced by the accumulation of
4

small fragments and gravel at the foot of the tafoni. We confirm that
some precipitates have grown on the cliff surfaces from which gravel
has detached based on the observation of detachment scars inmoulded
shapes (Fig. 5a, b, g).

2.4. Rock hardness

To investigate themechanical characteristics of the cliff rock, Kogure
et al. (2019) applied the SH test to the cliff surface with and without
tafoni (Cliff 3 in the present study). This is because the R-value of the
SH test is closely related to the uniaxial compressive strength (UCS)
(e.g., Aydin and Basu, 2005), which is used to evaluate the mechanical
characteristics of rocks. Kogure et al. (2019) adopted the continuous
(repeated) impact method proposed by Matsukura and Aoki (2004),
who explained that repeated impacts at the same point without any re-
lease of the hammer from the rock surface generate an understanding of
the degree of weathering of the surface and make it possible to assess
the hardness of the intact rock. The R-value increases as the number
of repeated impacts increases because weathered surfaces that are
loose become firm due to compaction of the grains.

In Kogure et al. (2019), the results of the SH test clearly distin-
guished that the surfacewith tafoni has higher R-values than the surface
without tafoni (Table 1). The maximum and minimum R-values in 20
impact repetitions, Rmax and Rmin, reflect the strength of the inner
body and surface of the cliff, respectively (Table 1, Kogure, 2019). The
differences in Rmax, Rmin and standard deviation values between the
surfaces suggest that they have different physical and mechanical
properties despite composed of same rock type.

3. Methods

3.1. Samples for geochemical analyses

Fig. 6 shows the sampling points. Table 2 presents the list of samples.
Rock samples were selected from the matrix of the surface of tafoni or



Fig. 5. Close-up photos of cliff surfaces: (a) backwall of tafoni in Cliff 3, (b) backwall of tafoni with the detachment scar of gravel in Cliff 3, (c) without tafoni in Cliff 3, (d) projection of
precipitates and gravel from the surface of tafoni in Cliff 3, (e) a precipitate without expansion (No. 1-S4), (f) a precipitate with moderate expansion (No. 1-S5), (g) a flower-like salt
(No. 3-S7) and (h) XRD pattern of the salt in Fig. 5g (Kogure, 2019). The abbreviation “Ca” denotes calcite in Fig. 5h. The arrows in Fig. 5a, b and e show examples of the detachment
scars of gravel or boulder. Fig. 5c was taken looking upward along the surface of the largest tafone in Cliff 3. This figure is available in colour online.

T. Kogure, R. Sueyoshi, H. Ohira et al. Geomorphology 398 (2022) 108050
cave (Cliff 1–4), cliffs outside tafoni or cave (Cliff 1–4), bottom rim of
tafoni (Cliff 1–3) and transition zone from the backwall of tafoni to
cliff surface outside tafoni (Cliff 3). Precipitate samples were collected
5

from the backwall of tafoni or cave with different precipitate shapes: a
precipitate without notable expansion (Fig. 5e), amoderately expanded
precipitate without a flower-like part (Fig. 5f) and a flower-like salt



Table 1
Summary of the results of the SH test by Kogure et al. (2019).

Surface type (Number of SH test) Tafoni (26) Cliff surface
without tafoni (22)

Rmax Rmin Rmax Rmin

Maximum 63 36 48 22
Mean 59.0 24.4 37.7 14.8
Minimum 54 13 28 12
Standard deviation 2.6 6.4 5.1 2.1
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mentioned by Kogure et al. (2019) (Fig. 5g). Flower-like salt was found
and collected only from Cliff 3.

Fig. 7 shows some of the collected samples. Many of the precipitates
were powdered during sampling because theywere unconsolidated. All
of the samples were dried at 110 °C for more than 24 h before the prep-
aration of each chemical measurement.

3.2. Strontium isotope measurements

Isotopic measurements are well known and used to determine the
origin of chemical elements even in tafoni studies (e.g., McBride and
Picard, 2000). On the Isotake coast, Ca ions need to be provided to the
cliff surface for the precipitation of calcite. Igneous rocks can provide
Ca because they are composed of various types ofmineralswithmetallic
or nonmetallic elements. Seawater might also have provided Ca to the
surface through splashing. In addition to Ca, both igneous rocks and sea-
water contain Sr as a trace element. Strontium can be incorporated into
calcite during its formation, and the mechanisms of Sr incorporation
have been widely studied in biogenic (e.g., Lea et al., 1999) and inor-
ganic (e.g., Tesoriero and Pankow, 1996; Wasylenki et al., 2005) calcite.
Thus, Sr is present in Ca-bearing minerals such as plagioclase and am-
phibole, and is a useful tool to determine the origin of Ca. The measure-
ment of the 87Sr/86Sr ratio in Ca-bearing minerals allows us to identify
the source of Sr, which is considered to be the same as that of Ca. The
87Sr/86Sr ratio measurements in water and Holocenemarine carbonates
show that the values of the present-day seawater are 0.709241 ±
0.000032 and 0.709211 ± 0.000037, respectively (Elderfield, 1986).
The 87Sr/86Sr isotopic compositions of the Miocene volcanic rocks on
the Shimane Peninsula is in the range of 0.70417–0.70652 (Iizumi
et al., 1999). Water migrating through specific flow paths, including
high permeability/porosity zones or successions of structural disconti-
nuities in rocks, react with the rocks, resulting in the equilibrium in
87Sr/86Sr ratios between the water and rocks. Consequently, the
87Sr/86Sr ratio in calcite should be almost equal to that in seawater if
Ca is provided by seawater or to that in cliff material if Ca is contributed
by freshwater permeating the cliffs.

Measurements were conducted for almost all the samples (Table 2).
The samples of the rocks and precipitates (Fig. 7) were broken into
smaller portions of volume of ca. 1 cm3. We considered that the ca.
1 cm3 portions are large enough to represent the homogeneity of the
rocks and precipitates. These portions were powdered, and ca. 0.5 g of
each samplewas used for the analysis. Leachate obtained from the reac-
tion between 5% ammonium acetate and powdered samples was used
for themeasurements. The Sr in the sampleswas separated and purified
by standard ion exchange chromatography before the measurements.
The isotopic ratiowas determined bymulticollector double-focusing in-
ductively coupled plasma mass spectrometry (ICP-MS; Neptune Plus,
Thermo Fisher Scientific, Bremen, Germany) at the Research Institute
for Humanity and Nature. The values and processes used to calculate
the 87Sr/86Sr ratio with high accuracy were as follows. The 87Sr/86Sr ra-
tios were internally normalized to an 86Sr/88Sr ratio of 0.1194. Replicate
analyses of the NIST SRM 987 standard during this study yielded an
87Sr/86Sr ratio of 0.710302 ± 0.000014 (mean ± SD, n = 4). The stan-
dard deviation of the 87Sr/86Sr ratio of all the samples was lower than
6

0.000010. All the measurements were normalized to the 87Sr/86Sr
ratio of 0.71025 recommended by Faure and Mensing (2004).

3.3. Measurement of X-ray diffraction patterns

The XRD patterns of 20 samples were measured to identify the min-
erals present in the precipitates and the cliff surfaces (Table 2). Consid-
ering that the zeolite series usually occurs along miscellaneous joints
and cavities in rocks in active thermal areas (e.g., Coombs et al., 1959),
the XRD patterns can vary with the sampling location. The patterns
were recorded by a Rigaku diffractometer, SmartLab at Shimane Insti-
tute for Industrial Technology for samples No. 3-S3 and\\S4. Rint
2000 at Shimane University was used for the analysis of other samples.
The settings for SmartLab and Rint 2000were CuKα at 40 kV and 40mA
and CuKα at 30 kV and 20mA, respectively. The analysis was performed
between 3° and 50° at 2θ, steps of 0.02 and a scan speed of 10° per
minute for SmartLab and between 2° and 50° at 2θ, steps of 0.02 and a
scan speed of 2° per minute for Rint 2000.

3.4. CHNS elemental analysis

According to the Analytical Methods Committee (2006), the princi-
ple of this analysis can be simply summarized as follows. Simultaneous
CHNS analysis requires high-temperature combustion (ca. 1000 °C) in
an oxygen-rich environment. In the combustion process, carbon is con-
verted to carbon dioxide, hydrogen to water, nitrogen to nitrogen gas/
oxides of nitrogen and sulfur to sulfur dioxide/trioxide. The gases are
then passed through the absorbent traps to leave carbon dioxide,
water, nitrogen and sulfur dioxide. Finally, the elements are successfully
quantified.

The CHNS analysis was conducted for 46 samples (Table 2) using a
CHNS elemental analyser (FIONS EA1108) at Shimane University. As de-
scribed in 3.2, the samples of the rocks and precipitates (Fig. 7) were
broken into smaller portions, each with a volume of ca. 1 cm3. Then,
these portions were powdered. After being dried in an oven, 10 mg of
each sample was placed in the analyser. BBOT (the abbreviation of
2,5-Bis-(5-tert-butyl-benzo-oxazol-2-yl)-thiophen)was used as a stan-
dard, and a standard regression line based on 5 pointswas employed for
the quantitative analysis. Errors (coefficient of variation) inherent to
this analysis were within ±3% for total organic carbon (TOC), total hy-
drogen (TH) and total nitrogen (TN), and ± 4% for total sulfur (TS)
(Sampei et al., 1997).

3.5. Measurement of the moisture content

The moisture content, w, of rock surfaces can be measured by mois-
ture metres (e.g., Matsukura and Takahashi, 1999; Eklund et al., 2013).
We used a portable infrared optical moisture meter (JE100 manufac-
tured by Japanese Tobacco Engineering Co.) introduced by Matsukura
and Takahashi (1999). This device measures the absorbance intensity
of the near-infrared rays reflected from the surface, X, with a measure-
ment error within ±2.5%. Calibration was conducted prior to the mea-
surements following the instructions suggested by Matsukura and
Takahashi (1999). We used amorphous pieces of rocks with a volume
of ca. 100 cm3 obtained from the backwall of tafoni at Cliff 3 for calibra-
tion, and formulated an equation to calculate the value of w (%) as:

w ¼ 17:5X: ð1Þ

The X-values derived from themeasurements were converted to the
moisture content of the backwall of tafoni with Eq. (1).

We investigated hourly changes in moisture content with different
purposes. One was the measurement on the backwall of tafoni at Cliff
3 to understand the vertical distribution of moisture content on it. Mea-
surement points were aligned on lines parallel to Line A with vertical
and horizontal intervals of 1 m and 2 m, respectively (Lines A, C, D



Fig. 6. Points formeasurements and sampling sites: (a) Cliff 1, (b) studied tafone in Cliff 1 shown in the box in Fig. 6a, (c) a viewof a sidewall on the left side of the tafone in Fig. 6b, (d) Cliff
2, (e) enlarged photo of the tafone in the box in Fig. 6e, (f) Cliff 3, (g) transition zone from the backwall of tafoni to the cliff surfacewithout tafoni, (h) Cliff 4 and (i) inside the cave in Cliff 4.
This figure is available in colour online.
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Table 2
Rock and precipitate samples for geochemical analyses.

Sample No. Sample type Surface 87Sr/86Sr Error 87Sr/86Sr (bulk) Error CHNS (wt%) XRD pattern

TN TOC TH TS

Cliff 1
1-1 Rock Without tafoni 0.708241 0.000014 0.010 0.868 0.012 0.000
1-2 ditto ditto n/a n/a 0.011 0.189 1.091 0.016 Fig. 10
1-3 ditto ditto 0.708735 0.000007 0.016 1.718 1.303 0.001
1-4 ditto ditto 0.707016 0.000009 n/a n/a n/a n/a
1-5 ditto ditto 0.705195 0.000007 n/a n/a n/a n/a
1-6 ditto ditto 0.705205 0.000006 n/a n/a n/a n/a
1-7 ditto ditto 0.705187 0.000008 n/a n/a n/a n/a
1-8 ditto ditto 0.705194 0.000007 n/a n/a n/a n/a
1-9 ditto Tafoni 0.705221 0.000009 0.005 1.196 1.484 0.380
1-10 ditto ditto 0.705283 0.000009 0.004 0.308 0.865 0.065 Fig. 10
1-11 ditto ditto 0.705597 0.000011 0.002 0.307 0.696 0.095
1-S1 Precipitate ditto 0.705231 0.000009 0.004 0.222 2.563 0.219
1-S2 ditto ditto 0.705238 0.000007 n/a n/a n/a n/a
1-S3 ditto ditto 0.705227 0.000007 0.006 0.611 2.177 0.038
1-S4 ditto ditto 0.705231 0.000008 0.007 0.283 1.477 0.173 Fig. 10
1-S5 ditto ditto 0.705227 0.000008 0.006 3.108 2.257 0.037 Fig. 10
1-S6 ditto ditto 0.705244 0.000009 n/a n/a n/a n/a

Cliff 2
2-1 Rock Without tafoni 0.707701 0.000003 n/a n/a n/a n/a
2-2 ditto ditto 0.708546 0.000005 0.001 0.287 0.598 0.016 Fig. 10
2-3 ditto ditto 0.706759 0.000004 0.002 0.097 0.759 0.048
2-4 ditto ditto 0.707400 0.000004 0.001 0.109 0.439 0.131 Fig. 10
2-5 ditto ditto 0.707070 0.000005 0.001 0.212 0.668 0.047
2-6 ditto ditto 0.707587 0.000004 0.010 0.142 0.792 0.000
2-7 ditto ditto 0.708162 0.000004 n/a n/a n/a n/a
2-8 ditto ditto 0.708589 0.000003 0.012 0.807 1.245 0.036
2-9 ditto Tafoni 0.705592 0.000003 0.002 0.114 0.688 0.269
2-10 ditto ditto 0.705721 0.000004 0.001 0.090 0.850 0.060 Fig. 10
2-11 ditto ditto 0.705998 0.000004 0.002 0.082 0.762 0.049
2-S1 Precipitate ditto 0.705562 0.000003 0.004 0.003 2.358 0.209 Fig. 10
2-S2 ditto ditto 0.705743 0.000004 0.006 0.003 2.811 0.433
2-S3 ditto ditto 0.705812 0.000004 0.004 0.000 1.922 0.063 Fig. 10

Cliff 3
3-1 Rock Bottom rim 0.708333 0.000003 0.003 0.410 0.582 0.011
3-2 ditto ditto 0.708845 0.000003 0.010 0.067 0.923 0.004 Fig. 10
3-3 ditto ditto 0.708815 0.000014 0.708173 0.000008 0.036 0.273 1.716 0.020 Fig. 10
3-4 ditto ditto 0.708551 0.000003 0.035 0.333 0.724 0.062
3-5 ditto Without tafoni 0.707044 0.000003 0.020 0.284 0.924 0.015
3-6 ditto ditto 0.705890 0.000004 0.005 0.158 0.698 0.069
3-7 ditto ditto 0.705845 0.000013 0.705247 0.000007 0.006 0.102 0.199 0.000 Fig. 10
3-8 ditto ditto 0.705377 0.000003 0.000 0.508 0.491 0.189
3-9 ditto Tafoni 0.705330 0.000004 0.001 0.009 1.158 0.040
3-10 ditto ditto 0.705312 0.000004 0.005 0.091 0.895 0.121
3-11 ditto ditto 0.705372 0.000012 0.705330 0.000009 0.017 0.073 1.947 0.000 Fig. 10
3-12 ditto ditto 0.705524 0.000014 0.705353 0.000006 n/a n/a n/a n/a
3-13 ditto ditto 0.705671 0.000008 0.705422 0.000006 n/a n/a n/a n/a
3-14 ditto ditto 0.705566 0.000003 0.002 0.055 0.135 0.037
3-15 ditto Transition zone 0.705660 0.000004 0.019 0.221 0.692 0.033 Fig. 10
3-16 ditto ditto 0.705798 0.000004 0.016 0.261 0.661 0.042 Fig. 10
3-17 ditto ditto 0.706110 0.000004 0.028 0.363 0.623 0.006 Fig. 10
3-S1 Precipitate Tafoni 0.705662 0.000004 0.001 8.853 0.000 0.094
3-S2 ditto ditto 0.705425 0.000007 0.019 0.287 10.798 0.491
3-S3 ditto ditto 0.705435 0.000004 0.002 4.438 0.625 0.000 Fig. 10
3-S4 ditto ditto 0.705420 0.000004 0.001 2.756 0.981 0.000 Fig. 10
3-S5 ditto ditto 0.705702 0.000005 0.011 8.559 0.062 0.030 Fig. 10
3-S6 ditto ditto 0.705343 0.000005 0.015 0.957 2.798 0.263
3-S7 ditto ditto 0.706298 0.000012 0.000 10.112 0.000 0.000 Fig. 5h
3-S8 ditto ditto 0.705667 0.000011 0.000 4.725 1.052 0.000
3-S9 ditto ditto 0.705444 0.000011 0.000 0.000 2.284 0.000 Fig. 10

Cliff 4
4-1 Rock Without cave 0.706323 0.000010 n/a n/a n/a n/a
4-2 ditto ditto 0.707954 0.000008 n/a n/a n/a n/a
4-3 ditto ditto 0.706536 0.000007 n/a n/a n/a n/a
4-4 ditto ditto 0.705726 0.000008 n/a n/a n/a n/a
4-5 ditto Cave 0.705358 0.000008 n/a n/a n/a n/a
4-6 ditto ditto 0.705393 0.000008 n/a n/a n/a n/a
4-7 ditto ditto 0.705256 0.000009 n/a n/a n/a n/a
4-S1 Precipitate ditto 0.705413 0.000008 n/a n/a n/a n/a
4-S2 ditto ditto 0.705604 0.000010 n/a n/a n/a n/a
4-S3 ditto ditto 0.705418 0.000008 n/a n/a n/a n/a
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Table 2 (continued)

Sample No. Sample type Surface 87Sr/86Sr Error 87Sr/86Sr (bulk) Error CHNS (wt%) XRD pattern

TN TOC TH TS

4-S4 ditto ditto 0.705313 0.000010 n/a n/a n/a n/a
4-S5 ditto ditto 0.705268 0.000009 n/a n/a n/a n/a
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and E in Fig. 8a). The lowest points correspond to the deepest part of the
tafoni, which is equal to ca. 4.4m aboveMSL. The vertical profile of each
line is similar to that of Line A (Fig. 4b). The measurement was con-
ducted from 10:30 to 15:30 on 20th October 2016.

The other measurement was on both the backwall of tafoni and the
cliff surfaces without tafoni at Cliff 2 and Cliff 3 to understand the spatial
distribution of moisture content around a cliff with tafoni. Measurements
were conducted for Lines A− F on Cliff 2 (Fig. 6d) and Lines F−K on Cliff
3 (Fig. 6f), which are 2 m long, and measurement points were set on the
vertical lines everymeter. The bottom end of the lines was set on the ver-
tical surface of the cliff or tafoni slightly above the intersection of the ver-
tical surface and horizontal floor. The measurement was conducted from
10:00 to 15:00 for Cliff 3 and 12:00 to 15:00 for Cliff 2 on 26th November
2020. Detailed climate conditions are shown in Fig. 8b, c and d.

3.6. Schmidt hammer rebound test

The hammer used in this study was a GS-type for rocks, made by
Sanyo Testing Machines Co., Japan, having an impact energy of
2.207 Nm. The SH test was conducted at Cliffs 1, 2 and 3 (Fig. 6) in the
same manner as shown in Kogure et al. (2019): each test involved 20
impact repetitions. The impact points on Cliff 3 were not different
from those by Kogure et al. (2019), whose tests were also conducted
on the same cliff surface. Our tests included the impacts on the transi-
tion zone from the largest tafone surface to the cliff surface without
tafoni in Cliff 3 (Fig. 6f, g).

4. Results

4.1. Strontium isotope ratio and origin of calcium in calcite

Table 2 lists the results of the measurements of 87Sr/86Sr. The term
“bulk” means that the volume of the samples was larger (but smaller
than 1 cm3) compared to the ordinary 87Sr/86Sr measurements and
this is large enough to include some small clasts. The bulk samples
were used to mitigate the effect of contamination on the ordinary mea-
surements because the 87Sr/86Sr ratio of a smaller volume of matrix
could be affected by the presence of specific minerals with extremely
high or low values. In reality, the measurements of the small and large
samples showed almost the same 87Sr/86Sr values, ensuring the validity
of the measurements.

The results show that the 87Sr/86Sr ratios in the rocks and precipi-
tates on the backwall of tafoni are 0.705221–0.705597 for Cliff 1,
0.705562–0.705998 for Cliff 2 and 0.705312–0.706298 for Cliff 3
(Tables 2 and 3). These values are in the ranges reported by Iizumi
et al. (1999), indicating that the rhyolitic pyroclastic rocks of the study
cliff have 87Sr/86Sr ratios that are typical of the Miocene volcanic rocks
in the Shimane Peninsula and that the salts originated from rhyolitic
rocks. The value, 0.706298, obtained from sample No. 3-S7 is slightly
higher than that from the cliff matrix ratio values. Therefore, the limited
influence of seawater on the precipitation of calcite cannot be ruled out.
However, considering that the 87Sr/86Sr ratio in sample No. 3-S7 is sig-
nificantly lower than that of seawater (approximately 0.7092 as men-
tioned above) and that the values of the salts are almost the same as
those of the rocks (Table 2 and Fig. 9a),most of theCa in theprecipitated
calcite appears to have originated from the pyroclastic rocks in the cliffs.

The values in the rocks from the surface without tafoni and bottom
rim of the tafoni vary with location (Fig. 9a). They are higher on the
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surfaces where much seawater available through splashing (e.g., No.
1–1 to 1–4 in Fig. 6a) than on the surfaces where less splashing occurs
(e.g., No. 1–5 to 1–8 in Fig. 6a). Furthermore, the higher values are
close to the present-day seawater value (Fig. 9a). A similar trend is
also found in Cliff 4 (wave-cut cave): the rock surfaces outside the
cave have higher 87Sr/86Sr ratios than those in rocks and precipitates
on the cave surface (Tables 2 and 3). Therefore, the higher 87Sr/86Sr ra-
tios indicate that the surfaces have been affected by seawater.

4.2. XRD patterns and distribution of precipitates

Fig. 10 shows the XRD patterns of the rocks and precipitates. The
patterns reveal that almost all the samples contain clinoptilolite ((Na,
K, Ca0.5)6(Al6Si30O72)∙20H2O). These variations are produced by cation
substitution between Na, K and Ca. Therefore, clinoptilolite contains
Ca as a chemical component and appears to be a possible source of the
Ca involved in the precipitation of calcite. The composition of the re-
maining clinoptilolite changes to Ca-depleted clinoptilolite-Na or
clinoptilolite-K. Clinoptilolite is a secondary mineral defined as a mem-
ber of the zeolite mineral series (e.g., Coombs et al., 1997). The temper-
ature conditions for the occurrence of the zeolite series vary from 200 °C
to 300 °C, depending on the pressure. Yoshida (1979) noted that the ze-
olite minerals in the study areawere formed by the intrusion of rhyolite
occurring at the end of volcanism. Clinoptilolite must therefore have
also been precipitated in the hydrothermal alteration stage following
the volcanism. There is no active volcanism near the study area at the
present time which implies that clinoptilolite must have formed a
long time ago (ca. 16–14 Ma).

Halite (NaCl) is also observed in some samples from both rocks and
precipitates. However, no halite was detected from the samples from
Cliff 3 although the number of samples analysed were the largest
among the studied cliffs. The lack of halite in Cliff 3 could be attributed
to the lower susceptibility of directwaves to the Cliff 3 relative to Cliffs 1
and 2. Calcite was detected only fromNo. 3-S5 (Fig. 7), a flower-like salt
reported by Kogure et al. (2019), which is not seen on the backwall of
tafoni in Cliffs 1 and 2. The absence of calcite on the rocks other than
precipitates supports that clinoptilolite is a source of Ca for the precipi-
tation of calcite, and suggests that the detection of calcite can be
achieved by the formation of matured calcite crystal. These results indi-
cate that tafoni formation process differs between the cliffs: salt
weathering results in the formation of tafoni is mainly caused by halite
for Cliffs 1 and 2 and calcite for Cliff 3.

TheXRDpatterns ofmost of the rocks inside and outside of the tafoni
are similar: quartz and plagioclase, which are the major components of
rhyolite, are identified in addition to clinoptilolite. The XRD pattern of
the cliff surface without tafoni in Cliff 3, No. 3–7 has also quartz and pla-
gioclase. However, no particular peaks associated with clinoptilolite are
observed in No. 3–7: the lack of the peak at approximately 2θ=10 that
is clearly identified in other rocks and precipitates. This result is consis-
tent with our observation that there are fewer precipitates on the cliff
surface without tafoni (Fig. 5c), implying that the clinoptilolite content
of the rocks varies with location in the study cliffs.

4.3. CHNS elemental analysis

Tables 2 and 3 and Fig. 9b show the results of the CHNS analysis. The
mean total hydrogen content (TH, wt%) in the backwall of tafoni (=
1.034) is approximately 2 times higher than averaged values in the



Fig. 7. Samples of rocks and precipitates used for geochemical analyses. This figure is available in colour online.
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Fig. 8.Measurement ofmoisture content: (a)measurement points along Lines A, C, D and E, (b), (c) and (d) hourly changes in the temperature, sunlight andwind velocity, respectively, on
20th October 2016 and 26th November 2020. Line A corresponds to that in Fig. 4a and b. The climate conditions were measured at an inlandweather station located 5 km away from the
cliff. This figure is available in colour online.
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cliff surface without tafoni (= 0.578) in Cliff 3 (Table 3). However, p-
value obtained by the independent sample t-test shows no statistical
difference (p > 5.0 × 10−2) between them (this might be because ex-
tremely low TH-value in 3–14 largely affected p-value). The difference
in TH-value between the backwall of tafoni and the cliff surface without
tafoni is smaller in Cliffs 1 and 2 compared to Cliff 3. The value of TH dif-
fers with the amount of clay minerals contained in the rocks because
seawater does not contain materials that affect the TH-value. The XRD
patterns in Fig. 10 show that the rocks and precipitates on the studied
cliffs have clay minerals such as clinoptilolite, garronite, phillipsite,
and that the volume percentage of clinoptilolite must be much larger
than the others. Other clay minerals, which might be formed through
hydrothermal alteration or weathering, could also be present in the
rocks and precipitates. However, their volume percentage would be
too small to be detected in the XRD patterns as major components.
Therefore, we consider that clinoptilolite is representative of the clay
minerals in the rocks and precipitates, hence, TH-value is likely to be a
proxy for clinoptilolite in this study. Thus, the amount of clinoptilolite
must be larger on the surface of the tafoni than on the cliff surface with-
out tafoni in Cliff 3.
11
The mean TOC content (wt%) is statistically lower in the backwall of
tafoni than in the other parts of the Cliff 3 (Table 3). The difference is
likely to be related to the precipitation of calcite on the backwall of
tafoni. In Cliff 3, the results for the precipitates show that the flower-
like part (No. 3-S1, S5, S7) is composed almost entirely of calcite be-
cause only carbon, a component of CaCO3, was detected. Both carbon
and hydrogen are present in the precipitate without the flower-like
structure (No. 3-S3, S4, S6, S8), indicating that it appears to be amixture
of calcite and clinoptilolite which is supported by XRD analysis (Fig. 10).
Finally, what we can see on the backwall of tafoni, after the detachment
of a gravel, without a particular expansion (e.g. No. 3-S2, S9) is not cal-
cite and is entirely made of clinoptilolite. The above-mentioned results
imply that these samples may show a process of precipitate growth
on tafoni surface in Cliff 3; in other words, the difference in the shape
of the precipitates reflects different degrees of growth, from appearance
on the cliff surface to mature/expanded salt, along with a composition
change from clinoptilolite to calcite. Therefore, the lower TOC-value in
the backwall of tafoni is likely to indicate that carbon, most of which
can originate from CO2 in the air dissolved into the water, is removed
from the surface for the precipitation of calcite.



Table 3
Summary of the results of the geochemical analyses.

Sample type Surface 87Sr/86Sr CHNS (wt%)

TN TOC TH TS

Cliff 1
Rock Without tafoni (n = 8)

Maximum 0.708735 0.016 1.718 1.303 0.016
Mean 0.706396 0.012 0.925 0.802 0.006
Minimum 0.705187 0.010 0.189 0.012 0.000
SDa 0.001583 0.003 0.766 0.692 0.009
p-Value between tafoni 1.1 × 10–2 5.8 × 10–1 6.7 × 10–1 1.6 × 10–1

Rock Tafoni (n = 3)
Maximum 0.705597 0.005 1.196 1.484 0.380
Mean 0.705367 0.004 0.604 1.015 0.180
Minimum 0.705221 0.002 0.307 0.696 0.065
SDa 0.000202 0.001 0.513 0.415 0.174
p-Value between tafoni N/A N/A N/A N/A

Precipitate Tafoni (n = 6)
Maximum 0.705244 0.007 3.108 2.563 0.219
Mean 0.705233 0.006 1.056 2.118 0.117
Minimum 0.705227 0.004 0.222 1.477 0.037
SDa 0.000007 0.001 1.379 0.459 0.093

Cliff 2
Rock Without tafoni (n = 8)

Maximum 0.708589 0.012 0.807 1.245 0.131
Mean 0.707727 0.004 0.276 0.750 0.046
Minimum 0.706759 0.001 0.097 0.439 0.000
SDa 0.000665 0.005 0.270 0.273 0.045
p-Value between tafoni 4.0 × 10–1 3.0 × 10–1 9.3 × 10–1 1.8 × 10–1

Rock Tafoni (n = 3)
Maximum 0.705998 0.002 0.114 0.850 0.269
Mean 0.705770 0.002 0.095 0.766 0.126
Minimum 0.705592 0.001 0.082 0.688 0.049
SDa 0.000207 0.001 0.016 0.081 0.124
p-Value between tafoni N/A N/A N/A N/A

Precipitate Tafoni (n = 3)
Maximum 0.705812 0.006 0.003 2.811 0.433
Mean 0.705706 0.005 0.002 2.364 0.235
Minimum 0.705562 0.004 0.000 1.922 0.063
SDa 0.000129 0.001 0.002 0.444 0.186

Cliff 3
Rock Without tafoni (n = 4)

Maximum 0.707044 0.020 0.508 0.924 0.189
Mean 0.706039 0.008 0.263 0.578 0.068
Minimum 0.705377 0.000 0.102 0.199 0.000
SDa 0.000709 0.008 0.180 0.309 0.086
p-Value between tafoni 7.7 × 10–1 6.6 × 10–2 3.0 × 10–1 7.2 × 10–1

Rock Tafoni (n = 6)
Maximum 0.705671 0.017 0.091 1.947 0.121
Mean 0.705462 0.006 0.057 1.034 0.050
Minimum 0.705312 0.001 0.009 0.135 0.000
SDa 0.000146 0.007 0.035 0.747 0.051
p-Value between tafoni N/A N/A N/A N/A

Precipitate Tafoni (n = 9)
Maximum 0.706298 0.019 10.112 10.798 0.491
Mean 0.705599 0.006 4.521 2.067 0.098
Minimum 0.705343 0.000 0.000 0.000 0.000
SDa 0.000293 0.008 3.882 3.422 0.171

Rock Transition zone (n = 3)
Maximum 0.706110 0.028 0.363 0.692 0.042
Mean 0.705856 0.021 0.281 0.658 0.027
Minimum 0.705660 0.016 0.221 0.623 0.006
SDa 0.000231 0.006 0.073 0.034 0.019
p-Value between tafoni 3.7 × 10–2 2.8 × 10–3 4.4 × 10–1 5.1 × 10–1

Rock Bottom rim (n = 4)
Maximum 0.708845 0.036 0.410 1.716 0.062
Mean 0.708636 0.021 0.271 0.986 0.024
Minimum 0.708333 0.003 0.067 0.582 0.004
SDa 0.000242 0.017 0.147 0.506 0.026
p-Value between tafoni 1.6 × 10–1 3.0 × 10–2 9.2 × 10–1 4.1 × 10–1

Cliff 4
Rock Without cave (n = 4)

Maximum 0.707954
Mean 0.706635
Minimum 0.705726

T. Kogure, R. Sueyoshi, H. Ohira et al. Geomorphology 398 (2022) 108050

12



Table 3 (continued)

Sample type Surface 87Sr/86Sr CHNS (wt%)

TN TOC TH TS

SDa 0.000944
Rock Cave (n = 3)

Maximum 0.705393
Mean 0.705336
Minimum 0.705256
SDa 0.000071

Precipitate Cave (n = 5)
Maximum 0.705604
Mean 0.705403
Minimum 0.705268
SDa 0.000129

a SD: Standard deviation.
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4.4. Moisture content

Hourly changes in w-value of the backwall of tafoni are shown in
Fig. 11a, b, c and d. The w-value was higher in the morning and lower
in the afternoon, and it decreased as the relative height of a measuring
point increased. The range of moisture differences, which appears to re-
flect the amount of evaporation, also decreased as the relative height in-
creased (Fig. 11a, b, d). Thesewere common in all lines except for LineD
(Fig. 11c). In Line D, the w-value and its range at 1 m were the lowest
and the smallest, respectively.

Fig. 11e and f shows the averaged values ofwmeasured at different
parts of Cliffs 2 and 3. Lines C and D in Cliff 2 and Lines H and I in Cliff 3,
which were set on tafoni, show higher moisture content than the other
lines set on the cliff surface without tafoni. The effect of the measure-
ment error on the results in Fig. 11 is negligible because the measure-
ment error is smaller than ±2.5% of measurand (Matsukura and
Takahashi, 1999).

4.5. Schmidt hammer rebound test

The results of the SH test are shown in Table 4 and Fig. 12. Fig. 12
shows the relationship between Rmax and Rmin during 20 impact
repetitions for each test. In the result from Cliff 3, Rmax and Rmin are
Fig. 9. Results of geochemical analyses: (a) 87Sr/86Sr ra
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plotted separately with location: the cliff surface without tafoni shows
the lowest Rmax and Rmin values, and the backwall of tafoni shows the
highest Rmax and Rmin values. The bottom rim has relatively smaller
values than the backwall of tafoni. The plots for the transition zone
appear to connect those for the backwall of tafoni to the cliff surface
without tafoni, reflecting its spatial alignment on the cliff surface.
However, no clear distinction of the plots is found in the results from
Cliffs 1 and 2. We conducted independent sample t-test to evaluate
the difference in Rmax and Rmin values between the backwall of tafoni
and the other parts of the cliffs such as the cliff surface without tafoni,
bottom rim and transition zone. The test statistically confirmed that
the backwall of tafoni is harder than the other parts in Cliff 3
(Table 5). These results indicate that the physical and mechanical
properties of the rocks differ with the locations in Cliff 3, whereas they
are similar even in the different parts of the cliff surfaces in Cliffs 1
and 2.

5. Discussion

5.1. Essential factors for tafoni formation

Turkington and Paradise (2005) pointed out the importance of rec-
ognizing the system that controls weathering and the interactions
tio measurement and (b) CHNS elemental analysis.



Fig. 10.X-ray diffraction patternsmeasured for the samples. The abbreviations “C”, “Ca”, “Ga”, “H”, “P”, “Pl” and “Q” denote clinoptilolite, calcite, garronite, halite, phillipsite, plagioclase and
quartz, respectively.
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between morphological elements, operating processes and environ-
mental conditions. Bruthans et al. (2018) proposed a hierarchal model
of interactions between the essential factors responsible for honeycomb
formation. The model includes three factors: 1) initial and external fac-
tors; 2) organizing factors; and 3) decay factors. They mentioned that
their model may be applicable to tafoni formation because the essential
factors in the model are common between honeycombs and tafoni.
Therefore, we apply this model to this study and discuss each factor to
understand the tafoni formation process in a better way.

5.1.1. Initial factors
The initial and external factors via the hydraulic field dictate where

salt precipitation and rock decaywill occur andwhich surfacemorphol-
ogy will be created (Bruthans et al., 2018). In addition to the initial rock
shape, climate and vegetation (Bruthans et al., 2018), geological hetero-
geneities of rocks should be considered as initial factors in this study.

Rainwater could wash out surface materials of the cliffs including
calcite and clinoptilolite and result in fewer precipitates on the cliff sur-
face without tafoni than backwall of tafoni. However, rainwater is un-
likely to be a main cause of the fewer precipitates. As seen on the
backwall of tafoni (Fig. 5b), clinoptilolite or secondary calcite projecting
from clinoptilolite can also be found on a depressed (sheltered in small
scale) part of the cliff surface without tafoni if clinoptilolite content in
the cliff surface without tafoni is same as that in the backwall of tafoni.
This can be achieved even if most of clinoptilolite or calcite are removed
by surface waterflow. However, the cliff surface without tafoni does not
14
include such clinoptilolite or calcite (Fig. 5c) unlike the backwall of
tafoni (Fig. 5a and b). Furthermore, TH-content in the bottom rim
of the tafoni in Cliff 3, where rainwater directly flow down similar
to the cliff surface without tafoni, appears to be almost the same as
that in the backwall of tafoni (Table 3 and Fig. 9b). This suggests that
rainwater does not wash out clinoptilolite from the cliff surfaces. There-
fore, it is reasonable to consider that clinoptilolite content is originally
different between the cliff surface without tafoni and the backwall of
tafoni.

Considering that clinoptilolitemust have been formed during hydro-
thermal alteration prior to tafoni formation, the heterogeneity in the
distribution of clinoptilolite was most likely to have been caused by
the spatial alignment of flow path for hydrothermal alteration. There-
fore, the distribution of flowpathswas likely towork as the initial factor
and controlled the distribution of clinoptilolite in this study. The flow
paths include structural discontinuities such as bedding planes, faults,
cracks and high-porosity zones without any discontinuities. The fluid
behaviour in rock cores has been well visualized on a three-
dimensional scale. A high-porosity zone, as revealed by medical X-ray
computational tomography scanning, can be used as a flow path by
any type of fluid (e.g., Kogure et al., 2017, 2018). Therefore, the porosity
distribution can determine the configuration of the flow paths and re-
sult in heterogeneous distributions of secondary minerals. The higher
w-value of the backwall of tafoni in Fig. 11e and f shows that the flow
paths have still been used for the migration of water through the cliff
body to the surface of the cliffs even in the present time.



Fig. 11. Results of the changes inmoisture content. Hourly changes in the backwall of tafoni in Cliff 3 along Lines (a) A, (b) C, (c) D and (d) E. Averagedmoisture content around (e) Cliff 2
and (f) Cliff 3. An error bar shows the maximum and minimum values during the measurements. This figure is available in colour online.
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Table 4
Results of the SH test.

No. Surface Rmax Rmin

Cliff 1
1 Without tafoni 48 18
2 ditto 52 12
3 ditto 47 16
4 ditto 42 21
5 ditto 55 29
6 ditto 53 12
7 Bottom rim 56 13
8 ditto 50 20
9 ditto 43 9
10 ditto 61 19
11 ditto 60 18
12 Without tafoni 56 11
13 ditto 45 17
14 Tafoni 32 13
15 ditto 41 20
16 ditto 44 14
17 ditto 50 20
18 ditto 44 21
19 ditto 42 13
20 ditto 50 23
21 ditto 50 34
22 ditto 41 15
23 ditto 64 37
Statistics
p-Value between Tafoni and

Without tafoni 2.6 × 10–1 2.8 × 10–1

Bottom rim 9.0 × 10–2 2.3 × 10–1

Cliff 2
1 Without tafoni 37 12
2 ditto 36 13
3 ditto 42 12
4 ditto 43 18
5 Bottom rim 46 16
6 ditto 38 15
7 ditto 52 17
8 ditto 43 13
9 Without tafoni 41 18
10 ditto 40 12
11 ditto 53 12
12 ditto 37 18
13 ditto 33 12
14 ditto 39 9
15 ditto 59 17
16 Tafoni 43 20
17 ditto 52 14
18 ditto 35 16
19 ditto 44 9
20 ditto 56 14
21 ditto 48 16
22 ditto 46 14
23 ditto 50 16
24 ditto 53 9
Statistics
p-Value between Tafoni and

Without tafoni 9.6 × 10–2 8.4 × 10–1

Bottom rim 4.8 × 10–1 5.9 × 10–1

Cliff 3
1 Bottom rim 55 13
2 ditto 53 29
3 ditto 57 9
4 ditto 46 12
5 ditto 48 9
6 ditto 47 12
7 ditto 53 11
8 ditto 48 9
9 ditto 52 28
10 Without tafoni 34 12
11 ditto 30 12
12 ditto 31 18
13 ditto 23 13
14 ditto 24 11
15 ditto 24 11
16 ditto 23 13

Table 4 (continued)

No. Surface Rmax Rmin

17 ditto 24 11
18 ditto 20 12
19 ditto 20 10
20 Tafoni 52 30
21 ditto 60 20
22 ditto 62 31
23 ditto 60 30
24 ditto 60 17
25 Tafoni 62 21
26 ditto 56 16
27 ditto 57 22
28 ditto 56 25
29 ditto 64 24
30 ditto 57 34
31 ditto 60 30
32 Transition zone 51 19
33 ditto 48 30
34 ditto 58 23
35 ditto 58 28
36 ditto 38 21
Statistics
p-Value between Tafoni and

Without tafoni 1.3 × 10–14 2.9 × 10–6

Bottom rim 8.3 × 10–5 2.9 × 10–3

Transition zone 8.8 × 10–3 7.9 × 10–1

Rmax and Rmin: maximum and minimum rebound value during 20 impacts.
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Hydrothermal alteration can change the mechanical properties of a
rock. Frolova et al. (2014) concluded that high-temperature fluids
(>200 °C) cause consolidation and strengthening of rock and stated
that this is the result of increased hardness developed by secondary
minerals, such as zeolites and calcite, which fill pores and veins. Min-
erals that fill the intercrystalline and intergranular micropores make
the largest contribution to rock strengthening, and the contacts be-
tween grains become stronger and denser, reinforcing the cementation
of the rock (Frolova et al., 2014). Kogure et al. (2019) also reported that
secondary carbonates filling pore spaces in sandstone result in an in-
crease in UCS and radial compression strength. These processes seem
to play a role in strengthening. Considering the similarity in themineral
components between these studies and the present study, these pro-
cesses may also have occurred in the study cliffs, especially in Cliff 3:
the backwall of tafoni in Cliff 3 has a greater hardness than the outer
cliff surfaces, while no clear differences are found in Cliffs 1 and 2
(Table 5 and Fig. 12).

Hydrothermal alternation has also determined the distribution of
clinoptilolite in addition to that of the R-value. To understand the rela-
tionship between the rock hardness and the amount of clinoptilolite,
averaged R-values obtained from Cliffs 1, 2 and 3 (Table 5) were plotted
against TH-values (Table 3). Fig. 13 shows a positive relationship
between the parameters: the cliff surfaces become harder as the TH-
value increases in any surface type. The data clearly show that
hydrothermal alteration has worked as a principal initial factor for the
surface topographyof the study cliffs especially for Cliff 3. The role of hy-
drothermal alteration and its significance in salt weathering appear to
have not been fully considered and recognized in the previous studies
for tafoni formation on volcanic rocks (e.g. Höllermann, 1975; Kelletat,
1980).

The difference in the clinoptilolite content possibly produced by the
following factors. Firstly, it is related to the amount of glass in the pyro-
clastic rocks since, within the minerals in the rocks, glass is subject to
hydrothermal alteration easily (e.g. Browne, 1978). Glass alters to
other minerals including zeolite series. Therefore, a part of Cliff 3 with
high clinoptilolite content could have originally been rich in glass. The
second factor is the difference in the degree of hydrothermal alteration
with location. Fig. 13 supports the second factor because higher hydro-
thermal alternation increases both clinoptilolite content and rock hard-
ness. Volcanic hydrothermal circulation is controlled by the architecture



Fig. 12. Results of the SH test showing the relationship between Rmax and Rmin. This figure is available in colour online.
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of original volcanoes: strong hydrothermal alteration is usually limited
to areas close to dikes, sills, subvolcanic intrusive rocks and vent struc-
tures (e.g., Van Kranendonk, 2006). These structures, which originated
from previous volcanic activity after the opening of the Sea of Japan,
are well preserved in some areas around the Shimane Peninsula (Kano
et al., 1993). Considering that the geochemical and mechanical proper-
ties of the rock surfaces gradually change within a few metres in the
transition zone in Cliff 3, the transition zone appears to be a boundary
between the rocks with strong hydrothermal alteration and those
with less alteration. Therefore, a specific volcanic architecture is likely
to exist close to the tafone as evidence of hydrothermal circulation, al-
though the tafone surface itself does not show such distinctive features.

5.1.2. External factors
External factors that should be considered in this study include

climate and seawater. Although Ohda City is located in a humid subtrop-
ical area, there were dozens of days on which temperatures dropped
below 0 °C (Fig. 2b). The effect of freezing and thawing on tafoni forma-
tion has been reported in cold regions such as Finland (Kejonen et al.,
1988) and Antarctica (e.g., Hall and André, 2006). However, even in
Antarctica, freezing is not necessarily a main cause of tafoni formation
(Prebble, 1967; Strini et al., 2008). Cárdenes et al. (2014) conducted
laboratory experiments on the durability of sedimentary rocks against
salt crystallization and freeze-thaw cycles and concluded that salt crystal-
lization has more devastating effects than freeze–thaw cycles in most
cases. These studies imply that the freeze-thaw process is effective only
under limited environmental conditions. Considering that the coastal
area is usually warmer than inland area at night, actual nighttime low
temperature around the study cliffs is likely to be higher than the one
measured at the weather station representative for Ohda city (Fig. 2).
This is because the coastal cliffs locate 5 km away from the station. This
suggests that imperceptible freeze-thaw process would operate on the
backwall of tafoni and the cliff surfaces without tafoni only for a limited
duration in a year. Therefore, the contribution of the freeze-thaw process
to tafoni formation in the study cliffs is likely to be very small.

Seawater could also be responsible for tafoni development in the
coastal areas as a source of salts (e.g., Mottershead and Pye, 1994). In
the study site, seawater is likely to contribute to tafoni formation in
Cliffs 1 and 2 through the precipitation of halite (Fig. 10). On the other
hand, the results of 87Sr/86Sr measurements clearly show that the
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source of Ca is not seawater but clinoptilolite in cliff materials in Cliff
3. Calcite precipitates from the water from the rock interior
(e.g., Schweigstillová et al., 2009; Navrátil et al., 2013) in Cliff 3.

5.1.3. Organizing factors
Organizing factors such as the hydraulic field and its boundary con-

ditions have crucial controls on the location of the salt decay zone
whenever salt precipitates from capillary water migrating through a
rock body (Bruthans et al., 2018). The hydraulic field is composed of
the capillary zone, where liquid water is transported by capillary pres-
sure inside the rock body, and the vapor zone, where only water
vapor is transported (Fig. 1 in Bruthans et al., 2018). The contact of
both zones where salt precipitates is called the evaporation zone. The
salt decay zone therefore seems to be the same as the evaporation
zone. The boundary conditions are determined by the microclimate,
i.e., the balance between the infiltration of water and potential
evaporation.

Our measurements revealed that Ca in clinoptilolite dissolves into
freshwater. Dissolved Ca precipitates as secondary calcite when the
freshwater evaporates in the salt decay zone. Bruthans et al. (2018)
showed two types of tafoni formation models depending on the depth
of the salt decay zone determined by the balance between the evapora-
tion rate and the infiltration/recharge rate of water. The salt decay zone
exists close to the rock surface if the depth of the hydraulic potential
field is close to the surface, and vice versa. In their model, cavernous
weathering will proceed if the salt decay zone exists in the deeper
zone because salts are deposited in pits. On the other hand, the salt
decay zone located close to the rock surface results in salt deposition
in lips and their gradual destruction and smoothing of the surface.

There are some holes in the cliff surfaces surrounding the upper part
of the tafoni in Cliff 2 and Cliff 3 (Fig. 3b, c), which seem to have coa-
lesced to become larger. The coalescence of cavernous structures occurs
during their evolution processes (e.g., Mustoe, 1983; McBride and
Picard, 2000; Chen et al., 2019). Tafoni and honeycombs increase their
depth and width simultaneously and then develop laterally when
their sidewalls are breached (McBride and Picard, 2000; Chen et al.,
2019). However, the holes in this study appear to have no sidewalls
and are connected to the large hollows just beneath the cliff surface sur-
rounding the tafoni (Fig. 5). The surface is actually just a thin crust with
some holes. This indicates that the salt decay zone and the evaporation



Table 5
Summary of the results of the SH test.

Surface type (Number of SH test) Rmax Rmin

Cliff 1
Without tafoni (n = 8)
Maximum 56 29
Mean 49.8 17.0
Minimum 42 11
SDa 5.0 6.0
p-Value between tafoni 2.6 × 10–1 2.8 × 10–1

Bottom rim (n = 5)
Maximum 61 20
Mean 54.0 15.8
Minimum 43 9
SDa 7.5 4.7
p-Value between tafoni 9.0 × 10–2 2.3 × 10–1

Tafoni (n = 10)
Maximum 64 37
Mean 45.8 21.0
Minimum 32 13
SDa 8.4 8.5
p-Value between tafoni N/A N/A

Cliff 2
Without tafoni (n = 11)
Maximum 59 18
Mean 41.8 13.9
Minimum 33 9
SDa 7.7 3.2
p-Value between tafoni 9.6 × 10–2 8.4 × 10–1

Bottom rim (n = 4)
Maximum 52 17
Mean 44.8 15.3
Minimum 38 13
SDa 5.9 1.7
p-Value between tafoni 4.8 × 10–1 5.9 × 10–1

Tafoni (n = 9)
Maximum 56 20
Mean 47.4 14.2
Minimum 35 9
SDa 6.3 3.5
p-Value between tafoni N/A N/A

Cliff 3
Without tafoni (n = 10)
Maximum 34 18
Mean 25.2 12.2
Minimum 20 10
SDa 4.6 2.2
p-Value between tafoni 1.3 × 10–14 2.9 × 10–6

Bottom rim (n = 9)
Maximum 57 29
Mean 51.0 14.7
Minimum 46 9
SDa 3.9 8.0
p-Value between tafoni 8.3 × 10–5 2.9 × 10–3

Tafoni (n = 12)
Maximum 64 34
Mean 58.8 25.0
Minimum 52 16
SDa 3.3 5.9
p-Value between tafoni N/A N/A
Transition zone (n = 5)
Maximum 58 30
Mean 50.6 24.2
Minimum 38 19
SDa 8.3 4.7
p-Value between tafoni 8.8 × 10–3 7.9 × 10–1

a SD: Standard deviation.

Fig. 13. Relationship between R-value and TH in the cliff surfaces.
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front are likely to exist deeper from the surfaces, organizing the cavern-
ous structure beneath the cliff surfaces in the study cliffs.

5.1.4. Decay factors
Our investigations show that the dominant decay factor for tafoni is

the precipitation of halite for Cliffs 1 and 2 and calcite for Cliff 3. The
pressure induced by salt crystallization in confinement was measured
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by laboratory experiments although salt damagemechanisms are com-
plex (Goudie and Viles, 1997). Desarnaud et al. (2016) measured the
force exerted by growing alkali halide salt crystals while visualizing
their spontaneous nucleation and growth. The maximum pressure of
NaCl (halite) varies from approximately 100 to 1000 MPa depending
on the degree of salt concentration. The crystallization pressure of so-
dium sulfate, Na2SO4, was determined to be 200–350 MPa (Saidov
et al., 2015). These studies indicate that the crystallization pressure is
on the order of 100MPa, although to the best of our knowledge, studies
on CaCO3 have not been performed. The rock strength of the study cliffs
can be determined by converting the R-value in the SH test. Considering
that the rock body will be ruptured by the increased volume of calcite
inside the rock, the tensile strength (St) of the rock should be
compared with the crystallization pressure. The maximum value of
Rmax in the backwall of tafoni is 64 in Cliff 3 between the studied cliffs
(Table 5), which equals a UCS of 228 MPa according to a conversion
chart attached to the instrument used for the test. Value of St can be
estimated from the UCS because the UCS is 5–25 times larger than the
St in many rocks (Sunamura, 1992). This consistency allows us to
estimate that the maximum St is approximately 45 MPa. Therefore, it
is plausible that the crystallization pressure of halite and calcite
exceeds the St of the rock, which is sufficient to induce salt weathering.

The numerical simulation byHuinink et al. (2004) showed thatmost
salts should be deposited at places with maximum evaporation. In the
studied cliffs, as far as we can understand, the maximum evaporation
from the backwall of tafoni is likely to occur at the measurement points
that correspond to the retreat points of eachmeasurement line in Cliff 3
where the highest moisture content and the maximum range of the
moisture difference were found: the retreat point is at the relative
height of 2 m in Cliff 2 (Lines C and D in Fig. 11e) and of 0 m in Cliff 3
(Fig. 11a, b, c, d, and Lines H and I in Fig. 11f). Therefore, salt weathering
on the backwall of tafoni is likely to be controlled by evaporation pro-
cesses. Huinink et al. (2004) showed that a long drying period is impor-
tant for tafoni development, and this is more likely to occur at themore
sheltered parts of a rock surface. Schnepfleitner et al. (2016) pointed out
that this mechanism is responsible for the tendency of tafoni to grow
upward because the upper part of tafoni has sheltered parts that receive
no direct sunlight in many cases, resulting in higher moisture contents
than the parts with direct sunlight. In this study, the cliff surface sur-
rounding the upper part of the tafoni has hollows beneath the surface,
while no hollows have developed on the sidewall of the tafoni
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(Figs. 3a, b, 4c and d). The moisture content in the sheltered hollows
must be larger with slower drying phases than the other parts, although
we have no quantitative data at the present moment.

5.2. Formation process of surface topography of Cliff 3

We consider that the formation process of tafoni and the sur-
face topography in Cliff 3 is unique compared to the other studied
cliffs and previous studies. The formation process is summarized
in the following statements. The process is divided into two pat-
terns according to the amount of clinoptilolite present in the
rocks: one is associated with tafoni (Fig. 14a), and the other is as-
sociated with rockfalls (Fig. 14b). In the cliff with tafoni, much cal-
cium released from clinoptilolite dissolves into freshwater that
migrates through the cliff as capillary flow. Freshwater may con-
sist of rainwater and groundwater; however, only rainwater is il-
lustrated in the figure because we have no information on the
presence of groundwater. Calcite precipitates when freshwater
reaches across the border to the vapor zone for evaporation. Cal-
cite precipitation facilitates salt weathering of the cliff surface to
form tafoni. Therefore, the locations of tafoni are likely to corre-
spond to cliff surfaces rich in clinoptilolite. Both the higher
strength of the backwall of tafoni and the disintegration of the
backwall surface into small particles caused by frequent salt
weathering may have led to the prevention of the rockfalls as
seen in the cliff surface without tafoni.

The tafoni depth is larger in the lower part of the cliff where the
moisture content is higher, and larger fluctuations were measured
(Fig. 11). It is predictable that the rainwater that infiltrated from the
top surface migrates downward through the cliff body by gravity. In
Fig. 14. Schematic diagrams of the differing processes of (a) tafoni formation and (b) rockfall i
figure is available in colour online.
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addition, rainwater migrates laterally from inside the cliff towards the
cliff surface because of the gradient in water pressure (Schnepfleitner
et al., 2016). Therefore, the balance between the rate of downward
and lateral migration of freshwater is likely to control the height of
the higher moisture part, which results in the larger tafoni depth
(Fig. 14a). The salt concentration in the sheltered part of the upper
part of the cliffs is found to form hollows just beneath the surface. The
longer drying period in the sheltered part promotes the precipitation
of calcite, although the volume of Ca-containing rainwater provided to
the sheltered part must be smaller than that provided to the lower
part. Therefore, the study cliffs have two active parts for tafoni forma-
tion that are possibly produced by different hydrological and evapora-
tion processes.

The cliff associated with rockfalls (Fig. 14b) has a smaller amount
of clinoptilolite than the cliff with tafoni (Tables 2 and 3). The con-
centration of Ca dissolved into the rainwater must be so small that
calcite does not precipitate on the cliff surface (Fig. 5c). The cliff sur-
face with smaller R-values is then likely to become the source of
rockfalls. Based on these processes, the identification of potential
rockfalls is likely achieved by the presence or absence of tafoni in
the study site.

Finally, we emphasize that rockfalls from the cliff surfaces with/
without tafoni discussed in this study are different from the collapse
of a visor, which is a part of the cliff surface surrounding the tafoni. It
is known that visors surrounding cavernous decay (including
notches) become unstable and collapse as the decay grows
(e.g., McBride and Picard, 2000; Kogure et al., 2006; Shtober-Zisu
et al., 2017). Therefore, collapses of the visors can also occur in the
study area when the gravitational forces affecting the visors exceed
the St of the cliff materials (e.g., Kogure et al., 2006). However,
n Cliff 3. The abbreviations “C” and “Ca” denote clinoptilolite and calcite, respectively. This
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there are no rock masses at the base of the tafoni (Fig. 4), including
those that can be clearly identified as a part of the visors. This indi-
cates that visor collapses are unlikely to occur or that the visors grad-
ually disintegrate into materials consisting of rhyolitic pyroclastic
rock, although detailed processes are not obvious. It can also be sup-
posed that the visors actually collapse, and fallen visors are removed
by waves immediately after collapse.

6. Conclusions

This study discussed the factors and processes for the origin and de-
velopment of tafoni on the coastal cliff surfaces in Shimane, Japan. Geo-
chemical analyses were conducted to elucidate the origin of the Ca in
the rocks and precipitates and to evaluate the amount of clinoptilolite,
which is directly related to the presence of Ca. The SH test was also ap-
plied to the surface of the cliffs to determine the physical and mechan-
ical properties of the surfaces.

The results revealed that localized hydrothermal alteration was
an important prerequisite to promote subsequent tafoni formation
in addition to the salt weathering process caused by halite precipita-
tion which is well known in coastal environment. The hydrothermal
alteration produced a substantial amount of clinoptilolite and in-
duced strengthening of the rock. Eventually, the crystallization pres-
sure of calcite originating from clinoptilolite exceeds even the tensile
strength of the strengthened surface to form tafoni. The specific con-
clusions are as follows:

(1) The CHNS analyses and XRD patterns show that the rocks and
precipitates on the studied cliffs contain clay minerals, most of
which are clinoptilolite with Ca as a main component. It also
noted that calcite occurs on the backwall of the largest tafone
in the hardest surface within the studied cliffs whereas halite oc-
curs on that with relatively lower hardness.

(2) In any surface type, the hardness of the cliff and tafoni surfaces
increases as the clinoptilolite content increases, indicating that
a higher degree of hydrothermal alteration results in higher
strength.

(3) More clay minerals are present especially in the backwall of the
largest tafone than in those without tafoni.

(4) Themeasurements of the 87Sr/86Sr ratio for the rocks and precip-
itates reveal that the Ca in the precipitates does not originate
from seawater, instead it derives from the cliff materials. This ob-
servation indicates that clinoptilolite is the sorce of Ca in the cal-
cite that precipitated on the tafone.

(5) Tafonimainly forms through salt weathering by calcite precipita-
tion on the siteswith higher effect of hydrothermal alteration. On
the other hand, tafoni develop by halite precipitation, if the cliffs
had been less affected by hydrothermal alteration and receive
more amount of seawater through splashing.

The locations of the tafoni with harder surfaces therefore appears to
cover areas where the effect of hydrothermal alteration was higher.
Whereas rockfalls occur in areas less affected by hydrothermal
alteration. The presence of tafoni indicates a low risk of rockfalls. This in-
formation will be useful for disaster prevention.
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