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Abstract: Acidic sulfates such as aluminum sulfates and ferric sulfates are often observed on the wall of
tuff or volcanic rocks in Japan. We investigated wall surfaces of an artificial cave dug from 1941 to
1945 in the Miocene tuff. The cave locates in the historic site of Yoshimi Hyaku-Ana which is ancient
graves of 6-7 centuries. The cave was suffering from severe salt efflorescence and deterioration of its
cause. Salts are much in dry winter but less in humid summer. We set up twelve investigation points for
monthly monitoring of temperature and humidity. Fallen salts and debris at each point were also col-
lected monthly from November 2008 to December 2009. Main salt minerals, detected by XRD, are hard
and granularly effloresced alunogen (Alx(SO,4)s.17H,0) on the walls near the entrances, and gypsum
was found on the inside walls in the humid summer. On the contrary, powdery effloresced halotrichite
(FeAl,(S0O,)4.22H,0), sodiumalum (NaAl(SO,4),.12H,0) and epsomite (MgSO,.7H,0) were detected in
the dry winter. Jarosite (KFe3(SO4)4.(OH)g) minerals were observed on iron hydroxide stains on the
walls in every season. Halotrichite, sodiumalum and epsomite damaged the walls most severely espe-
cially in the dry winter. The amount of salts and debris from the inner wall were greater than those from

near entrances.
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1. Introduction

Salt weathering due to sulphate salts causes some-
times severe deterioration on stone monuments and
natural rock walls (Goudie and Viles, 1997;
Winkler, 1994). Salt weathering itself is generally
categorized into physical weathering but chemical
reaction sure to be observed before the salt crystal-
lyzation. These processes are sometimes investi-
gated from the aspect of water-rock interaction.
Seki and Sakai (1987) studied a decay of rock-cliff
Budda sculpted on Miocene tuff caused by sul-
phate salts of gypsum, thenardite (Na,SO,), ep-
somite (MgS0,7H,0) and mirabilite
(Na,SO410H,0). Kuchitsu (1992) studied Japa-
nese cultural important building made by brick
covered with plaster and insisted that deterioration
on the building occurred when evaporates such as
aphthitalite  (KsNa(SQ,),), thenardite, trona
(NagH(CO0s),:2H,0) and thermonatrite
(Na,CO3'H,0) formed inside the building materi-
als. Origin of sulphates of Seki and Sakai (1987)’s
case was internal of rock, however, that of Ku-

chitsu (1992)’s case is external such as acid rain
water with SO,* ion.

Japan is volcanic country and Japanese cultural
properties or historic sites are often sculpted on the
tuff cliff. Thus, these cultural properties are suffer-
ing from sulphate attack. It is important to investi-
gate sulphate mineral production for not only the
purpose of characterization themselves but also
aiming at conservation of stone monuments. In this
study, monitoring of salt weathering and environ-
mental condition as well as salt description were
made at the Yoshimi-Hyaku-Ana Historic Site,
central Japan.

2. Study Area

The Yoshimi-Hyaku-Ana historic site locates at
the central Saitama Prefecture, central Japan (Fig.
1). The topography of Saitama Prefecture is largely
divided by the western mountainous area neighbor-
ing the Kantd Mount Range of Paleozoic and
Mesozoic systems and the eastern alluvial low-
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lands formed by Arakawa River. The historic site
exists on the branch of the Hiki hills, the Yoshimi
hill, with an area of east-west length of 2.5 km and
south-north length of 3 km at 50-80 a.s.l. Accord-
ing to the Matsumaru and Hayashi (1980), the hill
composes of metamorphic rocks such as amphibo-
lite, ultramafic rocks and crystalline schist in the
center, sandstone, conglomerate, mudstone and
tuff of Miocene Kosono formation in the northeast
part, and tuff, mudstone and sandstone of Miocene
Fukuda formation in the southwest part. Two faults
are considered to run between the two members,
which covered with Pleistocene Monomiyama
conglomerate. The rocks are pale gray, fine tuf-
facious mudstone and sandstone, which contains
feldspars, quartz, volcanic glass and its altered clay
minerals.

HikiHiils

Arakawa River

Yoshimi-Hyaku-Ana

Historic Site ———).I:l

Ichono River

Arakawa Lowlands

Omiya Uplands

Toki River

Fig. 1. Location of Yoshimi-Hyaku-Ana Historic Site.

The Yoshimi-Hyaku-Ana historic site is a grave-
yard of 6 to 7 century, which is one of the national
cultural properties in Japan. The numbers of the
graves exceed 200 (Kanaidzuka, 1986) and they
distribute on the western slope of the Yoshimi Hill.
The size of each grave is ca. 4 m in diameter and
2.2 m in height (Fig. 2). The entrance of each
grave had a large stones to shut the inside and out-
side, although they disappeared anymore. At the
foot of graveyard, there are larger artificial caves
with a size of 4 m diameter. The caves were dug

by Japanese and Korean workers during World
War 1l for purpose of Military use and occupy
large areas under the Yoshimi Hill. A small river,
Ichino River, flows in the west side of the Yoshimi
Hill. The water level is 5 m below the artificial
cave floor, and thus the caves have not experienced
to be affected by river water.

Fig. 2 Overview of Yoshii-Hyaku-Ana Historic Site
(a) and artificial cave entrance (b).

Salts are observed on the both wall of the grave-
yards and military cave. However, much salts ef-
floresced on the wall of military cave. Especially
near the entrance of the artificial cave, much salt
are observed. In the previous literatures, descrip-
tion of the salt efflorescence or evaporates were
made (Horiguchi, 1975; Chiba et al., 1975; Ku-
chitsu and Ozaki, 1999; Horiguchi et al., 2000).
Horiguchi et al. (2000) investigated salt types and
identified them into alunogen, halotrihite, jarosite
and gypsum. Kuchitsu (1999) also detected these
minerals and considered the relationships between
salt efflorescence and deterioration of the wall.
However, these researches are not enough to con-
sider quantitative amount of salt and debris forma-
tion.

3. Monitoring of Environmental Conditions

Figure 3 shows the plane map of the military cave.
We set the twelve investigation points; Points 1-4
were located along the corridor A, Points 5-8 were
located along the corridor B and Points 9-12 were
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located the corridor C. The corridor B runs per-
pendicular to corridors A and C which run straight
from two cave entrances to the inside. In each
point salt collecting trays with a size of 21x9x3 cm
were set and environmental data were collected in
nearly one month interval from January 2008 to
December 2008 (Jan 22" , Feb 26™, Mar 27", May
7" Jun 6™, Jul 10" Aug 11" Sep 16", Oct 21
Dec 2™). Environmental condition such as air tem-
perature, air relative humidity, wall temperature
was also measured on each monitoring dates using
multi-environmental meter (Nihon Shintech Co.
Ltd.; AHLT-100) and infrared thermometer (A&D
Co. Ltd.; AD-5613A).

Environmental data are shown in figure 5. In Feb-
ruary, temperature of all investigation points of the
cave wall showed below 5°C (Fig. 5a). They in-
creased and exceeded 20 °C in August. There were
no variation of each point except for spring. Points
1 and 3 showed higher temperature during March
to July, which might be caused by sunlight from
the west. Air temperature near each point showed
similar as wall temperature (Fig. 5b). The values of
air temperature were by 2-3°C higher than those of

Entranae 1

Fig. 3. Plane map of the artificial cave.

Enfrance 2

wall temperature. The reason of low temperature in
June was rainy season in Japan. Relative humidity
(RH) of each point varied especially in February
and September (Fig. 5¢). In February, the RH of
the Points 1-4 were 38-45%, whereas those of the
Points 11 and 12 were more than 60%. The values
of points 5-8 showed around 50%. The Points 11
and 12 are close to the entrance 1 which is covered
with branches of trees. In June, the RH of all
points exceeded 80%. The cave wall contained
much moistures and salts at all the investigation
points diffloresced. The RH decreased in mid
summer to autumn. The RH values showed
70-80% in September and 60-70% in October. The
variability of RH showed similar to February;
Points 1-4 had higher RH, Points 9-12 had lower
RH and Points 5-8 had intermediate RH values.

4. Monitoring of Salt Efflorescence and Salt
Type Indentification

General observation of each point is explained be-
low and the pictures of representative points,
Points 2 and 8, are shown in figure 4. Points 1-4
have many salts from December to June. The salts

Sampling poirt
Steel fence
Emtrance

fllowed caves

000

Fock Mazs

Entrancs 3
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are ‘white_or yellow and their shapes are bubble
scab with a diameter of 3-5 mm. In June the salts
contain much moisture and in August most of salts
were disappeared. The amounts of salts are larger
in Point 2 than those in Point 1. Points 5-8 have
less salts than points 1-4 and points 9-12. Changes
in salt efflorescence are not clear, however, the
amount of salts gradually increase from December
to June. Powdery salts are observed in these points.
Points locate next corridor to the points 1-4. These
points shows intermediate characteristics of points
1-4 and 9-12. Points 11 and 12 are much salt efflo-
rescence than the points 9 and 10.

Salts collected directly from the rock wall at each
investigation point. They were identified using X-
ray powder diffraction (Rigaku Co. Ltd.; RAD-X
system). The operating conditions were X-ray tar-
get of CuKa, tube voltage of 40 kV and tube cur-
rent of 25 mA, scan spped of 2.00°/ min and 0.5°-
0.3mm-0.5° slits.

Results are shown in figure 6. At Point 2, alunogen
(Alx(S0,4)3'17H,0) and halotrichite (FeAl,(SO,),:
2H,0) was detected from January to July, then it
disappeared but gypsum (CaSO,2H,0), quartz
(SiO,) and albite (NaAlSisOg) was identified.

Fig. 4. Salt efflorescence of the rock wall. (a) Point 2 and (b)Point 8.
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Fig. 5.Environmental condition of the investigation
points. (a) Wall temperature, (b) Air temperature and (c)
Air relative humidity.

Quartz and albite are originated by rock forming
minerals. In December gypsum disappeared and
alunogen and halotrichite come again. At Point 8,
sodium alum (NaAl(SO4)s'12H,0), halotrichite
and small amount of gypsum were detected from
January to May. From June to October, jarosite
(KFe(S0O4)2(OH)g) and gypsum were dominant ac-
companied by small amount of quartz and albite.
At Point 12, alunogen as well as small amounts of
sodium alum and gypsum were detected from
January to May. From June to September, gypsum
and sodium alum as well as small amount of quartz
and albite are identified.

5. Monitoring of Debris Production

Fallen salts and debris were collected using the
tray set at each investigation point when every
field work made. They were brought to the labora-
tory and the total weight of salts and debris of each
point was measured. Then, the salt and debris were
oven dried at 110 °C for 24 hours and weighed

again. After that enough distilled water pored and
dissolved the salts. The solution was sucsion-
filtrated using the 0.1um filter paper and Biichner
funnel. Finally, the remains were oven dried at 110
°C for 24 hours and weighed again, resulting net-
weight of debris. Figure 7 shows the results. At the
Points 1-3, there were much debres in May to
Augst, but the Points 4 had little debris. Points 1
has extremely large amount of debris. Debris falled
in spring (from March to June) contains much
moisture, whereas those falled in summer (June to
August) did not contain moisture. The debris
amounts of Points 2 and 4 were comparatively sta-
ble throughout the year. There are few debris pro-
duction from the cave wall along Points 2 and 4,
whereas there are much debris production from teh
wall along Points 1 and 3. At Points 5-8, especially
Points 6 and 8, had the largest amount of debris
than another points. Salt weathering occurred and

Foint&

Jan 22

S — hay 7
o] - -J-L-— Jund
S Jul10
Bugg 11
S W Sep 16

SRS T 3|
Dec2
&

" ] [ n

Faoint12

Jan 22
Feb 26
tilar 27
flay 7
lun 9

Jul 10

g 11

Gep 16
Oct 21
L A Dec?

o L a0

“ H
2

] " m | ad

Fig. 6. X-ray diffraction of sampled salts. (a) Point 2,
(b) Point 8 and (c) Point 12.
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debris_production are significant in winter and
spring. Until June, they were stopped. The debris
were fine powder, which was different from
Points1-4 and Points 9-12. Debris production of
Points 9-12 started in the beginning of winter and
the maximum production was between winter to
spring. Dibris were sporadically fell down during
summer to autumn.

Debrisweight, g

Fig. 7. Seasonal difference of debris production of each
investigation point.

6. Discussion

Above these findings, it is confident that there are
salt weathering occurred inside the Yoshimi caves,
although the process is very slow. The types of
salts were different from surrounding environ-
ments, reflecting the amount of debris production
of each investigation points. There are much salt in
humid summer and small amount of salt in dry
winter. Especially at the Points 1-4, alunogen
(Alx(SO,)3'17H,0) crystallized from September
and the peak period of the crystallization was Feb-
ruary. Debris starts falling down from March. Thus,
decrease of humidity plays an important role to
crystallize of salt minerals and succeeding defflo-
rescence occurred in the high humid season in
summer.

Secondary, dominant salt type was different de-
pending on the location of the cave. Points 5-8 are
different from Points 1-4 and 9-12. Alunogen are
dominant at the former location, whereas halotri-
chite (FeAl,(SO,)42H,0) and sodium alum
(NaAl(SO,)3-12H,0) are dominant at the latter lo-
cation. The differences of the characteristics of the
efflorescence of these salts are that alunogen tends

to appear near the entrance of the cave, whereas
the other salts occur at it inside of the cave. Aluno-
gen is considered to prefer dryer condition rather
than the other salts. Gypsum also occurred at
Points 5-8, which complements to this interpreta-
tion.

Considering the relationships between salt type
and debris production, there are time-lag when
alunogen produce debris. Alunogen keeps itself on
the rock wall for a long time, and then it falls down
when the RH rise and the rock wall highly moistur-
ized. However, halotrichite and sodium alum do
not have time-lag to produce debris. As soon as
they crystallize on the rock wall and they break the
rock material powdery. In order to elucidate these
phenomena, it will be necessary to consider more
strict investigation.

According to Nordstorm (1982) compiled alumin-
ium behaviour in natural water and insisted that
alunogen are formed by evaporation under the
strong acid environment. This assertion indicates
that alunogen tends to occur near hot springs or
secondary mineralization of mines. Actually the
pH paper tests on salt debris solution showed
around pH 2. The cave was artificially cut about 60
years ago and since then the direction of ground
water movement gather to the tunnel caves.

The formation process of strong acid environment
is often considered to be pyrite oxidation. Al-
though pyrite was not detected from the rocks of
the cave, pyrite might be contained in the rock
mass of Yoshimi Hill, most of which is Miocene
tuff and metamorphic rocks. When pyrite oxidizes,
it produces much hydrogen ion. The ion has the
ability to dissolve most of elements. Thus, water-
rock interaction progresses and secondary minerals,
salts, are formed. The origin of salts are considered
to be cave opening, change in groundwater direc-
tion, dissolution and oxidation of pyrite, acid pro-
duction and salt mineral formation. Salt type dif-
fers from its sensitive process of their environ-
mental production, they damage to rocks by salt
weathering.

7. Conclusions

Yoshimi-Hyaku-Ana Historic Site is suffering
from severe salt weathering. The salts detected
were sulphate minerals of alunogen, gypsum,
jarosite, halotrichite and sodiumalum. These sul-
phates effloresced in different environmental con-
ditions. Alunogen prefers to crystallise near the en-
trance of the artificial cave from dry winter to the
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beginning of humid summer, whereas gypsum and
sodiumalum prefer to effloresce inside of the cave
with little environmental changes in the same sea-
son. Halotrichite prefers to crystallise more mois-
turized environment. These sulphates originated
from tuff which contains pyrite that dissolved and
produced strong acid. Seasonal debris production
of this cave also monitored. Alunogen produced
much debris when it disappeared in the beginning
of humid summer. However, gypsum and sodiu-
malum produced powdery debris continuously
when they crystallized.
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