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Pyroclastic Andesite Tile Melting during the First
Two Seconds after the Explosion of the A-bomb
at 8:15 a.m. on August 6, 1945 in Hiroshima
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Abstract

The extreme effect of the heat rays of the A-bomb explosion on August 6, 1945 at 8:15 a.m. in
Hiroshima was studied on two tile fragments that had been excavated during the period from 1977 to
1982 from the west bank of Motoyasu River, about 100 m down the river from the Motoyasu bridge.
A number of very hot and melted fragments, which the shock wave brought from buildings that were
smashed at the hypocenter 1.318 s after the explosion, were deposited on the west bank of the river.
The pieces of tile possibly came from the destroyed stone wall of the Sei Hospital, the Saikoji Temple,
and/or the Sairenji Temple, and were quickly cooled by the river water.

The tile fragments were composed of andesitic pyroclastic rock and their surfaces were
melted to a depth of 3.18 mm. The glass crust had a variable andesite and basalt-andesite
composition, which are the melt products of cristobalite and/or tridymite, pigeonite (Xg.=Fe/
(Fe +Mg) = 037_044) 5 hornblende (XFe = 033_042), labradorite (Ab43A2—40A6An51,8—55,501‘0—39) 5
and K-feldspar (Abs2Orgis). The temperature of 6287C was calculated on the surface of an
object at the hypocenter after the explosion, according to the depth of 3.18 mm of the melt and
different depths and melting points of above mentioned minerals. This surface temperature was
deduced by the extrapolating of the depth-temperature relationship obtained by the mineral-
relicts between 2.68 and 3.18 mm of depth. According to the regression line 7= —1715.1d +
6287 (d is the depth) with R?=0.989, the temperature gradient in the andesite tile was 1715C/
mm, reaching a depth from 2.86 to 3.18 mm, where the volume of glass and volume of primary
minerals (rock) are equal. For a depth of more than 3.64 mm, the structure and mineral assemblage
of pyroclastic andesite rock has an initial composition.
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I. Introduction

The topic of this study is the extreme effect of
the heat rays on rock during the first two seconds
after the A-bomb explosion in Hiroshima. The aim
is to infer or expertly estimate the temperature at
the hypocenter. For this purpose, two fragments
of andesitic pyroclastic rock were chosen where
relations between the different melting points of

minerals and the depth of the melt were studied
in detail. Fragments were directly exposed to
extreme conditions such as heat rays, y-radiation,
and neutron radiation; however, the extreme heat
rays and temperature had the dominant effect of
melting the rock (Manhattan Engineer District,
1946; Shohno et al., 1978; Kamada, 2005; Burr,
2007).

The notice of bombing was announced from the
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dropped flyers a few days before bombing to the
civil population about evacuating Hiroshima and
Nagasaki. The atomic bomb was dropped at 8:15
a.m. on August 6, 1945 for the first time in the
history of war conflicts. The bomb exploded 580 m
above the Hiroshima center and released energy
that is equal to 15 kilotons of regular trinitrotolu-
ene explosives (Manhattan Engineer District,
1946; Burr, 2007). Half of the explosion energy
was absorbed by the extreme pressure wave; 35%
of energy was changed to heat rays, and 15%
to radiation. From 15% of energy absorbed by
radiation, only 4.5% changed to y-radiation, 0.5%
to neutron radiation, and 10% was absorbed by
residual radiation, which is also known as the “ash
of death” (Shohno et al., 1978; Kamada, 2005).

At the moment of the explosion, the sky had
elevated brightness, destroying eyesight with a
blinding fireball, which was several millions of
degrees Celsius at the burst point in the center.
The fireball rapidly increased in volume; it lost
its luminosity after 10 s. In the meantime, the
fireball underwent the following changes in size
and temperature (Shohno et al., 1978): It had a
diameter of about 28 m and a uniform tempera-
ture of about 300,000C at 1/10,000 of a second
after the detonation; a diameter of about 180 m
and surface temperature of about 1700C, 1/100
of a second later; a surface temperature of about
7000C—rising again—0.3 s later; a maximum
diameter of about 280 m and surface temperature
of about 5000C, 1 s later; a surface temperature
1700C again 3 s later, and thereafter it fell gradu-
ally. Ninety-nine percent of the thermal radiation
from the fireball had a strong effect on the ground
only from 1/100 of a second to about 3 s after
the detonation. The thermal radiation, with a
wavelength longer than 186 nm, was a mixture
of ultraviolet rays, visible rays, and infrared rays
(Shohno et al., 1978).

The flame from the fireball was glowing in all
directions and heat rays on the ground surface
(“ground zero” or hypocenter) affected buildings,
stones, trees, and people for the first few seconds.
This is the moment when the surface of roof tiles,
stones, glass bottles, and iron objects melted, and
the trees started to ignite from inside (Hiroshima

Peace Memorial Museum, 1994).

The melting caused bubbling or blistering
of the dark green to black tiles with a porous
surface that are commonly used for roofing, and
was reported up to a distance of 975 m from the
hypocenter (Glasstone and Dolan, 1977). In a
laboratory, a test using an undamaged tile of simi-
lar blistering showed that the same result could
be obtained by heating to 1800C for a period of
4 s. It was concluded that 975 m from the hypo-
center, the tile attained a surface temperature
of more than 1800C for a period less than 4 s
(Hirschfelder et al., 1950; Glasstone and Dolan,
1977). Another experiment on the roof tile shows
a necessary surface melting temperature of 2000C
during exposure for 1 s (Hashiguchi, 1953). On
the surface of the melted roof tiles, a similar
experiment provided the minimum appraisal
temperature between 1200 and 1250C. The roof
tile was forced to heat for more than 10 minutes
(Majima et al., 1953). This long impact time is
not in accordance with the shock of heat rays
impact on the Hiroshima surface.

The surface of granite tile and blocks appeared
faint and ruffled from melted quartz and
similar melting bubbles in an area 600 m from
the hypocenter (Hiroshima Peace Memorial
Museum, 1994). A temperature of 2000C was
estimated for the melting of the granite tombstone
at that location (Nishina, 1951). At a distance
of 630 m from the hypocenter the same melting
temperature of 2000C was estimated by Tsuzuki
(1951) and by Tanaka (1953); however, 700 m
from the hypocenter, Tsutsui (1953) appraised
the temperature from 1200 to 1300C for roof tile
melting.

Due to the intensity of heat rays and thermal
radiation, a very high temperature below the
burst possibly attained surface temperatures
of 3000 to 4000C (Glasstone and Dolan, 1977;
Hiroshima-shi, Nagasaki-shi Genbaku Saigaishi
Henshu Iinkai, 1979; Sekimori, 1989; Hiroshima
Peace Memorial Museum, 1994). The extreme
thermal radiation energy of 99.6 cal/cm? estimated
by Shohno et al. (1978) at the hypocenter, ex-
plained why directly beneath the burst in the split
second before the blast wave arrives, pedestrians
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simply vanished into smoke and ash.

According to the parameters of the explosion,
the supersonic shock wave with a pressure of 35
ton on 1 m? and a speed of 440 m/s reached the
surface after 1.318 s (Hiroshima Peace Memorial
Museum, 1994). This brief interval is the travel
time of the wave from the epicenter to the surface
and it is the interval when the surface was
effectively exposed to the extreme energy born
at the epicenter. It is important to evaluate the
brief length of exposure time to the heat rays to
determine the thermal effect on the roof tile and
objects in the hypocenter.

After the impact of the shock wave on the
surface, the burning air implies broken and atom-
ized melted roofs when buildings, trees, human
bodies, and other objects were mixed with small
fragments and dust. The explosion destroyed life;
it was devastating for all functions of the city and
most of the city was erased from surface of the
Earth and a dry plain was created (Sekimori,
1989; Selden and Selden, 1997).

Studying the melting, changes in pyroclastic
andesite tile and understanding of the tempera-
ture conditions that occurred during the first two
seconds after the explosion, may allow a better
understanding of the destructive power of the
atomic bomb.

II. Sample selection and analytical
conditions of the microprobe

Two samples (fragments of tile) of andesitic
pyroclastic rock had been excavated, during the
period from 1977 to 1982, by high school students
(see acknowledgments) from the west bank of
the Motoyasu River, about 100 m down the river
from the Motoyasu bridge (Fig. 1). The west
bank was in a unique position, having a natural
cave and its right corner situated in the direction
of the shock wave initiated from the epicenter.
The very hot and melted steaming fragments that
the shock wave brought from buildings smashed
at the hypocenter was collected at the bank. The
melted fragments were quickly cooled by the river
water, which explains the conservation of the glass
in situ without a melt flow on the surface (Figs.
1 and 2). Fragments having similar consolidated

thicknesses of about 2 cm, were regarded as pieces
of roof tile or floor stone, which possibly came from
the destroyed stone wall around the Sei Hospital,
or from the Saikoji Temple, and/or from the
Sairenji Temple at the hypocenter (Fig. 1). The
platy rock tiles of andesite were used on a stone
wall and the entrance gate of the Sei Hospital and
their surface was markedly melted (Watanabe et
al., 1953). A platy andesite rock found 40 m from
the hypocenter at the top of the wall rock around
the Sei Hospital possibly came from the Kami-
Suwa area in the Nagano prefecture (Watanabe
etal.,1953).

From the mineral assemblage—cristobalite-
tridymite, hornblende, labradorite, K-feldspar and
pigeonite Wog-11En4g-5sFss4-40 phenocrysts (Fig.
3; Table 1)—it was deduced that the fragments
of pyroclastic andesitic tile came from common
andesitic lavas in the Japanese islands (Kuno,
1950; Ito and Morimoto, 1956; Ishibashi, 1971).

The tile fragments were cut vertically across
the melted surface to prepare polished thin
sections. The glassy surface of fragments is wavy
and the quenched glass part encloses air bubbles.
The first mode of “empty” air bubbles occurred
beneath the surface and in peaks of the wavy
glass. Peaks extend from 1 to 2 mm over the flat
melted surface (Fig. 2). In this case, the thick-
ness of glass does not represent the depth of the
original rock because of “empty” bubble content
in the glass expanded by the growth of bubbles
during shock melting. The second mode of “filled”
air bubbles occurs sporadically in the glass.
These bubbles are filled by relicts of cristobalite-
tridymite, K-feldspar, pigeonite, and fragments of
glass, where the size of numerous relicts is a few
microns (Fig. 4). These relicts are bonded at the
internal part of bubbles, which are formed during
the cooling of the melt, when the hot air liberated
from the rock tears off and captures the relicts
of minerals inside bubbles. Over the top of glass
thickness no peaks of glass occurred where the
“filled” bubbles are present. Therefore, this mode
of bubbles does not modify the general thickness
of glass, but rather represents the depth of the
original rock (Fig.4).

The thickness of the glassy crust was measured
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Fig. 1 View of the hypocenter of the A-bomb explosion (epicenter) at Hiroshima and sampling locality of the studied tile
fragments in the Motoyasu River. Framed area represents the likely position of the tile at the time of the A-bomb
explosion on buildings in area of the Saikoji Temple, the Sairenji Temple, and Sei Hospital. Arrows show direction of
shock wave that transported the melted samples into the river from the hypocenter. Panoramic view of Hiroshima
central area before the A-bombing, displayed at the Hiroshima Peace Memorial Museum, photo by T. Tamori.

Fig.2 Relationship between andesitic glass and mineral as-
semblage of the pyroclastic andesite tile in polarization
microscope. Hbl—hornblende, Pgt—pigeonite, Pl—lab-
radorite, Crs-Trd—cristobalite-tridymite.
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Fig.3 Glass composition and hornblende (Hbl), pigeonite (Pgt), labradorite (P1), K-feldspar (Kfs) and cristobalite-

tridymite (Crs) and their compared compositions in diagram NayO + KzO versus SiO.. Andesite, basalt-andesite,
and dacite fields are after the classification of volcanic rocks (Le Bas et al., 1986) . Analyses 1-6, 11-12, and 19 are

in Table 1 and the exact depths of positions are in Fig. 4.

in 15 thin sections, excluding the peaks, with an
optic microscope; the average depth was greater
than 3 mm. For the study in the microprobe,
the representative cross cut was chosen having
average depth, flat surface of melt without peaks,
and empty air bubbles, respectively. The presence
of the complete mineral assemblage (cristobalite-
tridymite, hornblende, labradorite, K-feldspar,
pigeonite) determined which area was applicable
for the study of the cross cut (Fig. 4).
Relationships between the mineral assemblages
and melt were studied by a scanning electron
microscope with an energy-dispersing X-ray
analytical (EDS) system (KEVEX) at Kyoto
University (Department of Mineralogy and
Petrology). The chemical compositions of miner-
als and melt (glass) were determined using the
Cameca SX 100 facility at the Central Laboratory
of Electron Microprobe (CLEMP; WDS) at
the State Geological Institute of Dionyz Stdr in
Bratislava, Slovak Republic. A variety of natural
minerals (wollastonite for Ca and Si, rhodonite
for Mn, albite for Na, orthoclase for K, chromite
for Cr) and synthetic compounds (pure Ti-,
Al-, Fe-, and Mg-oxides for Ti, Al, Fe, Mg) were
used as standards. The analytical parameters

are as follows: accelerating voltage, 15 kV; beam
current, 20 nA; beam diameter, 1-5 um; and
10 s, counting times per element. The detection
limit is better than 0.04 wt% for all analyzed
elements including standard deviation (Table 1).
The detail measuring of the depth and relations
between minerals and melt was performed in the
cross sections being documented by the micro
photos of the backscattered electron image (BEI).
Individual photos in the cut were scanned with
a scan window of 500 um. The exact position of
minerals and melt in the thin section was mea-
sured to 1/100 of a millimetre precision because
the width of the photo (BEI) is 11.5cm (Fig. 4).

III. Mineral assemblage of the tile and
temperature of its melting

The temperature of a melting tile on its surface
was derived from the melting temperature of
individual minerals in the pyroclastic andesite
tile. The melting temperature designates the
melting point, according to experimental results
for a particular mineral.

1) Glass

On the pyroclastic andesite tile, the crust of
glass has a markedly wide composition, where
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Table 1 Microprobe analyses of glass and minerals of tile (pyroclastic andesite) . Points from 1 to 19—analytical points in

cross-section on Fig. 4.

Point 1 2 3 4 5 6 7 8 9 19
Mineral glass glass glass glass glass glass relict K-feldsp. pigeonite glass
Place rim rim-dark dark light ? dark
SiO, 60.91 57.39 57.47 52.81 58.92 56.40 45.08 65.21 54.54 91.30
TiO, 1.24 1.45 1.14 1.75 1.65 1.72 0.08 0 0.36 0.12
Al,O3 20.38 21.03 23.07 16.38 22,51 19.65 33.46 17.93 2.84 4.34
FeO 4.09 5.32 3.37 14.84 3.19 9.31 4.92 0 19.46 1.23
MnO 0.10 0.10 0.08 0.35 0.11 0.19 0.09 0 0.48 0.09
MgO 1.51 3.12 2.15 10.28 0.87 5.56 1.50 0 18.81 0.98
CaO 5.07 6.68 9.67 0.81 8.89 5.29 0.17 0 3.81 114
NayO 2.90 3.01 2.46 0.60 2.22 0.62 0.32 0.93 0.09 0.35
K0 3.76 2.06 1.17 1.86 1.54 1.64 0.24 15.70 0.09 0.42
Total 99.96 100.16 100.58 99.68 99.90 100.38 85.86 99.77 100.48 99.97

= 100 100 100 100 100 100 100 8 6 100
Si 34.620 32.854 32.468 31.461 33.319 32.477 28.804 3.015 2.034 46.857
Ti 0.481 0.621 0.484 0.782 0.701 0.745 0.035 0 0.010 0.046
Al 13.620 14.189 15.364 11.499 15.006 13.334 25.200 0.977 0.125 2.623
Fe 1.946 2.542 1.593 7.392 1511 4.480 2.630 0 0.607 0.528
Mn 0.050 0.048 0.036 0.176 0.049 0.094 0.050 0 0.015 0.039
Mg 1.280 2.660 1.805 9.124 0.729 4.774 1.430 0 1.046 0.750
Ca 3.085 4.094 5.853 0.521 5.390 3.259 0.119 0 0.152 0.627
Na 3.185 3.344 2.696 0.695 2.433 0.691 0.397 0.083 0.007 0.348
K 2.731 1.502 0.838 1.412 1.116 1.205 0.195 0.926 0.004 0.275
Total 61.031 61.854 61.137 63.062 60.254 61.059 58.860 5.001 4.000 52.093
Point 10 11 12 13 14 15 16 17 18
Mineral relict glass glass  hornblende pigeonite labrador. labrador. hornblende hornblende

melt. dow -(OH) -(OH)

Place bubble dark relict core rim core rim
SiO; 41.06 58.73 59.41 51.29 52.21 55.03 59.33 52.40 48.22
TiO, 0.22 0.45 0.07 0.92 0.61 0 0.13 1.23 2.80
Al;Os 741 24.02 25.44 1141 3.09 28.27 25.19 4.57 7.90
FeO 3.24 1.85 2.54 9.27 21.84 0 0.50 13.79 16.44
MnO 0.10 0.04 0.15 0.15 0.79 0 0 0.39 0.33
MgO 1.10 1.13 114 10.43 15.66 0 0 13.91 12.35
CaO 2.74 8.44 5.92 8.70 4.90 11.13 9.98 12.28 11.68
Na,0 1.22 4.57 3.20 0.46 0.11 5.71 4.03 0.43 0.33
K0 1.31 0.64 2.69 0.65 0.15 0 0.59 0.42 0.21
Total 58.40 99.87 100.56 93.28 99.36 100.14 99.75 99.42 100.26
0= 100 100 100 23 6 8 8 23 23
Si 39.130 33.041 33.181 7.478 2.003 2.480 2.655 7.479 6.930
Ti 0.153 0.192 0.029 0.101 0.018 0 0.005 0.131 0.303
Al 8.328 15.926 16.750 1.960 0.140 1.501 1.329 0.769 1.338
Fe 2.584 0.869 1.187 1.131 0.701 0 0.019 1.646 1.975
Mn 0.085 0.018 0.074 0.019 0.026 0 0 0.047 0.041
Mg 1.564 0.945 0.956 2.267 0.896 0 0 2.959 2.646
Ca 2.790 5.091 3.546 1.359 0.201 0.537 0.478 1.877 1.799
Na 2.245 4981 3.464 0.131 0.008 0.499 0.350 0.118 0.093
K 1.593 0.464 1.921 0.121 0.007 0 0.034 0.077 0.039
Total 58.472 61.527 61.108 14.567 4.000 5.017 4.870 15.103 15.164
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Fig. 4 Cross-section through melted pyroclastic andesite tile. The relations of average
reached thickness of glass and original mineral assemblage. Backscattered elec-
tron image. The calculation of temperature 6287C on the tile surface was derived
by the individual mineral relicts and surrounding melt, where temperature in
the melt was falling by continual proportion in dependence of depth. 1-19 are the

points of analyses in Table 1.

the Al;O; content ranges from 4.34 to 25.44
wt%; FeO from 1.23 to 14.84%; MgO from 0.87
to 10.28%; and CaO from 0.81 to 9.67% (Table
1). According to the chemical classification of
volcanic rocks (Le Bas et al., 1986), excepting Si-
rich glass 19 (SiO;=91.30 wt%), the variability
content of SiO, from 52.81 to 60.91 wt% and NasO

+Ky0 from 0.77 to 6.66% shows the composition
of the glass to range between andesite to basalt-
andesite, respectively (Fig. 3). The spot of glass
(19) is located in the upper part of the glass layer
(0.9 mm from the surface), where the cristobalite-
tridymite phenocryst was totally melted and the
melt almost absorbed it. In this case, the initial
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size of 1-3 mm of the cristobalite-tridymite grain
that usually occurred (Figs. 1 and 2) in rock was
completely replaced by the heat rays forming the
Si-rich glass as a spot of 0.1 mm in diameter (Fig.
4). Similar correlations between the composition
of the glass and the initial minerals are shown in
Figure 3, where the glass (4) shows the vicinity
of SiO; and NayO + K0 contents near the compo-
sition of hornblende, glass (6) shows the vicinity
of pigeonite, glasses (2, 3, 5, 11, and 12) the
vicinity of labradorite, and mentioned glass (19)
the vicinity of cristobalite-tridymite compositions,
respectively. The comparison of SiO; and Na,O +
K50 contents of glass versus depth does not show
the relation between depth of the melt and glass
composition (Figs.3 and 4).

These significant and chaotic changes in the
composition of glass were mainly affected by the
primary position of previously melted minerals
before their total shock melting in situ. The
previous and chaotic order of those minerals in
pyroclastic andesite rock directly affected the
random composition of different spots in the glass
crust. The position of the Si-rich spot and variable
glass shows that phenocrysts of the mineral were
melted and consumed by a very hot melt for a
period less than two seconds in situ, without a
homogenization of melt during its solidification
and cooling (Figs.3 and 4).

The variable composition of glass originated
from the melting of pigeonite (Xy.=Fe/(Fe+
Mg) =0.37-0.44), hornblende (Xr.=0.33-0.42),
labradorite (Ab43A2740A6An51‘8755501"073,9), K-feldspar
(Abg20re15), and cristobalite-tridymite, which
are present in pyroclastic andesite rock below the
glass crust (Table 1). This heterogeneous glass
interferes from the surface to a depth of 3.18 mm.
Below a depth of 3.18 mm, there was neither
glass nor the appearance of melting on the rim of
minerals (Fig. 4).

2) Pigeonite

In the tile, the relicts of almost completely
melted pigeonite were recognized to a depth of 2.86
mm. The rim of pigeonite was notably melted at
the depth interval from 2.86 to 3.04 mm. Below
this depth, the grains of pigeonite and primary
pyroclastic andesite have no melted grains and

retain their original hypidiomorphic forms (Fig.
4).

The lower stability limit of pigeonite or the
minimum boundary of its melting temperature
was determined and experimentally defined by
Ishii (1975) to define the ‘pigeonite eutectoid
reaction line” as T=1270-480Xg. =20 (T in
). In the studied pyroclastic andesite rock, the
minimum temperature of pigeonite melting in
the extent from 1059 to 1092C by following value
Xr.(0.37-0.44) was calculated, according to Ishii
(1975).

3) K-feldspar

The relicts of completely melted K-feldspar were
found enclosed in glass and/or relicts of K-feldspar
and pigeonite occurred inside the air bubbles (Fig.
4). The minimum temperature varied from 1000
to 1150C, which is necessary for the melting of
K-feldspar without the presence of water or for
the melting of K-feldspar that crystallized from
the system KAlSi,06-SiO; (Schairer and Bowen,
1955; Deer et al., 1992). The range from 1000 to
1150C is in agreement with that from 1059 to
1092C and it was calculated as the minimum
melting temperature of pigeonite. The comparison
of these temperature ranges is considered as the
minimum temperature needed for the melting of
pigeonite and K-feldspar in tile, which goes to the
lower limit of 1100C.

4) Labradorite

In the depth of 2.86 mm from the tile surface,
the labradorite was totally melted and its relicts
(to 3 um) are located inside the glass in the
depth from 2.79 to 2.86 mm. In the depth from
2.86 to 3.18 mm, the hypidiomorphic grains of
labradorite were found. However, grains there
occur in a thin band where the volume of the
glass and the volume of minerals are equal and
the melt does not cause the corrosion or melting
of the labradorite rim. In the depth from 2.86
to 3.18 mm, the temperature of the melt did not
cross the minimum temperature limit of the
labradorite melting point because the surface or
rim of labradorite was not melted (Fig. 4—point
16, Table 1). The comparison of hypidiomorphic
grains of original pyroclastic andesite to the
forms of labradorite and its relicts in the melt
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indicated that labradorite was completely melted
to 2.86 mm and its total destruction significantly
contributed to the formation of melt with andesite
composition (Figs.3 and 4).

The labradorite melting point was calculated
from its composition Ab4s,2-40,6AIl51,3-55,501‘0-3,9,
which is closer to AbseAns. The balanced status
for crystallization of plagioclase feldspar from
albite Abioo to anorthite Anjo in anhydrous
conditions was defined by Bowen (1913). The
melting of labradorite AbsoAns, starts at 1450C,
according to the equilibrium status between melt
and solidus (Bowen, 1913). This is the minimum
temperature needed for the melting of labradorite
in the pyroclastic andesite study. It is a higher
temperature than 1059-1092C, which was
calculated for the melting of pigeonite; also, it is
higher than the minimum temperature of melting
for K-feldspar, which was assigned from 1000 to
1150C.

5) Hornblende

The relicts of melted hornblende were found
from 2.68 to 3.04 mm depth. In this part, the
primary hornblende was almost completely
replaced by the melt and the size of its sporadi-
cally occurring relicts is only 5 pm. The part
deeper than 3.18 mm, dark brown and brown Mg
hornblende (Leake, 1997) has hypidiomorphic
form as it had in initial pyroclastic andesite and
the grains are not melted on their surface (Fig.4).
Mg hornblende is zoned and its core has a higher
Si (7.48 atoms pfu.) content than its rim (6.93;
Table 1).

The high totals of 99.42 wt% and 100.26 wt%
(analyses 18 and 17) of oxides in Mg hornblende
show the absence of structural water in its
chemical formula (Table 1). The expected range
from 97.7 to 98% of the total is the usual sums of
oxides in hornblende (Deer, et al., 1992, 1997).

The suitable explanation for the loss of
structural water is dehydration caused by impac-
tive heat rays. In Ca amphiboles (hornblende,
actinolite, tremolite), the loss of water occurred in
three stages: first, most of the water was absorbed,
followed by the absorption of structural water
in both cases at a temperature between 750 and
1000C, and finally a very small amount of water

was absorbed (Deer et al., 1997). A DTA inves-
tigation of actinolite shows that the structural
water is lost between 1060 and 1122C (Vermaas,
1952) and the water is liberated between 930
and 988C. The water lost is marked by a strong
endothermic peak DTA (Dostal, 1965). Most of
the structural water was lost and the breakdown
of the actinolite complete at a temperature of
850C (Deer et al., 1997). The dehydration is
accompanied by the breakdown of the amphibole
structure; in its solid state, the original crystals of
Ca amphibole (tremolite) are pseudomorphosed
by CaMgSi»03-MgSiO; pyroxene and cristobalite
(Deer et al., 1997). The thermal decomposition
of tremolite into clinopyroxene confirmed Xu et
al. (1996).

Comparing the mentioned experimental state-
ments with the position of unmelted hornblende
(17 and 18), which occurred near the melted rim
of pigeonite (14) at close to 3.04 mm depth, the
overheating of the hornblende did not exceed the
amphibole melting point of 1100C and/or the
melting point of pigeonite (1059 to 1092C) at
3.18 mm depth (Fig. 4). According to the above-
mentioned data, the sudden dehydration of
hornblende was assumedly realized between 800
and 850C.

IV. The calculation of the temperature
on the tile surface and discussion

The extreme temperature and radiation effect
of the A-bomb on the tile surface (pyroclastic an-
desite) was described by a temperature calculation
or appraisal, which is needed for melting the
pyroclastic andesite tile to the depth of 3.18 mm.
A depth of 3.18 mm is the lowest boundary of the
melt occurrence. Below this border, labradorite,
pigeonite, K-feldspar, hornblende, and cristobalite-
tridymite have the initial structure of mineral
settings, as in pyroclastic andesite before melting.
The glass is dominant above this boundary and
there are no melted minerals or glass in the space
among the minerals found below the boundary
(Fig. 4).

The shock wave at a speed of 440 m/s reached the
surface after 1.318 s. The tile in the hypocenter
of the explosion was exposed to the direct impacts
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of the heat stream, y-radiation, and neutron
radiation, just in the time interval from 0 to 1.318
s after the explosion. When the wave pressure
arrived, houses, roofs, and objects were destroyed
but the tile was preserved in fragments of few
centimetres in diameter. Only this short time
interval of straight active extreme energy caused
the melting of pyroclastic andesite tile down to the
depth of 3.18 mm.

The parameter of melt temperature was
obtained from the melting point of cristobalite
(1713C) and/or tridymite (1670T; Deer et
al., 1992). The cristobalite-tridymite relicts are
melted on its lower rim and the grain was found
in direct contact with the glass at the depth of
2.68 mm. Besides the melted rim, there was no
other melted mineral found at this depth. It was
deduced that the temperature of the melt was
near 1713C or close to 1670C in the depth of
2.68 mm. A few micron-sized relicts of labradorite
and hornblende, which were found in the depth
from 2.68 mm to 2.86 mm, is the proof that at the
lower rim of cristobalite-tridymite (2.68 mm), the
temperature of the surrounding melt was higher
than the labradorite (1450C) and hornblende
(1100C) melting points. The melted cristobalite-
tridymite’s lower rim at 2.68 mm indicates that
the temperature of the surrounding melt was
1713-1670C. There, labradorite, pigeonite, K-
feldspar, and hornblende were completely melted
at this temperature (Fig. 4).

The next important part for calculating the
temperature on the surface of the tile is the depth
from 2.86 to 3.18 mm. Among these depths, the
volume of glass compared to the volume of the
initial mineral assemblage (rock) is equal (Fig.
4). There is unaffected labradorite, which was not
influenced by surrounding melt, and it shows a
temperature lower than 1450C (the minimum
melting temperature of the labradorite).

The depth from 2.86 to 3.18 mm represents
the zone where the melt caused melting of the
pigeonite rim. According to this finding, the melt
temperature in the part from 2.86 to 3.04 mm was
in the range from 1092 to 1059C. This explains
why the labradorite grain was not melted, but
the rim of pigeonite was melted in the depth

mentioned above (Fig. 4). The approximate
stability between the labradorite relict and the
surrounding melt occurred on the rim of its grain
in 2.86 mm in close extent from 2.79 to 2.86 mm.
The temperature of the melt was equal to the
labradorite melting point of 1450C. It is a lower
temperature than the minimum cristobalite-
tridymite melting point (1713-1670C) on
its grain-rim at 2.68 mm. The above evidence
of temperature drop with depth indicated the
dehydration of hornblende at a depth of 3.18 mm,
which is also important at this depth and was
decreased as the temperature varied from 800
to 850C. From this depth and lower, no glass or
melted minerals on its rim were found.

According to the above data about melted
cristobalite-tridymite at 2.68 mm and its melting
temperature from 1713 to 1670C, the relation of
the regressive lines of temperature drop on a con-
tinuous proportion to depth was calculated from
a position of melted labradorite between a depth
of 2.79 and 2.89 mm by a temperature of 1450C.
The next points on the continual temperature
drop proportion show melted pigeonite at 3.04
mm, its melting temperature from 1092 to 1059C,
and the final drop point defines the position of the
first dehydrated amphibole by a temperature of
800 to 850C in 3.18 mm of depth.

According to the dispersion of eight melting
points in a depth from 2.68 to 3.18 mm, the sur-
face temperature was calculated as a dependence
of decreased temperature (T) to depth (d).
Dependence was calculated by the power function
(T=100071d*1%; R?2=0.970), by a logarithmic
function (T'=-5004 In (d) +6630.8; R*=0.987),
and by linear regression (T'=—1715.1d +6287;
R?=0.989). The conduction of the heat from the
surface to depth was controlled by linear regres-
sion because of the high coefficient of correlation
(R?). The temperature on the tile surface was
6287C (Fig. 4). A logarithmic or a power distri-
bution of the temperature drop was not found in
the profile of pyroclastic andesite rock. Similar
linear but reverse behavior is observed when the
temperature is systematically increased with
depth. This rate of increase in temperature per
unit depth is known as the geothermal gradient of
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the rocks. The systematic decreased temperature
depending on depth shows that the pyroclastic
andesite rock absorbed the heat of 1715C/mm
in a period less than two seconds. According to
linear regression and calculation, any changes
cannot be assumed on the mineral assemblage
at a depth below 3.64 mm. This was confirmed
by mineralogical research as well. There was no
melted minerals found, nor was there any pres-
ence of the melt or glass at this depth (Fig.4).

The systematic absorption of the extreme
energy formed the consistent melting that begins
from the surface and ends at a depth of 3.18
mm. The temperature of the melt systemati-
cally decreases in its crust as well. The sudden
consumption of the energy during 1.318 s and the
extreme contrast between the temperature at the
surface (6287C) and temperature inside the tile
(possibly 30C) resulted in overheating and rapid
migration of the air towards the melt or surface.
It is well known that primary pyroclastic andesite
rock contains an amount of air that had been
captured and bonded in mineral spaces during the
cooling of the andesitic magma. The bonded air
has been abruptly released by the shock heat rays
from the mineral space in the tile. This very hot
air migrated into the melt on the surface, forming
air bubbles in the iced melt (Figs. 2 and 4). The
released air made the undulated surface and glass
peaks over the primary surface (1 mm), and the
empty air bubbles must be considered as part of
the volume of the previous pyroclastic andesite
rock.

The sudden liberation and migration of the
air probably incurred a homogenization of the
temperature at the beginning of cooling in the
melt. However, the homogenization of melt com-
position failed because glass has wide chemical
heterogeneity (Fig. 3). This means that boiling
the melt was not achieved because the melted
fragments were suddenly cooled in the Motoyasu
River. Fragments of melted tiles were carried by
the shock wave from the hypocenter area to the
river in less than one second (0.34's) because the
distance from the hypocenter to the river is about
150 m and the speed of shock wave was 440 m/s.
After the set of melted fragments in the river, the

melt was iced by the water during a short time.
This is the best explanation of why the glass
composition is wide. If the melted surface had
been gradually cooled during a long time (hours)
above ground, the boiling of the melt should have
produced a homogenized glass. Cooling the melt
for a long time would wipe away the relationship
between minerals and glass, in this case, and
disable studying it in detail.

V. Conclusion

The surface temperature of the two atomic-
bombed andesite tiles (pyroclastic andesite) in
Hiroshima was deduced from the relationship
between the depth of their melted surface and
different melting points of cristobalite-tridymite,
pigeonite, K-feldspar, labradorite and hornblende,
the minerals that were found in the tile frag-
ments. The surfaces of tiles were melted to a
depth of 3.18 mm by the heat rays. The linear
relationship between temperature (7) and
depth (d) T=-1715.1d +6287 were obtained
in the part from 2.68 to 3.18 mm of depth and
the extrapolation of the relationship suggests the
surface temperature of 6287C in hypocenter of
the A-bomb explosion. The short absorbed time of
heat ray (1.318 s) and rapid cooling after next
short time (0.34 s) by the river water (Motoyasu
River) preserved the compositional heterogeneity
of the melted glass on the tile surface. The crust
of glass has a wide composition, where the Al;Os
content ranges from 4.34 to 25.44 wt%; FeO
ranges from 1.23 to 14.84%; MgO from 0.87 to
10.28%; and CaO from 0.81 to 9.67%. According
to the chemical classification of volcanic rocks,
the variability content of SiO from 52.81 to 60.91
wt% and NasO +K,0 from 2.46 to 6.66% shows
a range in glass composition from andesite to
basaltic andesite rocks or the Si-rich glass that
has been found, respectively. The significant and
chaotic changes in the composition of the glass
were mainly effected by the primary position of
previously melted minerals in the pyroclastic
andesite before its shock melting.
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