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The first and second environmental releases of man-made “****Pu came from nuclear explosions at
Alamagordo and Nagasakiin 1945, The release at Nagasaki was more serious than at Alamagordo, because
it happened in an area with a high population density. Unfissioned ** * ***Pu and various fission products
(e.g. “Sr and '"Cs) have been interacting here with various environmental materials (soils, sediments, and
plants) under wet and temperate conditions for more than 45 years. To assess the environmental mobility
of ¥~ **Puy_ the distributions of radionuclides from this release were investigated at Nishiyama (3 km east
of the hvpocenter) where heavy black rain containing unfissioned plutonium and fission products fell 30
minutes after the nuclear explosion. The vertical distributions of *Sr. '’Cs and ** - **Pu were determined
in unsaturated soil cores up to 450 em deep. Most radionuclides were found in the soil column 30 cm from
the ground surface (95% of “Sr, 99% of "Cs and 97% of ** - **Pu). However, ®Sr and *** - **Pu were
detected in the groundwater as well below a depth of 200 cm. No 'YCs was found below 40 cm from the
ground surface or in groundwater. These observations reveal that about 3% of the total *** ***Pu has been
migrating in the soil at a faster rate than the remaining ** = **Pu. Sharp peak of ’Cs and ** - *¥Pu, indicating
heavy deposition from the Nagasaki local fallout of 1945, were found in sediment cores collected from the
Nishivama reservoir. On the other hand, since *¥Sr is mobile in fresh water sediments, there was no 1945
“Sr peak in the sediment cores. ** - *Pu peaks were unexpectedly discovered in pre-1945 sediment core
sections. Although ™Sr was found in these sections. no '“Cs was found. By contrast to the distribution in
sediment cores. ''Cs in tree rings had spread by diffusion from the bark to the center of the tree without
holding a fallout deposition record. Most of the ** - “*Pu was distributed in the tree rings following a similar
deposition record to that found in sediment cores. Furthermore, a very small amount of * - **Pu (about
1 %) was found unexpectedly in pre-1945 tree rings. The only reasonable explanation for these unexpected
discoveries 15 the existence of mobile ******Pu in the environment.

Introduction plutonium in various environments has been discussed
by many researchers. Koide ez al. (1975), Livingston
and Bowen (1979), Bondietti and Trabalka (1980),
Santschi er al. (1980), Bowen et al. (1980), Carpenter
and Beasley (1981), Aston and Stanners (1981),
Nelson and Lovett (1978), Lovett and Nelson (1981),
Karshaw et al. (1983). Karshaw et al. (1990),
Sholkovitz (1983), Sholkovitz and Mann (1984),
Cochran (1985), Pentreath et al. (1986), and Mahara
et al. (1988) have described mobility in marine and
freshwater environments. Rhodes (1957), Hajek
(1966), Sanchez et al. (1981), Sanchez et al. (1982),
Sanchez et al. (1985), Cleveland and Rees (1981),
Nelson er al. (1985), Bondietti (1982), Olsen et al.
(1986). Mahara and Miyahara (1984), Mahara and
Matsuzuru (1989), and Price (1991) have described
underground mobility. However. long-term in situ
migration of ****Pu has been discussed only by
Mahara and Miyahara (1984), Mahara et al. (1988),
and Price (1991). Unfortunately, the data investigated
by Price were collected at the Hanford site under
. semi-arid conditions and the production rate of mobile
*To whom all correspondence should be addressed. 3+ 24Py is thought to be less than that at Nagasaki.

Plutonium (atomic number 94) was first produced and
discovered after an artificial nuclear reaction in 1942.
Only 3 vears later. plutonium was released into the
environment as a result of the Nagasaki A-bombing.
Plutonium has two important features: it may provide
fertile energy through use in fast breeder reactors, and
itis a very hazardous material. Environmental release
of ** = *Py started at Alamagordo in New Mexico and
at Nagasaki in Japan in 1945. Nagasaki has a mild
humid climate with 2000 mm of precipitation a year.
The migration. transfer and interaction of ** - ***Pu in
the environment 1s faster at Nagasaki than at
Alamagordo which is very dry with low precipitation.
Data collected at Nagasaki can help to evaluate
long-term environmental effects caused by -¥***Pu
released by nuclear accidents like Chernobyl.

To restore an environment poliuted by ** - =*Pu, we
must assess its mobility based on data collected in situ
and under laboratory conditions. The mobility of
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Consequently, it is very important to review the
distribution of ** - Pu at Nagasaki to assess its fate
in the environment. This paper summarizes studies
conducted over the past 14 years at Nagasaki focusing
on **~**Pu mobility in the shallow geoenvironment.
The merits of reviewing the Nagasaki results are as
follows:

(1) The origin of the plutonium and the release history
are easy to determine.

(2) The area has high biological activity with
temperate conditions and high precipitation.

(3) Various other migration data have been collected
in soil, sediments and plants in the same restricted
study area.

(4) Nagasaki presents some of the longest term data
on *¥* =Py distribution in the environment.

Study Area

The “Fatman™ plutonium bomb exploded 500 m
above Urakami in Nagasaki city at 11:00 on
9 August 1945. Half-an-hour later, a large quantity
of fission products and about 0.038 kg of unfissioned
plutonium reached the ground surface in the form
of fallout accompanying what is referred to as
“black rain” (Kudo et al.. 1991a,b) in the Nishiyama
district. The Nishiyama area has the highest
concentration of plutonium in Japan as a result of the
local fallout. The Nishiyama area is located east of
Nagasaki city, 3 km from the A-bomb hypocenter. It
1s the site of at the Nishiyama reservoir built in 1904
as a drinking-water supply. An uncultivated area has
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been left around the reservoir to protect the water
quality.

Two undisturbed soil cores were excavated in the
uncultivated land at the northern fringe of the
reservoir (Fig. 1) to measure the vertical migration
rates of fallout radionuclides (*Sr, ''Cs, and 2 * 2%Pu).
Three sediment cores were collected from the
Nishiyama reservoir to trace the historical record of
deposition rates of fallout radionuclides.

A 78-year old tree (Cryptomeria japonica) was cut in
December 1988 at a site close to the point-A soil core
excavated in 1982, to show the mobilities of 2+ Py
and ''Cs in plant tissue. The site is protected by a
nearby hill, so the tree was shielded from the direct
nuclear blast.

The Nagasaki climate is as follows: 16.6°C annual
average temperature, 73% relative humidity, and
2002 mm precipitation. The annual average evapo-
transpiration is estimated to be 808 mm by Penman’s
method (Penman, 1948). In other words, the annual
effective ground infiltration rate of rainwater is
approx. 1200 mm.

Materials and Methods
Sampling methods

Soil and sediment cores. Two points with the highest
surface concentration of ***+*Pu were chosen for
sampling 30-cm dia soil cores {Fig. 1). The soil cores
were 225 and 450cm long. To prevent cross
contamination, the cores were carefully excavated by
hand from the center of a 50-cm dia soil pedestal.
Sample soil cores with a 30-cm dia were carefully cut
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with a sharp knife from the 50-cm dia pedestal. This
prevented soil at the bottom of the excavated holes
from being contaminated by surface soil which
contained the highest concentration of >~ 2Py, ¥'Cs,
and *Sr. Soil cores were sectioned from top to bottom.
All samples were dried at 110°C for 48 h. The dried
samples were then sieved with a 2-mm mesh screen to
remove plant roots, pebbles and coarse sands. Finally,
the dried samples were pulverized with a hammer mill.

To collect the reservoir sediment cores, a coring tube
made of acrylic polymer with an i.d. of 81 mm was
pushed into the sediment by divers and the top of the
tube was capped tightly with a rubber stopper. The
divers then carefully removed the core from the
sediment and capped the bottom of the tube. The
collected cores were sectioned into pre determined
layers of 1-3 cm thick, dried at 110°C for 48 h and
pulverized with a ceramic mill after determining the
sediment water content.

Tree rings. The chosen tree was about 20-m tall; the
trunk diameter was 55 cm, 1.5 m above the ground.
The width of the tree rings ranged from a maximum
of 6.8 mm in 1941 to a minimum of 0.4 mm in 1959.
The trunk, without branches, was sliced into 10-cm
thick discs (total 108 discs) and sent to a laboratory for
tree-ring separation. Three-year tree rings were
collected (i.e. 1988-1986, 1985-1983, and so on up to
1919-1917) starting from 1988. The bark sample was
prepared separately. The samples were dried at 105°C
for 24 h for a dry weight, which ranged from 492 to
1525 g. After ashing at 350°C, the “K and ""Cs
concentrations were measured using a pure Ge y-ray
spectrometer.

Methods

Radioactive *’Cs. The radioactivity was measured
with a high-resolution 7 ray spectrometer equipped
with a pure Ge detector. A multilayered shield (10 cm
Pb, 5 cm pre-war Fe, 1 cm Cu and 1 ¢cm acrylic poly-
mer) surrounded the detector. The minimum detection
limit was 0.05 mBq/g for a 30-g soil sample and tree-
ring ash sample by counting for a 5 x 10° s lifetime.

Radioactive *Sr. The *Sr content in the soil was
measured by f-ray counting after chemical separation
based on HASL-300 (Harley, 1972). The concen-
tration of **Sr was determined from the activity of Y
milked from the strontium-carbonate precipitate after
reaching the radioactive equilibrium between **Sr and
“Y. The B rays emitted from *Y were counted for
100 min using a 2n-gas-flow counter surrounded by
10 cm of lead to reduce the background count. The
detection limit was 0.2 mBq/g for 30-g soil and
sediment samples.

#+40py. The concentration of *-*Pu was
measured by an a particle spectrometer following
chemical separation using “*Pu as a tracer. The
chemical separation followed procedures used in the
U.S.A_, Japan and Germany (Japanese Science and
Technology Agency, 1979; Hardy. 1975, Schuttelkopf,

1193

1981). The procedure was calibrated using IAEA
standard soil samples (SD-N-1/1 and Soil-6), and the
a spectrometer was calibrated with *'Am sources
standardized by 4n-x-y anticoincidence counting. The
detection limits were 0.05 mBq/g for 10-g soil and
sediment samples, and 0.45 mBq/kg for dry wood.

Results and Discussion

Soil

Vertical distribution of *°**°Pu, '¥’Cs, and *Sr in
soil cores. The distributions of **° +2*Pu, '*’Cs and *°Sr
were observed in the two undisturbed soil cores, A
(2.25-m long) and B (4.5-m long). About 90% of total
¥+ 20py was found in the top 10 cm of the cores, while
95 and 97% of total ¥+ **Pu was detected in the 0-20
and 0-30 cm sections respectively. The other 3% of
total **~*Pu had dispersed beyond 30 cm to the
bottom of the cores where groundwater seeped
through the weathered bedrock. The concentration of
AW+ 2Py in soil at the bottom of cores was approx. 37
mBg/kg dry soil and the concentration of *****Py in
the groundwater collected on the bedrock was 0.0244
mBq/L. From this result, a trace of ***Pu is
probably transported into deeper bedrock by
groundwater movement. More than 98% of ******Pu
in the soil at Nishiyama was deposited on the ground
surface as local fallout from the nuclear explosion of
9 August 1945 (Mahara ez al., 1988). Consequently,
97% of total ¥+ **Pu has been stored in the top 30 cm
of soil for over 45 years.

Soil at depths to 10, 20 and 30-cm retained 96, 98,
and 99% of the total ’Cs content, respectively. No
Cs was detected beyond 40 cm. On the other hand,
70, 88 and 98% of total *Sr deposited as fallout has
been retained in soil at depths to 10, 20 and 40 cm,
respectively. However, a trace of *Sr was detected at
a depth of 200 cm. The sources of *Sr and '*’Cs in soil
at Nishiyama were the local fallout in 1945 and the
global fallout produced by weapon tests in the 1950s
and 1960s. We estimate total '’Cs in soil at Nishiyama
consists of 50% local fallout and 50% global fallout;
total "Sr is 47% local fallout and 53% global fallout
(Mahara, 1993).

The distributions of *** =Py, '7Cs and *°Sr in the
soil cores are shown in Fig. 2. This figure shows that
a large part of fallout #° + 2Py, *’Cs and *Sr deposited
on the ground surface has been stored in the top 30 cm
of the soil for over 45 years. The '¥'Cs is more immobile
than #*-**Pu and *Sr. A small part of the total
*39+ 0Py is mobile in the soil environment.

Migration rates of *****Pu, '¥’'Cs and *Sr in soil.
More than 97% of the total **~*'Pu, 'Cs and *Sr
deposited on the ground surface as fallout in the
Nishiyama area have been stored in the top 40 cm of
soil in an unsaturated silty clayey loam layer for 45
years. In this area, the average annual precipitation
and evapotranspiration rates are 2000 and 800 mm,
respectively. Consequently, the net annual infiltration
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Fig. 2. Distribution of * Py, ""’Cs and *Sr into two undisturbed 0.3-m dia soil cores collected from sites
A and B in Nishiyama area. N.D., not detected.

rate is 1200 mm; this value is equivalent to 2500 mm
of annual soil-water movement calculated by the
displacement flow model (Mahara and Miyahara,
1984). This result was confirmed by a soil-water tracer
test using Br, and by comparison between the profile
of tritium concentrations in soil water extracted from
soil cores and monthly variations in tritium
concentration in rainwater observed for the past 5
years at Nagasaki (Mahara, 1988).

The migration rates of these radionuclides can be
estimated theoretically using the one-dimensional
diffusion equation.

cC DNCC vyec .
& -(7?)&? “(E)@z O

where C is the concentration of radionuclides in the
soil water. D is the diffusion coefficient, U is the
average velocity of soil water, 4 is the decay constant
of the radionuclide. Z is the soil depth, 7 is elapsed
time, and R is the retardation factor which is the ratio
of the movement of soil water to the movement of
radionuclides in soil. The following three assumptions
were made to estimate migration of '’Cs and *Sr: (a)
all local fallout and all global fallout were deposited
in 1945 and 1963. respectively; (b) the migration of
local fallout and global fallout were independent of
each other; and (c) the concentration of '’Cs (or *Sr)
at the ground surface decreased with time as a result
of radioactive decay. For the *** *Pu migration, we
assumed that all ¥+ **Pu was deposited in 1945,
because more than 98% of total ** = **Pu in soil was
derived from the local fallout. The migration rates of

the radionuclides were estimated by the following
solution of equation (2),

.G vz Z+ Ut
C= 3 exp(—lt)[exp( D )erfc( ——2\//.1)_,’ )
Z—-U’t
+ erf¢f —— 2
( 2y D )] )

where D" and U are respectively defined as D = D/R
(the diffusion coefficient of the radionuclide) and as
U’ = U/R (the movement velocity of the radionuclide
in an unsaturated soil layer).

The - *¥Pu retardation factor is estimated to be
2000 by comparison of theoretical curves with the
measured ******Pu content in the soil (Fig. 3). From
this result, the mean *****Pu migration rate is
1.25 mm/yr. The migration rates of *’Cs and **Sr were
estimated by the following procedures. The vertical
distribution of ’Cs and *Sr in soil cores was
calculated in two steps. First, the concentration
distributions of local and global fallout were
calculated independently in equation (2). Second, the
concentration of fallout radionuclides was summed by
superposition, which combines the concentration of
local and giobal fallout at the same depth in the
calculated concentration profiles. The magnitude of
the retardation factors for '"Cs and *Sr was
determined by fitting the superimposed concentration
curves to the distribution of radionuclides measured in
soil cores (Fig. 3). From these two figures, the
retardation factors of '"Cs and *Sr, are estimated
conservatively as 2500 and 600. respectively. In other
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words, the mean '’Cs migration rate 1s | mm;vr and

that of *Sr is 4.2 mm/yr.

The magnitude of the in siru distribution coefficients
(Kgs) of 2°+ 3Py, '"Cs and *Sr were calculated to be
960, 1200 and 300 mL,/g, respectively based on the
estimated in sity retardation factors. Consequently.
collection of in situ Kss in this way might help estimate
the long-term effects of a nuclear disaster.

Sediments

Historical record of fallout deposition in sediments.
The profiles of *** * **Pu, '*’Cs and *Sr and excess *""Pb
in the sediment column are shown in Fig. 4. We
determined the sedimentation rate in the reservoir
using the *Pb geochronological method (Krish-
naswami ez al.. 1971, 1980). Each layer in the reservoir
sediment cores contained different amounts of
39+20py, 19Cs and *Sr as shown in Fig. 4. In samples
fromsites A, Band C, the major peaksin*" * **Pu were
found at 48-51cm (6.74 mBq/g), 29-32cm (8.96
mBq/g) and 24-26 cm (71.3 mBq;g), respectively.
These layers of sediment correspond to 1945 as
determined by the excess “'"Pb measurement method.
For example, in sample A, the height of the *¥ - **Puy
peak was about 3.5 times higher than the average
concentration of all the layers above this historical
peak. The peak of sample A contained 47.2 mBg;cm’
which is 8.8 times higher than that of global fallout
(5.9 + 2mBgq/cm’) for the Nishiyama reservoir (32 46°
latitude and 129°52" longitude) (Hardy. 1975). In the
same way, the peak of sample B contained 57.7
mBgq/cm? which is 9.8 times higher than that of global
fallout. The peak of sample C contained 167.2
mBgq/cm® which is 28.3 times higher than that of global
fallout. This indicates that the sediment in deeper
water (site C) contained more Pu than the sediment
from the shallower areas (sites A and B). This was
probably caused by size separation of sediment
particles (because deeper-water sediment is finer than
that in shallow water) (Fig. 5).

The concentration profile for ''Cs also had a major
peak at the same depth as the =~ -*Pu peak of
48-51 c¢m corresponding to 1943 in the 90-cm core of
sample A. The radioactivity in this peak was 33.6
mBq/g, and was sharper than the *** * **Pu peak. The
quantity of Cs in the peak was 5.5 times higher than
the average concentration of all the layers above the
peak. While some *** **Pu was found below the 1945
peak, there was no detectable ''Cs below the area of
the peak formed by deposition of local fallout. The *'Sr
content in sediments (sample B and C) was several
times smaller than that of '"Cs and ** * **Pu. Since the
peaks of ®Sr are very small compared to those of '7Cs
and ***Puy, it is difficult to clearly distinguish the
local and global peaks in the sediment core. We
conclude that *Sr is more mobile than '¥Cs and
29+ 2Py in sediments.

Mobile * * ** Pu in sediments. " “*Pu was found in
all lower (pre explosion) layers of sediments from sites
A, B, and Cin the Nishiyama reservoir. However, '"'Cs
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Fig. 5. Distribution of sediment particle size in the sediment
cores (A. B and C) collected from Nishiyama reservoir.

was not detected below 57 cm at site A, below 36 cm
at site B, and below 30 cm at site C (Fig. 4). The
mobility of 'Cs in freshwater sediments is generally
the same as or less than that of ***+*Pu (Edington
et al.. 1979: Mahara er al., 1988; Ritchie and
McHenry. 1990). From this background knowledge,
we conclude that some of the ''Cs and ** * 2Pu found
in sediments deposited before 1945 was transported by
the particle-mixing phenomena at the reservoir
bottom. The magnitudes of the particle-mixing
coefficients De are estimated to be De = 0.12 (site A),
0.08 (site B) and 0.078 (site C) cm?*/y using Crank’s
{Crank. 1975) method,

6> =2Det 3)

where De is the particle-mixing coefficient, ¢ is the
dispersion of fallout "’Cs (cm), and 7 is time (yr). The
estimated particle-mixing coefficient is comparable
with De = 0.03-0.4 cm*/yr measured on the ocean
floor in the central Pacific Ocean (Cochran, 1985).
Particle-mixing effects are small at such great depths
because currents are negligibly small at the bottom of
deep ocean. Consequently, we believe that '’Cs and
*v - #py found in sediments (site A, B and C) from
1935 1o 1945 were caused by particle-mixing based on
simulation using the particle-mixing coefficient
(Fig. 6). However, we discovered unexpectedly that the
W - 2py concentration in sample A was as high as 1.60
and 1.98 mBq/g in layers corresponding to the years
1930 and 19235, respectively (Fig. 4). We estimated the
dispersion of *****Pu from the peak of 1945 by
simulating the deposition of sediments using the
sedimentation rate and the particle-mixing coefficients
(Fig. 6). The results indicate that the 1930 and 1925
peaks are outside of the region affected by particle
mixing at the reservoir bottom. Consequently, we
conclude that the **-**Pu in these peaks was
not transported by the particle-mixing phenom-
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ena, but rather it is mobile. If these ** * *Pu peaks were
caused by laboratory cross-contamination or benthic
activies of macro-and micro-organisms, ''Cs should
also have been detected at the same location, but it was
not.

Tree rings

The concentrations of **** **Pu and 'VCs in the tree
rings collected at Nishiyama are shown in Fig. 7 as a
function of time (tree growth) (Kudo et al., 1993). The
results clearly indicate that #** * *Pu is immobile while
"’Cs is mobile within the tree rings, **~*Pu was
hardly detected in the tree rings for the 1910s, 1920s
and 1930s, but Cs concentrations were fairly
constant throughout these decades.

1199

The concentration of *+*Pu increased
gradually from 4.7 + 0.5 mBg/kg (dry wood) in
the 1988-1986 sample to a peak of 30.0 + 1.5 mBq/kg
in the 1967-1965 tree rings. After the peak, it fell
to 4.0 + 0.4 mBq/kg in the 1961-1959 sample and
had a smaller peak of 8.3 +£0.7 mBg/kg in the
1958-1956 sample. The *****Pu concentration peak
appeared as 2.9 + 0.4 mBq/kg in the 1946-1944
sample dropping below the detection limit of 0.45
mBq/kg for the 1940-1938 sample. Although there
were two measurable ** * *Pu concentrations in both
the 1934-1932 and the 1928-1926 samples
(0.63 + 0.16 and 0.81 + 0.20 mBq/kg, respectively),
the other six early samples were below the detection
limit.
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*¥+4Py from the 1945 explosion produced only a
minor peak in the ****Pu 1946-1944 sample
compared to 30.0 + 1.5 mBq/kg in the 1967-1965
sample. The largest peak of *****Py in 1967-1965
might partly correspond to the peak in atmospheric
weapons testing of 1963. However, there is some delay
between the observed *** - *“Pu peak and the 1963 peak
of global fallout. This suggests that ****Pu with
different chemical forms other than fallout ** ' **Pu
can be absorbed directly through leaves, branches and
trunks in 1963.

When we replotted the ** - *Pu and '’Cs profiles in
sediments (site A) against that in tree rings using the
same time scale (Fig. 7). we found that ** - **Py has
very simillar concentration profiles in sediments and
tree rings but ''Cs had very different concentration
profiles. This indicates that **** Py is immobile in
plant tissue and 'VCs is very mobile. Interestingly, we
found two small #* * 2Py peaks in both sediments and
tree rings in the same period of pre-1945. Conse-
quently, we conclude that a small part of ** - **Pu is
mobile in tree rings, because we have already
concluded that two small *** **Puy peaks in sediments
are caused by mobile ** ***Pu. The origin of mobile
“U-Pu in tree rings might be due to highly
bio-available *****Pu produced by the chemical
weathering including decomposition of plant roots
and the activities of micro-organisms in surface soil.
because the activities over decades of miroorganisms
in the surface soils produced the bio-available Pu to be
absorbed by the roots of tree (Kauri ez al., 1991) and
the decomposed materials of roots enhanced the Pu
uptake to plants (Wildung and Garland, 1974).

Summary of Plutonium Mobility in
Environment

We have observed the distribution of ** * **Pu_ "(Cs
and *Srreleased from the atomic bombing of Nagasaki
nearly 50 years ago in various environmental materials
(soil, sediments and tree rings). The results indicate that
theorderof mobilityinnon-biological materialslikesoil
and sediments is *Sr>*" - Py > (s, The order of
mobility in biological materials such as tree rings is
WCs»*+*Pu. In other words, **~*Pu is generally
immobile compared with the mobility of '’Cs in both
non-biological and biological materials. However, we
discovered that > - **Pu has two forms: immobile and
mobile. The production of mobile ** * *Pu depends on
environmental conditions including soil or sediment
types. chemical conditions of water in environmental
materials, climatic conditions such as temperature.
humidity and precipitation. biological activity of
micro-organisms in soil or sediments, length of
interaction period, and initial chemical forms of
¥ 29Pu. Our results suggest that about 9%. 3%, and
1% of total **~**Pu becomes mobile in sediments at
the bottom of a reservoir. in unsaturated soil and in tree
rings respectively (Fig. 8). Furthermore. - Py
distribution in tree rings suggests that the mobile
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Fig. 8. Mobility of plutonium in the environment (soil,
sediments and tree rings).

form originates from absorption of mobile **+#py
producted in soil by micro-organisms and chemical
weathering absorbed through roots rather than mobile
=9+ 29Py jtself produced in the tree rings. Finally, we
conclude thata small part of ** * **Pu (approx. 3%) will
probably change into the mobile form in the
underground environment.
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