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Muslim Graves in Arid Lands
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Photo 1. The oldest Muslim cemetery
in Irbid, Jordanian local
town.
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Photo 2. A cemetery in Kufr Yuaba,
Jordanian rural community,
which contains lots of graves
weathered into ruins.
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Photo 3. The cemetery of al-Risha,
nomade settlement in the
Syrian Desert.
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Photo 4. The shrine of one of

al-Sahaba (the Companions
of the Prophet Muhammad),
surrounded by the graves of
ordinary Muslims (Saum,
Jordan).
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Photo 5. A Sahara oasis (Aoulef) with

a white tomb (marabut) of a
Muslim saint standing up
near a foggara, vital line for
the village and the dates
fields.
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Photo 6. A white tomb (marabut) of a

Muslim saint and a water
tank instaaled near it at a
Sahara oasis (In Belbel).
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Arab Muslims’ Graves in Jordan

Yoshimi Sammizu*

The purpose of this article is to present a description and analysis of the Arab Muslims’ graves (Arabic
gabr (sg.) in Jordan, with particular reference to the cases of the village of Kufr Yaba, the city of Irbid and the
Bedouin settlement of al-Risha. The fieldwork on which this article is based was carried out in the years
1986-1988 and in 1992.

Kufr Yaba is an Arab village located at about six kilometers west of the city of Irbid, with a population
of more than ten thousand Sunni Muslims. Although it is originally a cereal-growing village, its occupational
structure is at present diversified and the agricultural population is estimated approximately at twenty
percent of the total. In Kufr Yiba a new grave is always made on someone’s death. The corpse is carried to
the grave and laid with the face turned in the direction of Makka in a rectangular pit lined with concrete
blocks. The pit is then covered with concrete boards and with the excavated earth. The grave is mostly
marked on the outside with some concrete blocks and two concrete slabs called ndsib placed on the longer
ends.

Irbid with its some two hundred and eighty thousand population is the largest city in northern Jordan, and
is a capital of the governorate of Irbid. It houses two national universities, Yarmouk University and the Jordan
University of Science and Technology. There are five cemeteries in Irbid, and the one in Tall Irbid that I have
visited has a Christian section besides a Muslim section. This cemetery is surrounded by a white wall, and the
Muslim section is placed in charge of a caretaker. Although the graves in the Muslim section are lined leaving
no space between them, they are almost the same in shape as those in Kufr Yaba except that the percentage
of the graves with inscriptions is higher.

Al-Risha is located near the Syrian and Iraqi borders in the Syrian Desert. It is about forty-five minutes’
drive from the small town of H4, a former pumping station of the pipeline from Kirkuk to Haifa. In al-Risha
there are three Bedouin cemeteries, in which all the graves are only covered with the excavated earth and
stones. Some graves are weatherworn and most of the earth and stones are scattered and lost.

Since the Muslims in three above-mentioned places generally take no care of the graves of the upper
generation except those of their parents, all the graves are finally weathered into ruins. Their attitude of this
sort to the graves originates in their view that the living does not have to maintain the friendly relations with
the deceased by keeping his grave in good condition for generations to come because the latter does not affect
the welfare of the former at all.

Key Words: Jordan, Arab Muslim, Death, Cemetery, Grave
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The Succession of Planted Communities in Tengeri Desert in Relation
to Root Distribution and Soil Water Status

Guo Yu Qiu*, Tomohisa Yano*, Kazuro Momir* and Qing Hiu Sur**

Abstract

The field experimental results show that the succession process of planted community in
Tengeri Desert sand dune is determined by the distribution of both the plant root system and
available water in the soil. The results of such an interaction reveal that those species which
have a near surface root system are dominant and stable component of the planted commu-
nity series. The survival of a species is determined by the type of root distribution system.
Shifting sand dunes can be stabilized by the planted community under non irrigation

condition in Tengeri Desert.

Key Words: Root distribution, Soil water, Planted community, Succession, Tengeri Desert

1. Introduction

Tengeri Desert is the fourth largest sand
desert in China and occupies an area of 36,700
km2 The encroachment of dunes causes prob-
lems for the oasis and railway on the southeast-
ern fringe of the desert. Since 1956, extensive
desert control measures have been conducted
and these schemes have proved successful.
From 1959 to 1990, the oasis has been enlarged
from 215km? to 335 km? (Zuu et al, 1992).
Among the successful measures, the best and
inexpensive way has been to establish plant
community without irrigation. To meet this
requirement, plant community under non-
irrigated condition had been established since
1956. We call these established plant commu-
nity as “planted community” to distinguish
from natural community. After sand dune
being fixed by the planted community, several
species of herbs can naturally grow in the
planted community.

The planted communities have protected the
railway well for more than 30 years. However,
the planted communities themselves have sur-
vived and further established. As the available
water in plant root zone decreased, the habitat
of plant became dry. Some of the plant popula-

tion got reduced and died. Thus the total
coverage of community on the old fixed sand
dune decreased.

What are the main reasons to cause the suc-
cession of planted community ? Will the fixed
sand dune become the shifting sand dune again
in the future? Scientists both in China and
abroad have serious concern these questions.

To answer these questions we conducted the
experiments on water status and root distribu-
tion in planted community on sand dune in
Tengeri Desert.

2. Experimental Procedures

1) Characteristics of Site and Climatology
As shown in Fig. 1, the experimental field is
located in Shapotou area, Zhongwei County,
Ninxia Hui Autonomous Region, of China
(37°32'N, 105°E). According to the meteoro-
logical data from 1956 to 1991, the annual
average air temperature is 9.8°C. The average
air temperature in January and July are —6.9
and 24.3°C, respectively. Annual average pre-
cipitation is 178.7 mm and 809 of the precipi-
tation is received from May to September
(1956-1991). Shifting sand dunes with a sparse
vegetation are the natural landscape in this
area. The coverage of the natural vegetation is

* Arid Land Research Center, Tottori University. Hamasaka 1390, Tottori, 680 Japan.
** Institute of Desert Research, Chinese Academy of Science. Lanzhou, China.

(Received August 26, 1994; Accepted February 13, 1995)
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only 1-29%. Ground water table is at more than
80 m depth and plants in this area can not use
the ground water.

2) Experimental Field

There are five different experimental plots.
One is the shifting sand dune. Others are four
different age group planted communities which
were established on shifting sand dune. Figure
2 (a) shows the natural landscape of shifting
sand dunesin thestudy area. The highshrubs at
the downright corner of Fig. 2 (a) are Hedysarum
scoparium. The plants growing at the bottom
of sand dune are Artemisia sphaerocephala
(semi-shrub) and Agriophyllum squarrosum
(herb). The planted communities were continu-
ously established since 1956. Thus there are
series of different age group planted com-
munities. Two of them were shown in Fig. 2
and four of them were selected plots for our
study.

We emphasize here that there are 3 common
features for the planted communities series.
First, all of the planted communities were es-
tablished on the same type of shifting sand
dune. Secondly, the plant species used to es-
tablish the planted communities are the same.

Location of the experimental area.

The names of 3 species used are Artemisia ord-
osica, Hedysarum scoparium, and Caragana kor-
shinskii. The first species is semi-shrub. The
other two are shrubs. Besides the same species
used, the arrangements of these species in the
community are also the same. Thirdly, the
procedures for establishing the planted com-
munity are the same. It means that the initial
conditions for the planted communities series
are the same. The only difference is the age
group. In this study, the five selected experi-
mental plots are:
Shifting sand dune;
2 years old community, planted in 1987;
7 years old community, planted in 1982;
25 years old community, planted in
1964;

E. 33 years old community, planted in

1956.

Figure 2 (b) shows a planted community of
several years old. The arrangements of species
are clearly shown. Figure 2 (c) shows the pla-
nted communities of 25 and 33 years old. The
central part area is 33 years old planted com-
munity. The left-upper part area is 25 years
old planted community.

Dow>
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Fig. 2. Experimental area.

(a); the natural landscape of shifting sand
dunes in Tengeri Desert.

(b): new established planted community
(several years old). The original arrange-
ment of plant species are seen.

(c): old planted communities (25 and 33
years old).

3) Experimental Period

Plant related parameters and soil water con-
tent had been continuously measured every
year since 1982 in each of the experimental
plots. Most of the data used in this paper were
recorded in 1989. Some data recorded in 1984
are also used.

Precipitation in 1984 and 1989 was 168.3
mm and 187.1 mm, respectively. Average air
temperature in 1984 and 1989 was 9.1 and
10.0°C, respectively. Both temperature and

83

precipitation were near the annual average
level. Thus data in this two years represent
average level.

4) Soil Water Content

Gravimetric method was employed to note
the water content in 0—-3 m sand layer at an
interval of 10 cm depth. The soil samples were
taken every 10 days in 1984 and every 10 days
from April to November and every 15 days
from December to March in 1989.

5) Vegetation Investigation

The size of sample area for vegetation inves-
tigation was 10 m by 10 m. 10 samples were
investigated in every experimental plot. Spe-
cies composition, size of plant canopy, age struc-
ture of population, growing status, seed, and
seedling were investigated in all of the sam-
ples. The coverage of community was calculat-
ed based on the size of plant canopy. The
results are shown in Table 1.

6) Dominant Index

Coverage is one of the most important fea-
tures for desert community and can be used as
dominant index of population (Qiu et al.,, 1991).
We used relative coverage as the dominant
index. The relative coverage is equal to the
coverage of population divided by total cover-
age of community. In each experimental plot, 3
or 4 species (or groups), which are having a
larger dominance index than other species, are
regarded as dominant species. In different
period of succession, the dominant species are
different. The evolution of dominant plant
species is shown in Fig. 3.

7) Root System

The data on root are cited from Liu (Liv et al.,
1990). Since the roots of herbs grow and dis-
tribute in the same way on fixed sand dune, all
the herbs on fixed sand dune area are group-
ed into one.

8) Water Storage

Water storage was calculated by the follow-
ing procedures. First, mass of water (m,) was
calculated by the relationship between mass
water content (8,) and particle density of soil
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Table 1. Coverage of population in the planted community series in Tengeri Desert sand dune (%)

Shifting dune

Planted Community series

Names of plant 2 7 25 33
years years years years
Agriophyllum squarrosum 0.26 0.00 0.01 0.00 0.00
Artemisia sphaerocephala 0.22 0.00 0.79 0.00 0.00
Hedysarum scoparium 1.23 3.70 294 2.84 3.30
Artemisia ordosica 0.00 2.40 12.40 7.50 13.36
Caragana korshinskii 0.00 1.20 5.70 248 0.09
Bassia dasyphylla 0.00 0.00 1.84 0.68 1.03
Corispermum spp. 0.00 0.00 0.05 0.13 0.02
Eragrostis poaeoides 0.00 0.00 1.17 1.42 1.06
Salsola ruthenica 0.00 0.00 5.52 0.01 0.00
Total community coverage (%) 1.71 7.30 3042 15.06 18.86
80
§§ % A. squarrosum
g wl f
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2 % / g e
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Fig. 4. The water storage in the soil of planted

community series in Tengeri Desert sand
dune.

[Z] 0-1m soil layer (ycar)

(op); muw==0,XppXvs where vs is the soil volume.
Secondly, volume of water in the soil (vy) is
calculated by using the equation v,=m./0uw
where p,, is the particle density of water. For

Dominance index of plant species in the planted community series in Tengeri Desert sand dune.

unit area of soil, v, equals the water storage in
that soil layer. The water storage in 0—1 m and
0-3 m soil layer in shifting sand dune area and
four selected planted community series are
shown in Fig. 4. We select 0-1 m and 0-3 m
soil layers because the main vertical roots of
most of the plant species in this sand dune area
are within 0-1 m and the vertical roots are in
0-3 m.

3. Results and Discussion

Generally desert plants have well developed
root systems with volumes several and even 10
times larger than the above ground part (Liu
et al., 1990). The distribution features of root
system of dominant species are shown in Table
2. The arrangement of root systems in the
plant community are shown in Fig. 5. The
effects of root distribution on soil water status
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Table 2. The data on root system of dominant species in Tengeri Desert sand dune.

. Ver* depth Lat*length Main ver. root Main lad. root
Species names Growth form
(cm) (cm) {cm) (cm)
A. squarrosum 55 180 0-50 80 Herb
Art. sphaerocephala 150 335 150 Semi-shrub
H, scoparium 126 136 20-60 100 Shrub
Art. ordosica 65 150 0-40 50 Semi-herb
C. korshinskii 130 65 30-60 85 Shrub
B. dasyphylla 120 88 0-50 50 Herb
Corispermum spp. 45 100 0-40 75 Herb

* Ver. is vertical; Lat.: lateral

SOIL DEPTH (cm)

A: Artemisia ordosica
C: Herb

B: Caragana korshinskii
D: Hedysarum scoparium

Fig. 5. The arrangement of root system of dominant plant species in the planted community series in

Tengeri Desert sand dune.

in shifting sand dune area and the four selected
planted community series will be discussed in
detail here:

A. Shifting Sand Dune

As shown in Table 1, the coverage of commu-
nity is only 1.719% in shifting dune area. From
Fig. 3, we find that the dominant species is
Hedysarum scoparium, which has a root system
of 125cm in vertical and 136 cm in lateral.
Both the lateral and vertical roots are devel-
oped. Because of the sparse plant community,
there are no root overlaps among species.

The water status in shifting sand dune is
shown in Fig. 6. The mass water content is
around 2-49%, a relatively high value in this
area. The rainy season is from May to Septem-
ber. During and after rainy seasons, water
content in the most parts of the profile is larger
than 3%. Therefore it can be said that the
water status in the profile is affected by rain-
fall.

According to the root distribution of domi-
nant plant, we can divide the soil profile into

Shifting Sand Dune (1989)
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Fig. 6. Water status in 0-3m soil layer of
shifting sand dune in Tengeri Desert
(From January to December, 1989).

two layers. The first is root system layer and
the second layer is the soil layer below the root
system. Figure 6 shows that in the root zone
(0-125cm) of dominant plant species, the
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water content is similar to the water content in
the second layer. According to the growing
season of plant, we can also divide the soil
profile into two parts. One part is the growing
season and the another part is the off season.
The growing season of plant in Shapotou area
is from May to September. Figure. 6 also
shows that the water status for both the sea-
sons is similar. Hence, there are no marked
effects of plant roots on the soil water status in
shifting sand dune area. Furthermore, because
most drought resistant species can grow nor-
mally on sand dunes at a water content of 2-
4%, (Zuao, 1990), the planted communities can
be established on the shifting sand dunes
under non-irrigated condition.

B. 2 Years Old Planted Community

Coverage of 2 years old planted community
is 7.3% (Table 1). There are only 3 plant spe-
cies during this period. All of the 3 species are
planted shrub and semi-shrub. Hedysarum
scoparium has a root system with 125cm in
vertical and 136 cm in lateral. The root of
Artemisia ordosica is 65 cm in vertical and 150
cm in lateral. Both species have a highly devel-
oped lateral roots. Lateral root of Artemisia
ordosica distributes nearer to the dune surface
than Hedysarum scoparium. The root system of
Caragana korshinskii is an oblique distributed
type. The main vertical roots distributed in the
soil layer of 0-60cm. From surface to deep
part of soil, the appearing order of the main
root system of the three species are Artemisia
ordosica, Hedysarum scoparium, and Caragana
korshinskii (Fig. 5).

Figure 7 shows the soil water status in 2
years old planted community. In most part of
the profile, mass water content is between 1-
3%. Few point is larger than 3% and some
points are less than 1%. From Fig. 7 we also
find that during and after rainy season (May to
December), except the 0-20 cm soil layer, mass
water content decreased. This phenomenon
shows that rainfall is no more a major factor
which controls the water status in 20-300 cm
soil layer. However, rainfall is still one of the
main factor which affects the water status in
0-20 cm soil layer.

The plant transpiration is the main factor

2 Year Old Planted Community (1984)
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Fig. 7. Water status in 0-3 m soil layer of 2
years old planted community (From
January to December, 1984).

which affects the soil water status in this
period. By comparing Fig. 7 with root system
of dominant species, we find that from the
middle of growing season (end of June), water
content in the root zones (0-130 cm) decreases
to 1-2% and even less than 1% in many parts
of the profile. After the growing season (No-
vember and December), the water content in
some parts of the profile recovered to 2-39%.
Nevertheless, in the main root system zone (0-
60 cm), water content becomes less than 2%
from August. Therefore, the soil water status
in this period is affected mainly by plant tran-
spiration. The water status of upper part of the
soil profile is mainly affected by evapotranspir-
ation and rainfall. Because the main root zones
of the three species are infiltrated by rainfall,
the planted community grows well and fast at
this succession period. On the other hand, as
shown in Fig. 4, the stored water in sand layer
decreased fast and water received is less than
water used up. The decreasing speed of stored
water is the fastest in the succession series of
planted community.

C. 17 Years Old Planted Community

After 7 years, planted community changed
greatly. Coverage of planted community is
30.42% and reached to the maximum value in
the succession series. Artemisia ordosica, herbs,



Caragana korshinskii, and Hedysarum scopa-
rium are four dominant species or groups. The
group of herb include Bassia dasyphylla,
Corispermum spp., Eragrostis poaeoides, and
Salsola ruthenica. In 2 years old planted com-
munity, Hedysarum scoparium has the largest
value of dominant index. However in this
period the Artemisia ordosica became the most
dominant species. The herbs group, invaded
into the planted community naturally, became
the number two (Fig. 3). The vertical roots of
planted community distribute in the soil layer
of 0—-130 cm and the main vertical roots are in
0-60 cm soil layer. The main roots of Artem-
isia ordosica, which is the most dominant spe-
cies, distribute in the soil layer of 0-40 cm.
The main roots of herbs, which is the second
dominant group, distribute in the soil layer of
0-50 cm. The main roots of Artemisia ordosica
and herbs are shallower than the other species.

The water status in 0-3m sand layer is
shown in Fig. 8. Water content had decreased
to 1-2% in root zone and 0.59 -1% in some
parts of the profile during the growing season.
However, precipitation can infiltrate through
0-40 cm soil layer for many times and infi-
ltrate through the main root layer (0—60 cm) in
July, November, and December. This is the
reason why Artemisia ordosica and herbs are

7 Year Old Planted Community (1989)
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Fig. 8. Water status in 0-3 m soil layer of 7
years old planted community (From
January to December, 1989).
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the most dominant species because their main
vertical root layers are infiltrated by rainfall.

In this succession period, because rainfall
can not infiltrate through the entire root zone
(0—-130 cm), the deep parts of the profile (1-2 m)
became dryer than the near surface parts. In
the vertical direction of the main root depth,
water from rainfall is first absorbed by the
roots of herbs and Artemisia ordosica, then by
the lateral root of Hedysarum scoparium, and
lastly by Caragana korshinskii. Caragana kor-
shinskii stopped growing and just survived in
the dry habitat since less water from rainfall
can infiltrate into the root zone. Caragana kor-
shinskii can not propagate due to water stress.
Although Hedysarum scoparium grows better
than Caragana korshinskii due to its shallow
level root, it can not propagate also. Artemisia
ordosica can grow and propagate normally be-
cause rainfall can infiltrate into its root system.
Herbs grow and propagate rapidly in the rainy
season. During this period, the competitions
for water made those species became dominant
as they have a near soil surface distributed
type root system.

D. 25 and 33 Years Old Planted Communi-
ties

Figure 2 (c) shows the planted communities
of 25 years and 33 years old. There are two
features concerned about the Fig. 2 (c). First,
compared with 2 and 7 years old communities,
the appearances of community changed a lot
and it is hard to find the original species ar-
rangements. Secondly, the appearances of the
25 and 33 years old communities are similar.
Coverage is 15.06% for 25 years old communi-
ty and 18.86% for 33 years old community.
Compared with other species, Artemisia ordos-
ica has a much large dominant index.

Soil water status for the 25 years old planted
community is shown in Fig. 9. The wilting
point of sand soil is 0.59% and these plants can
survive and just grow when water content is
more than 1% and can grow normally when
water content is more than 2% (Zuao, 1990).
From middle of April to the end of the year the
water content of 0-20 cm soil layers is more
than 1%. The observed rainfall infiltration is
11 times. Water content of 20—40 cm soil layer
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0----20 [0GGOO00G00000EE00000000C00F404 44

20---40 (DDCC0OOODDODDOODD0EE000CODGEE0000)

40---060 {000DO0CO00DO0OODCO000G0C000000000
£ 00---80 0000000000000200000000000000000
< 80--100 (00000CO0ODOOOCDONDDCOODOOOOGO0CO0

D00000000000000000000000008B0000
000000000000000600000C0000000000
0000000600600000000000060000000000]
00000000000000000000000000000000
00000000000000000000000000000000,
00000000000000000000000000000000
00000000000000000000000000000000
000000000000000000000000¢0000000

...............

£100-120
3120-140
2 140-160
3 160-180
5 180-200
£ 200-220
& 220-240

240-200

260-280

280-300

AANABOANCAANAARAANAAANAANA

1234 5617 8

Month

9 10 11 12

Q x<0.59 0 0.59<=x<1 0 1=x<2

0 2<=xa3 # 3<=x<4 B X>=4

X in mass water content (%)

Fig. 9. Water status in 0-3 m soil layer of 256
years old planted community (From
January to December, 1989).

is more than 1% from middle of July and the

observed rainfall infiltration is 4 times. Water
content of 40-60 cm soil layer is more than 1%
only from August to the end of October. Rain-
fall can not infiltrate to this soil layer. Below
60 cm, there is a dry soil layer with a water
content lower than 1% and persists almost all
over the year. The water content in this soil
layer is near wilting point and we can call this
layer as “wilting layer”. Rainfall can not infi-
Itrate to this wilting layer permanently.

The main roots of Caragana korshinskii dis-
tribute in the soil layer of 30-60 cm. The main
roots of Hedysarum scoparium distribute in the
soil layer of 20-60 cm. Because little rainfall
can infiltrate to the depth of 20cm and no
rainfall can infiltrate to the depth of 60 cm,
some individuals of Caragana korshinskii and
Hedysarum scoparium die due to serious water
stress and other individuals of the two species
survive but can not propagate. The main roots
of Artemisia ordosica are in thesoil layer of
0-40 cm and rainfall can infiltrate to 20 cm for
many times. From field observation, we find
that roots of Artemisia ordosica get distributed
nearer to surface than before to obtain more
water from rainfall. Artemisia ordosica can
produce seeds and propagate normally in the
rainy season. Thus it becomes one stable com-

ponent of the planted community. The main
roots of herbs are in the layer of 0-40 ¢cm or
0-50 cm and rainfall can infiltrate to the upper
part of their root systems. Herbs grow and
propagate normally in the rainy season and
become one of the stable component of the
planted community. In 33 years old planted
community, Caragana korshinskii disappeared.

From Fig. 4 it can be inferred that the water
status for the 25 and 33 years old planted
communities are similar, The water storage
changes no more with the increase of age. In
these two periods the dominant species, which
are Artemisia ordosica and herbs, also becomes
stable component of the planted community. It
means that after some period of interaction
between the plant roots and water in the soil
layer, the planted community has adopted to
the changed condition of the habitat. Because
the community dominated by Artemisia ordos-
ica and herbs become stable, it will stably exist
in the planted community area. Therefore
dune will get fixed and the railway will be well
protected.

4. Conclusions

1. The succession series of planted commu-
nity in Tengeri Desert sand dune are deter-
mined by the interaction between available
water in soil and the distribution of plant root
system. Those species which have a near sur-
face root distribution become stable and domi-
nant species.

2. Because the community dominated by
Artemisia ordosica and herbs is stable, it will
exist in the planted community area in the
future. Shifting sand dunes can be stabilized
and railway can be protected by the planted
community under non-irrigation condition in
Tengeri Desert.
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B, K& &EWT 5 (1) BHER (@88 cXaLTw
3. L LHSE TR (1988) OiEH s 3 05, BEIE
BOVTOELVEAERERRRIALOLW,

g &% it

B Rk - B B B IR

ST T BT SRt (1978) TRFELSEOD O
BUAEERD TV, 0%, HLADEKRLESRL
THY, BMERSLUCERAC L - THROWAEBER
ESVWTHREBERT 2 L E NS 5,

COXHIBRETCH »T, T TRFHEHIR B
UEELTHL7 7 vOl) (BE) OBHI>VWTER
T3, bbb, FFIv7r Y THROBIEELS
HRERREOMFEL SHSHPIRT B,

Wiz, 7V LBHMDI 7 5= hvPDBET 2 v HNVE
Moy vy PEIBT ADEOBIAE %S
o, RE, 5 v F4v o b OWMBEEPHTEEYN L
HIbBIZERT (1978), Xiaetal. (1993) 15 & OIS 5
Hohizd 3 & Ebic, DELOBR &ETHE ORI
%55,

& 51z, HE{LoBiL, DEOBHIIEZRALET
ZEETHS. ChicRPEASED CTHELHEZR
gk, bv7ZrvieBFZLIFE2RDIZY RS
Bk & 2R OZALEBI R OR S, HHIBEL
BOR D 73 & OBARORHE & XM & DBSEL SO H
2T 3EEbic, DEER~NORHGEMIICHERIS
3,

2. WEHRORRELURE - BIRGE

@ a7y yDEREIHEOWEMIR (AR
o A7 v AOFEE) HEEDEILLLbOTHD, &
HoERLYETIR, HEXDETRIcHNSBEL,
WEDR T 33~35 oA, REAZR-k
WEH 1990 FEic i3 +ElH - 7-. ThHOFEEE 3~8
mThy, FLRBADK>ENBMOPREDOA, K&
VWHDOTREX 160m i@l TV, 554, 2EHM
MO VWBDEMNKBATH 305, TESFHEOD MR
$REIL% 2 km, B S5 km T, 10 km? Pl ki3,
F ANNEMROR LRBDoJIRTH-T, B
Edil, B1ELEoRE, RAMigoi (18D
BELAHLTEY, ZOHBIR60km*>IETH 3.
#-T, TORTRIcHHLRL TS, WRHETIE

* EMKESER » ¥ — BRI
= chER BRI Y M B R BT S R D BT
o IMOKESERHAKERBTR £ ~ & — REIRAHEK

(Zft: 199449 B 7 H, B 1995%£2 A 13 )
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ATz Rz

P ; ; Yardang or
$# Oases FEE Gobi [ saline land
Yoy, bR

Sandy desert Mountain
Tbzbist HiL

Bl1. b7y il () i oits.

HER LAzl h b7 » w bR & 2 /NEBLs ftikk
E-T, —MTRPEDFEHHBIEE > TWEH, T
Rt4rTh b, F vz vEHiOHE, HhEo
RIEEH 1 2R,

@ WEBHFRIEOMEE 2~3 km 2d A EAE VT,
1990 4E 3 A ~1994 4E 8 A @ 4 4F2: O Wb - B T B ik &~
BRI » JiA) & o> W THAE L . #HEHSE o
W@, —HicECRESIKER LI~ vRIT,
ETRELREY, S TmETHE. b, Co
v v BRI O R, FTEA 8 L b B g i
(1978) DX4ic £ 3 L AHIRF AN TH 5.

@ WEHIRINCIE L B SR B e L
fF— 2 ZHVT, & 6 m OMER ROk
[, feZemlinl ke, GRFE] & i R THEREE & oM
EREIMHCRD . GRF-iconTi, RE, B,
SR, MR, WIEE, HGRHEL,  BENR], Mbohdgint, R
kA, (BufcHR, HkORD OH= 199046 A &
D 1994 FEF TERMICHIEL TH Y, SEbikEid s
P, FRHTICIREE LT 1991 465 A ~1992 4£ 10 Ao
o7 — & M, BRI ESE 6 m ORFHPES R
HA 5 m/s Pl EOEEAFA L, EE5 10, 15m/s
15 & ORI 2 R 1o,

@ FHMoOWEEHIcoLTIE, SMICEMED K
RS S TN A, SHNICREERTH B
oD EERA MR E T 5, HEMODEOBERE
APy b BT (1978), Xiaetal. (1993) %
BEIC, BHTEHSH 4 HiEIChi > THRLEOBT %
AT sE L bic, $Hic 1992411 A 3~11 Hic$ ¥
S2Hh vIbIiL 1994456  21~25 Hic /Ny b v

cCig,

7 B —IE IS L 3D EDRE, WEolElE -
R, R AEIREL, KR — 7 75 & oBHifHEE
LA THE QWG & h S il oz it 21
FOBUARERS T 3, i, EHREOFEEL
15 WS T R 2R

® HEHEAC RROBEMAER W, 150y <Y
A 7 BRI & 4.6 m, HHIEL12 m, EIHRESS% TH
5, 29|@ % =) A7 PhEM IR O F AT LT
R EfoEMOES 12 100m, BFZ55mTH
h, #hEFh, &3 2.5 m, 4.0 m, 482 19m, 13 m
TH 5, WHIEE U < LFEH 50%, ¢« FEL 100%
Thb, 5B, BiEMC X 5HER S EEN T v <
Wi b D& ERd, £ 2 FIBhEAO B T RO
i, 2RI 5KEO ), ELE>TH3,

3, MEER

1) b7 7 rcBlTEERIOT SR

=Y, P77y yOSEFEERIA D ICHERE LT
1992 4 6~7 ] (3F) 0L REMTL <.

@ 19924E6 H 26 H~7 A 2 HoowiElo H s
SRz heh 435, 457, 454, 479, 47.8, 477,
46.3°C, E 479CT, 1BHDOEYTIE 46.3CT
bHot, HIEESKE 36 H 200 1k144°C, 19H I
15.2°C Rt (6 H 19 H) B X UFRE®RICHBIIL T
W5, tE, 6 429 H~7 A 1 HOESEM OSSR 2
26.7. 26.8, 28.0°C TXEHABZER 20CEMA TV,
W, BELLTILVZ » YOAFEOREERT &,
19914E 1 A 5 Hic—185°C, 12 /] 28~31 Hic—21~



22°CCh -1,

@ B®E lom o Lido 18/, 684, 69.6,
68.0, 66.7, 68.9, 70.4, 65.2°C Tk#iz 704°CTH » k.
1h, FRORBEER CRIE L ikmE ik 1992
70 16 BichEofliT 84.7°C G L #e.

® HRESEI6H28RA~7TA 28I, Th¥®¥h

(A)

(8) NNV NNE

— =
(4]
=]

SSE

SS¥ S
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118, 11.7, 10.6,12.5,134% To b, Bkitiz 6 A 19
HOS5mm 3 TH-7=. 4B, 7H12~16 HO/h
Bl v BRI X 2 HEGRFRMIS 182 mm T, FEH
[ =9/ N

@ 10 3MEoBRKEE 10m/sBLE, i1
P o B ARM 8 m/s LLEo B, 6 Bic12
8RS, 7 Aic 13 BM& b, WAL 41.0% OBSTRE
LTw3, 10 Y REKRE 15 m/s 2L Lo HBH
Bk, 68ic2Hd, 7TAIK2H (4m/sBlkTik48)
THotx. THISH®D 103 HEFEEHBEAEE T 1591
m/s, BREBARMEII 20.7m/s, 6 A 18 HiZi3, £h¥
#1553 m/s, 204 m/s, 7 A 10 Hic i3 16.43,21.4 m/
s, 6 B 8 Hici 15.25, 203 m/s TH - 1x.

® WEK (10 HHEYERARESm/s L) ©
REREIZ6 AW, THIRWNW THbh, 10m/s Ll
ETREBSEWTHHT.

2) MVTrUICBI3ERARSBERORE « BE

DS
o 2A KRERZRTESE, b7y 0L
BREIZESHic NE T2, BRABREORSEMT
HAKkE{E5o%, W, WNW,E NNE,NE OJ[iCs b,
DTFLIC W BB TRERRIE L >TWAS,

@ M2BicRLAHBEKEE®172m/sElEOR
M43 L, BRERRI W, Ric WNW T, 20fih 5
ORIZIBEAERDIIW,

@ #1cABRARMREDLNEEREHEEDOE
xR, £+ KBREAIUTOROFVAMEI LA
ET, BRATHD, F - HED 4~8 BidfgA 10 A
#HEBRAEMBE®80~138m/s & 13.9~20.7 m/s
DREAAICA->TEH, 8m/s BlETiL 66.7% (2/3) %
&, COMEHREMTHS. oLk BEDEE

Bl2. (A) 199147 H1H~199246 A 30 HD

%ﬁa%%: @Bﬁ% ( '\18'57}?.5 %iamma i 8) MV 77 YItBIIEWEDBRISF EBIERE

i 1 2m/s Bl L oo B () PEBHE SRR L OBR

BEEE ( v V).

£1. rrT7rvRBUIEEABEEREEDANREAK
BH (B A 1 2 3 4 5 6 7 8 9 10 11 12 £

3(34m/s)k 11 2 0 0 0 0 0 0 0 4 14 10 41
3 (3.4~5.4) 19 24 9 7 3 2 2 7 10 16 14 18 131
4 (5.5~17.9) 1 2 17 6 9 9 3 2 11 7 0 3 70
5~6 (8.0~13.8) 0 0 5 9 7 9 13 9 7 4 1 0 64
7~8(13.9~20.7) 0 0 0 7 11 0 12 9 2 0 0 0 -5l
8(208m/s) Bl Lk 0 0 0 1 1 0 1 1 0 0 1 0 5

B

19914£7 B 1 H~1992%6 A 30 H (Rfll, 199148 H 18~20 H)
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199145 A 1 H~19924£10 B 31 H® 10 5} {1 ¢
BABAKEE 14 m/sPlEOMEBD 10 530 - 1 B
4 - BEE®, SR#HOWERHE, BRo—%%2&2ic
RE. £419904E9 A~19944E8 D r 7 7 v

B FRIHHE O e OFSBYMEE & B « B & OB -

OUGERSH, WEOBHER, MEMAGEH MENRO
Bm%Ex 3 IKRY.

® BREFEI->WTIE, 6mED 10 5E B AR
5,8,10,12,13,15,20 m/s L\ L OWRERMZR L. B
BIZ19914E7 A 1 AL ® 10 B EBARM 10 m/
s EoHEER~3L 7Hic12H, 84 (3ARAD
iK1l A&~k $A%FEICIR3IA (9H 12 130, 11
B4H) -1 KRBICEBEMEI-1. HFEO
1992£E 4 At 3 L AMICNAT, 4H6HLDES
DEBRMHICAD, 10 SHBRAREH 10 m/s Bl Lo B
M4~7 Hiciz, £h®h 7,12,12, 13 HT, 5~THT
{2 40.2% bW Tk H, MRMTH L L ERT. X

19924 4~7 A TR 10 A HFEH O AR AR 8 m/s
PDEo#wBEMBIR2HIC1IEBS -7 #5E10HicS5
m/s i3 1 BRI L2718, 1992 FERKBORKBOEPH &
27T,

W-T, WEIAE (K1, 2) BEBR~HBHW.
AFEE T IRARRZ O & LTEVAY, 180
i, 10 SHEFEEEE 8 m/s P L4 & oMBSERE Ik
WICRORED S 3,

@ BEF (10 MR E8m/sLIL) OBREEA
BicoVwTs 5L, 19914E5 513 W & WNW, 6 Aiz
W, 7TRIRW, 8 BIZWNW, 9HIZ3W & WNW ¢&
D, 6~8BTIRW, 5~10 ATII W Th-t., T,
19924E4 ATIZ WNW, 6§ Hiz W, 6 Hir W, 7 Ak
WNW, 8 Aia WNW, 9 BiZ WNW, 10 (5m/s kL
) BWSWT, 4~10 BT W Th- k.

2BO &I, HEAKRBEOREERBIRAXES
2K, WER (17.2m/sLlE) ORMIZE W~WNW

#2 19914E5H~19924E 10 Aicbi 3 b v 7 > vORE, BAEl, WA
(10 34 BB AR 14 m/s LLE) DIRER.

WEE |10 HMBARE | BERARS BEMARE  sm/sblb zggﬁ“ﬁ?gﬂ
((EA8) (m/s) (m/s) (m/s) RE RN 5 8 10 12 13 15 20

1991. 5. 6 15.21 13.72 21.3 WNW 18 15 12 4 3
5.25 14.47 12.77 24.6 WNW 13 11 10 8
5.30 14.09 13.23 19.8 WNW 16 7 4 3 1
6. 7 14.48 13.80 20.3 WNW 7 5 4 2
6.23 14.58 12.74 18.7 w 10 6 1 1
6.24 16.11 15.33 225 w 13 12 12 6 5
7. 4 14.43 13.16 19.7 WNW 12 9 9 3 1
7.13 16.71 16.16 218 w 22 19 14 6 5
7.18 14.02 12.59 20.0 WNW 5 4 3 2
7.19 14.81 13.14 20.1 W, WNW 10 8 4 1 1
8. 6 15.98 13.82 20.9 WNW 7 4 3 3 3
8. 8 14.27 1261 18.9 W,WsSwW 14 10 3 1
9.13 14.05 12.25 18.6 w 5 5 3 2
11. 4 15.73 11.64 22.9 W, WNW 4 3 2

1992. 4. 9 16.14 14.92 22.1 WNW 8 6 5 4 3
4.18 14.66 13.92 19.3 w 8 6 5 3 2
4.25 14.76 12.68 20.6 W, WNW 9 8 6 2 1
5. 3 16.17 15.36 20.6 w 10 9 6 6 6
5. 4 14.81 13.39 19.3 w 6 5 3 3 2
5.12 22.05 21.26 28.9 w 16 13 12 9 9
5.28 14.72 13.87 189 w 14 10 8 5 3
6. 8 15.25 14.49 20.3 w 13 9 9 2 1
6.18 15.63 12.95 20.4 w 13 12 B 6
7. 3 14.40 13.32 194 w 17 15 12 8 3
7. 4 14.39 13.03 19.2 W, WSW 8 7 61 1
7.10 15.43 14.06 214 WNW 11 7 4 2 2
7.18 15.91 14.93 20.7 WNW 11 10 6 3 2
8. 2 15.12 13.68 21.7 w 7 7 6 3 2




Tholk.

® Hs6moBR#E8m/sit, X 1mTRIZZE
m/siciNT 3, FEREELHEPTVPTRISm/s
DoBB LAY 3, —RICIPDOBEIRKEID6
m/sDBRELSTH B, £3ickdE, DEBHE
19924E5 A ~7 Ahf)ic 50 m, 7 Atha)~8 Aicid
25m, 7T Ahf)~10 AT 35m TH -7/, Fi 1991
FE9H~19924 3 HD 03 m oBHOLSic, KK
BICRBRAMEL, BRR > T—EISRICBHLL
HOTREWV., THbE5~6m/s DA (B&6m) T
BREoBH~oMEDREIR/NE, 10m/sEl LD
BickEST 2BEMAE V.

@ #3iIcRETLH125,8,10,12,13,15 m/s 2
& LT, #hllEoBRE (m/s) ORBEHE ¢ hr) LDE
OBHEEN (d, m) & OMFERDE. 199149 A 1 A
~19924E8 A3l Hiclt, Th®¥FhRARD LIl »
1.
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d=0.0177¢ d=0.0356 ¢, d=0.0687t, d=0.141¢,
d=0.225¢ d=1.125¢
0.0177 15 & DLLBIFRE (k) & B (u, m/s) i 3KRK
Dh ~+BRHD b, HBEHEE() 130918 TH -1,
k=4.63 « 10754338
FOMOPEIco> VT bERLSEFRNS D, <+
2.09~3.38 T, Fi93.02 TH 7/, KL, 199244
A 1~30 HiZGEHHITE LIS BRUE S HRBRL &,
2.98~338 T, Fig3.18 Lotz E, 2HDrid
0.917~0.985 T, Figit 0952 THEITE L,
Z T, BUHEERE (d, m), WEM (¢, hr), BE (u, m/
s) 2ERT B L,
d=7.3+1075 « u18
ThRb¥3. -7, DERBEOBIE3IRTHALT
Bl Liclss. CoBFRRIck 3 s, HMEORkGE
BRE OB WEERIZ 5, 8, 10, 12m/s Bl E DR L
HIZ o 545, BRI hid T 8~10m/s

#3. tr7rviBYIEAME B, DEOBBER MENKROWERHEB K OCRERMIIETS
BUEEM oK (FRE0.
i} & (m/s)
b il 5 8 10 12 13 15 20 | BEBY mEN
(£ B B) B om FRME
kB wEEERM (hr),  TB: ¥ (cm/hr)
1990 4£ 9 H~ FHBH B [
19914E8 A 95m W~WNW
199145 A 1 H~ 451 215 123 46 15 1 70m w
199148 A31 1 1.55 3.26 569 1522 46.67 ’
19914, 9 A 1 A~ 38 9 6 2
199243 A 31 H 0.79 3.33 5.00 15.00 03m w
51 27 19 10 6
199244 H1~808 | 535 444 632 1200 2000 l2m  WNW
199245 A 1 A~ 279 160 85 43 27 8 2 50 w
7H12H 1.79 313 588 1163 1852 625 Om
199247 A 13 B~ 140 56 21 9 7
8A31H | 179 446 1190 27.78 3571 25m  WNW
19914698 1 8~ 508 253 131 64 40 8 2 FwMphn B\
199248 § 31 H 1.77 356 687 1406 2250 1125 90m W~WNW
199249 A 1 H~ 52 18 8 3 3
108318 | 192 556 1250 33.33 3333 l0m  WNW
1992511 § 1 H~
19934E8 A 5 H 110m  W~WNW
19924£9 A~ FHEYD R =
199348 A 120m W~WNW
1993 49 A~ FHBEY R @
1994 £ 8 A 11.0m W~WNW
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DR E & {HET B0

® 19914581 H~19925E£10H31HDW, 5m/s
DBEDO AR k LRERMNt LoMFEEATHE
9o KL, 199149 B~199248 A 1 FRITIRFE
MMISHE S50 THRAT AL, i3 0964 T, HRIH
BRI aEmMS 50, 8, 10m/s Tidrid
0.568, 0.524 & HBIIX{EL,

COES EHEE D SERAMOREMWNES BT
&t EECRYEE RS L TBHRMEDT
A%, HRMICIBHERIE BRI LERT. &
FIRERMOBEA L BRLLOBBHIAS {FHATS
LR, COBRBEORE, 530 ofoRXS
DHARE>THELCALBERLELELI SN B RH, 5Kk
HEET 3, b7y rcRIBOERMNED SO
1=

1992 £E 5 A~7 Adhf)icBir 3 5 m/s Bl ELDBAD
HAGRM 179, 7TAhE~8ADEhERILTH 3
A, 10m/s D LoRFFRKT/IS V. ChidpiEo
25 "AREKED 15 A AL DEWVS, 10~13m/s O
B OEIEHE\ 1o s ic AR BE B o BB THEERE AsiER M Iz
&, BEBEOFMBBIC & 2 BATBRI OB THEEREMA X
WZ &%, FREBHEIED 15 20 m/s OBEID LD
EARESHFETHTEEEMET S, $/-, 19914E9A 1
H~19924E3 31 AT 10m/s Bl EE 9 B 12, 13
B& 11 A4 8LAEL, @00 SEO 5 m/s BEO
YGERRIME VT AP L T, 5m/s BrOBRMANE
{IE>TW3,

(2) EEOWEOBYHFE & BHRHE

@ 19914E5 A~19924E 10 AD 1 SEEX DY EDH
BhFmEmE~xs r VERORABOBBEERE (8 /410
m/s B\ b o BEREE & RERN & OB TR L BT,
BR1%Z%M LU TBYL) 23 cRxLk. 1991 4£5~8 A
CRBWERIR70m THh, FELTHATHIH,
DEPIEARDES - THB LA £/ 199149 8

O

5

~1992E 8 HD 1 {ERITIR 9.0mBHL, olsd
FLLTHETH B0, 6~8 AiciifGrgsao Basgadt
BHORL W ZWADHBYHHERIDTriILERAZ 6>
A, 19924E9~10 B RBEUOTLIEIRA % b -
TBHLA THLSBRPOMAIECLEITLDE
FRIEZEND3H, 2O0MAPESHL 1EET
HEFL Db IEHICE > TBHLAZ EITK 3.

@ PDEOBHAEIIBEROBRICHKE->T, W~
WNW Hlah o OB TH » ke, 2 LBk - T,
TIHOEEDOHHOW $/4i2 WNW R FORMICL »
T, 2DHEMBDLED ZH, W~WNW OfifHic i3z
DY, T 1993, 1994 FEL W~WNW T
Holk,

#-T, DRI W~WNW Kb 5 E~ESE HRlic
BPhdac iy, EBiciR, R3iRTEdKR, %
OEHEOHENLHEET O OB HRTH 5.

@ tA77 v OEETmOMREOHIHEEREZ 1990
$E8A~19914E8 Bic 9.5m, 1991 4 8 B~1992 4
88190 m, 199248 H~1993 48 Hic 12.0 m,
199348 A~19944E£8 AL 11.0 m @, YTt 104
mTHot. CHIKOVWTRERTHRNE.

1) FELROBDEOBESE

FEBR O fr OB B [ & Frii v LB B R R
(1978), Xia et al. (1993) ORIEHBIZ LT, 1990~
1994 EOHEH > DFPEEMA TEIE - B L -#ER%E
RaicRid. #BT2525=°hv « NV T}
WEHREABRTHSLIC LA ODOT, FHUEBEAIRI I 5=
A v hEFERETIR, B4 (Minfeng, Niya) & o F#idy
WBEF (Yawatongguzlangar) OHIR, i< F il il
FHRYGDEOBYHEOEEMSATH S LYsh
5. Ric b7 > v COBYHROMALETEY, X
ELTH~FILRIC L > THEF O CBHTH &E
JU M7 7y vIEHOEE (Shanshan, Y+ v ¥ + )

May Jun. Jul

Aug. 4 Ma ] Aug.Sep}
/ - May un.  Jul.
8mis< 1991 Serﬁ’oj AP 1992 Oct.
W E
0 5 10 15 (m) :
J | 1 1 ‘

Jul. Auq.
3| Ap
10m/s < 1991 Nov.

] 3.
(k) 8my/sklE, (F) 10m/sBlE

r.

Jul.

May Jun.

1992

VT ICBIF S 1991 FE5 A~19924E 10 ROWEOBE R & <2 b VRRO A SIS SRR
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fIE R Altay : [al§h#g, 7oA
Habahe : B3], /~s¥:Fk
Burqin : 7AiM, TuF Ertix He %
ﬁ’bﬁ:@@bz‘i_i&‘]__ Karamay : SebiiS{&, 75 =A L
Yining : (A8, 41 —=~

& (Hanas Hi Minfeng: B#, 1 v7=z v

b Yawatongguzlangar : ThE T,
XTI H
Qiemo: H#, F= %
Bextograk : fEHHEISHISE,

Xinjiang, China

bt - 1L Shihezi : GiFfF, y—H—% Rubasy
" Urumqi : BARE, 2 LAaF Ruoqiang : HE, v F =~
Jimsar : HAEH, FLoHn Luobuzhuang : $FE,

a7 Fay
Argan : BEIWH’-. TSH
“etrey o \lunsgut Shamo \

Hami : 037, ~3 Turpan : H#3&F, 77 v
Shahshan : %, v+ ¥+ ¥

Korla : [if¥h, =03 g Q&
Luntai: 8, v s A = /;/mugi

Kuga : [iiHH, 7 # + \ .\ Shihezio —™ L
Aksu F‘]m T W1n1ng

(o]
“a KaramaY

"“Turpan
Yenglsar *':"{L s Fuvie UK \ / oHauu
Shache : (P, ¥+ F = 7
st t Shahshan )
Yecheng : 3E, v F = v \ Luntar e \ /

Pishan : Bit, €+ ¥ > Aks*-l : ‘/KEQE;’/ :/ X
NS oo -"'_‘.Tari.mx'-”?.,",'./': /\ 25
Kasm f/ /' ,f‘ /

_-Hénas Hu:
K,
3r g R
Ertix He :

O %4 - el Wi
/ .”: '|-._ x / o / : //Ur\rsan '-‘.-.:.‘-- it Eﬁmﬁiﬁlﬁ]-
: o / . : . .' /’ D >~ " =il
/ % K / Tarm // / /’ : \\\- Manas Hu :
N '1 /Takllmakan Shamo/ 2 “# Ruoqiang N E‘F#"!}Ufﬁﬂ N
\a\ i t ‘ --(Bextogra . Keriya He : M, 7 U v/ll
s G \ Y / 2 QiEnO\" 3 Tarxm He : ¥SEA®, 5 Y L)1
s "‘“ \?‘ * o a0 \“ . Niya He : BHER], =il
llolan . ---.91 Jarqan He
\ Qirad™ ) e - Qarqan He: R,
F=nF )l Lop Nur:
X

= PN\ B YUt g T one) N avatens uzlangar \ \\ i,
Eini”—w?;%\ \ i N Ni\”\He \.\ o E NmmE a7, —n
- Kerl{i\ﬂe\ \\\' N\ Kunlun Shan Kunlun Shan : Bili, 3 @ LBk
Hotan : fOfF, #—% >N \ HIETAN N ] Altun Shan : [IF4L, 745 vk
Qira: #4), #—35 > Taklimakan Shamo: 7 7 5 =7 »¢biil | S E—
Yutian: FH, 27 \ N\ Gurbantunggut Shamo: Z7bs¥ ¥ b ¥ o b b 0 100 200 km
B4 $O Y L« Y2 v Al s Y 20 EOBE AR,

WRCIREDARXEFE Shiis 3 k) BERHED o h
fcl&EThB,

(1) oy 7 5 < h vibBio B

19924E 11 A 3~11Hic¥ 7 5= h R0 EM%E
—E LT oA R RO TH 5,

@ %7 3=Hn ol CRLFEH) ORI
(Korla) 7» 54} (Kashi, Kaxgar # & = 7v) [0 E[H)
VB AR (Aksu) « FEETRIM & P sagRdF 0 Ak, mEH
fHEAIEPETH 5 120, W EREHR» SR EA L
Rohd, 71U LJFHERE RS 5.

@ With oI T EREAHML, #ED (Yen- ' ]
gisar), #5Hi (Shache, Yarkant ¥ 7 ¥ F) Tlhiigh B 5. jtﬁ LZ’?‘FTX%M:E:FC@'& Lo2d 4
MO bEONBLH NS, Sby s 5<h vl MR DR,

O, JE# (Kunlun, 2 v o) [IROIEM, R SHo—HTRlkEedil cmillices 20~30 m i
(Yecheng), FZili (Pishan), #lill (Hotan) @dtfilTid, 3 R, JLflicid 50 m 0 EAMEH 5.
LA E DU TEED, T (GE) WicHd 3. @ FH (Yutian) 2 5#5% (Ruogiang, Qarkilik
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X1a, X, Ly, C, Znou, X., Zuang, H, Huang, P. and Pan, B,

Relation between Desert Climate and Movement of Sand Dunes Particularly at
Turpan in Xinjiang of Northwestern China

Taichi Makr¥*, Borong PAN**, Mingyuan Du™* and Ryoji SAMESHIMA™**

Relations among desertification, arid climate, movement of sand dunes, sand accumulation by windbreaks
and so on were investigated at Turpan in Xinjiang of Northwestern China. Obtained results are mainly as
follows:

(1) The periods of strong and weak winds are from spring to summer and from autumn to winter,
respectively. The appearance frequencies over 8 m/s of daily maximum instantaneous wind speed and over
10 m/s of daily maximum 10-minute mean wind speed at a height of 6 m were 67% and 4194, respectively.
The characteristics of air temperature, soil temperature and humidity at the dry period of high temperature in
summer were made clear.

(2) Prevailing wind direction at Turpan is E direction. The most frequent wind direction of daily
maximum 10-minute mean wind speed is W, however, wind directions are scattered to W, WNW, E, NNE and
NE in the order. The most frequent wind direction over 8 m/s of daily maximum 10-minute mean wind speed
is W, and the second is WNW. Moving direction of sand dunes is the direction from E to ESE, i. e., close to E
direction.

(3) It was shown in the tables that relations among the moving speed of sand dunes based on desertifica-
tion, the grade of wind speed and blowing duration of strong wind at Turpan at the period from May, 1991 to
December, 1992, and that movement of sand dunes is in proportion to the third power of wind speed.

(4) The moving distances of the 7 m high sand dune near Turpan Desert Research Station were 9.5, 9.0,
12.0 and 11.0 m at every one year from autumn in 1990 to summer in 1994, and the average was 10.4 m. The
desertification around the region has been expanding, however, moving sand dunes themselves have been
decreased mainly by the windbreak trees recently planted at the leeward edge of the desert.

(5) The recent movements of sand dunes were figured in Taklimakan Desert and Gurbantunggut Desert,
Xinjiang, China. The changing point of the moving direction of sand dunes were found in the area of Minfeng
and Yawatongguzlangar at the south of Taklimakan Desert.

(6) Windbreak forests are effective in meteorological improvement, prevention of wind erosion and sand
accumulation at Turpan which is located in the arid land.

(7) In autumn, 1992, the expansion of desertification at the south Taklimakan is severely affected by
moving sand. The situations of wind erosion, water erosion, blowing sand and their effects on roads were
introduced.

Key Words: Arid climate, China, Desert, Desertification, Sand dune, Wind, Windbreak

* Department of Farmland Utilization, National Agriculture Research Center. 3-1-1, Kannondai, Tsukuba, Ibaraki, 305
Japan.
** Turpan Desert Research Station, Xinjiang Institute of Biology, Pedology and Desert Research. 40, Beijing South
Road, Urumgqi, China.

*+* Environmental Resources Division, Japan International Research Center for Agricultural Sciences. 1-2, Ohwashi,
Tsukuba, Ibaraki, 305 Japan. (Received September 7, 1994; Accepted February 13, 1995)
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#ERE

& B 5 &

B @ H B

R &

3K R & it
(H9)
&K

By
il
IR

0.3~05m/s
60 m/s AT CESRERTSH)
+2% H5W0Wi2+02m/s (2L W RSO DDRAM)

KPR

Ry :
L ¥
&
&

03 m/s
+5°
BFvvdt——

LYV EV A4 VERVTESHERD B

(B3 5 m/s I B 2 EGRRNIZH 1 B)

BEEHRBEH

RIEREER:
L %
B E &
B8

—44~49°C

0.1C

65

B&7 ¢ v & RIEEFK (2000 Q)

HHRAZ2 )=V #9414 bF {0y

RSt

iyl B
i
B MU
[

5~100% RH
+39% RH
#55 (Z&)
SRR

AR Y-V k94 bF4OY

¥R R

HIE e
B E:
B

770~930 hPa
+0.2 hPa
yY)avs .y TRERF

H 5 fit

B H &

BIEBR:
B E SR

0.3~2.5 um
0~2000 W/m?

: 20 W/m?

15
PH=IRI-TY Y
P RYY Yy —PrHS5R

£ Ll

2 B OH

> 0.3~60um

. 0~2000 W/m?

D HEAHLDHD £3%
114

P H=3RI=TY oy ¥

nit v ik

SR AE
b ilrict o

SE2i3rit 4y

—44~49°C
0.1°C
#1653

T Ae 7+ v ARIBIESk (2000 Q)

v, FYEEFHL TV A, CoBRMHOBER &
B U oRJIcERIAc U2=15 m?%/s DBRMH BT &
MHERMNCELDONTED FRHA - BR, 1989),
B ERIIEM S5 m/s T 06 secBBE, B#10m/sT
0.15sec BEEE L > TWS, LicH-> TREOWME 3k
Iz, LYEERNoRRETE TERYT 2, SEERE%
- kBRI bk, HERL/MS poBED
HIEEE S 10 m &BWed, BRABORROE I/
EVnEEISh, vv 7Y v /iR 30 2 TREET -
THHICHIBIRS VST L.

KEHIC>VWTI, BB, 5K L BgRER
0.15 hPa & 7 — v S HOMABEHIc X 28K (=
0.2hPa) BRI TH D, HERELRW.

ASEGERLBEHIc2>WTIE (X —H —OBIEMI
2 20COBEI BT BELIRENTVEW) BEK
BN L MBEShTEY GBS - BE,
1989), BF{fiz 20 £HALEL Z0REIENE
ETRA 10%L Liciz aalieddip 5. L L, #ikd
3 &5 A EoORAMAOBEELIKE WY, BH
&5 AR(LPEGHTLERIT 5 T &KW TREIC
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B
St

2 »
SR =-2939 + 7.01N -2.46E-3 N ;:,*_—'.'
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Reference Solar Radiation (W/m"2)

7)1 ATEPRP A I BRI I S B
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(b)'.'sn‘...,...,.‘.,...,,..
L 2 x'l.
TR=441.2+0.164 N + 7.00E-4 N e
700[- P
¥ v
r g
650 r;—,-:' 2
F e
F .f
[ . s
600 0 ]

Reference Total Radiation (W/m*2)

ssof-

soof ]

| B G S S ] e S el st
200 400 600 800 1000 1200

Sensor No.201 ( N value )

EI &t (@) & S dtat (b) D RRTERS R

Khozig, N{itid S9EE (W/m?) ~ 02l E R d.

i E AR [ T U A

At E S > O T RINIOEIENTETH 5
&S, MEAMMAOEBRME FIcBEAERL, fEic
100 m #h folsiic & 2 SR P B G R E= o
BHEH B TR USRS S O M RE & M
Lz, LRl HaE 8 & & &gt 8 HiconwT
F220 BREBEENEL 2 (R8Il VWEF— 7 HI3H
Bithi 820~1,005 ¥ — 4, 2ltiths 410~502 7 —
§TH3). K4 cHERO—FERT (K N fli» o
ORIENART) A, BHEM & B o SRb 12 850E
Rk AMEMGIERFICEC —H L TWA, Bt
HHt, ShURe Sz 20 W/m? BBEEE - TH Y,
COHgEDH ¥ o SR (220 W/m?) difilcshTu
3.

2) AEEDHIE

Bl L, Lidoducz offEfco v TR
MLOERERTL - 7288, HERCEMTHESh A ERLR
MeaL, DFIoRE &S SEESHIHS» & -0
T, Bl W T TR~ 3 &5 HHIEETHE -
st

OHMHO* 7 2 FHEIE
BicEBICB S hc ARt 7 — ¥ TR EEE - T
FVFNOHFFTIC L EM I0E W/m? ofEidiE s h
TWwa, B TIRHEEEKEEE L, Lichi-
T, IOftidA 7€y bEFEZSNB. 2T, £HE
CEBIOFES AR, ThEEPOf» SR 2
HEHRE Uiz, 1 4% C R & L= i Ao A
HORF 7€y MERZIETZOT LIS ¢, FEYET
Tl & 45138+2.2 W/m2, L& 4514.3+3.9 W/m?

v(ﬂ
2
o
=
2
o
«@
o
=1
o
e o |
bt .
5% Sl e e ol Dk el
250 260 270 280 290 300 310 320
Air Temperature (K)
X5 EH@MEEhcsr s8R AF—va v

D Fa) & E il SH(TRup-SRup) & & H
T 58 BE (0 Ts*) @ 2% O SR & 7 (1991 4
11 H9H~19924 10 H 13 H).
oz, EEBERRORIEICA VR
Jar R &R,

TH3,

@&2aET o kEE o RIE
SElOMilics v, EEE, TR oREREHR
(LRup, LRdown) &, #illl& 12268 (TRdown,
TRup) & HEHit (SRdown, SRup) #» 53k 1=,

5 IcliFo&EE LTk, L Eikidiis i
KBS SR 2 Ll & E# UL & @3 LRup-
oTs* &4 & DOMFRERT L, Hbhobohiiks
I, #Z& LTl ohBlitic 3SRk EE S
A, vy arBF—asxfuiidiiticonwtd, BE
HiZ F—aoin#ic k- T 20 W/m? BEE OB
HEMEEThTVS (R - &Y, 1992) 45, 4
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o2EgtticAVShTVLARIMR L YRIF - ADHE,
JEHICHC MERO/PE VWY, F—roimick3E
13, YV vRF-22AVABR LD bhELCK
Tt O RIERME (20 W/m?) 2EMT 3 L\ET X
AEETHSLEASNS. SEAVLBUEE, %
REOEK L EANORBEFOBEZEEHNE LT
DHHLTW3, LAd->T, SERWE S hi- Bl
RoOGEEKFLER, € v Y EANIBOERERHFEO
SBONBEZI T L DIRELLbDEERLDS
ha 22T SEiofRrTl, EIOmoRBL
oTs' #HWT, L& REEHROTJBIKFEEHEET
BRERDE. BoniHERELTIRRT.
LRup=(TRup-SRup)+1715.1 —17.543Tair
+0.040401Tair? )

BIRICER L2 7 — 2 Ic> W Tk - L % Eiliist
it oTs! L DZ0FEZE L, FIERI2678W/m?T
ot bOVEE®RIIZ 156 W/m2 &b, BIERKOE
HMEXPH o SHELEREL LS. THERRES
ft LRdown it oW T b+ v 4 EAROEEERI3 Fn
XU OEKBRE LE UEET S LEELTHK
BRVWEDEEZSNEDT, BITICEL TRELHE
KEAVTWS,

@ERH (49T L) oiRimmEEOFHIE
RANCAER U ot RmAREH i, AfIERRREERE
KAV bOT, BIEEEED A/DEROHES, S, %
DEMRIZAOCEL > TS AOCTNEIREBD
1,023 1272 %). SEIORAEM 340 BOR 23 B, 7 -
IRITLTII6 ¥— 5 (D 0.7%) IcoW\WTidihE
EEEEA 49°C PLEIE > TW A Al ED S hik,
HE®RD LR & EEREGHRE RE 7 — 5 2RV i
ROz, 099 &WSEWIEMENSZ T EH 5,

KB EBEEDS 49CKRIED 7 — i > W THIERD LIH
RS R A HALY L L thRE RS oL BN e R
¥, UTIRTHEREE..
0Ts*=280.21—0.19452LRup
+1.2468e® LRup? (2)

T TCHIBLE » ThW B+ v+ ORIEERIL, &
BicAvshTw 3 ALERAREORERROMMET
R4, HIEBEEERT 2 A/DERBOFHMIcL S
bOTHY, BRBOKHEZDLDII49CLIEIcBWT
LEHMESERDIL-TWARLEZONB T ENS, (2)
REOCERA-HERE CABLCOBFCBHERL W
EEZONB, £IT, 49CLLLIT » LIBAOMER
BBEEHFHIERD Lh & REREHEEHVTHEL ..
R 6 ic 2 D—FlERT Y, HEROMMKEREDBZE(L
OBTFIR, Thi CORMETORIEEREFRO%EIL
DOEFERLTWVWSE I EnaHh 3.

4. IREROFET(LE ATLDER

1991411 BH 5 19924 10 B  co fAl® 30 53
BLBohRBRREROF—- s 2HVWT, BAEYHE
B%IB D B Gl E R D, HHRLODEIBEOREN
BRI VWTHNK. R2BIRBEROATIGMHL
EDHTRLE, LT, BREBERITOVTZO/FKED
~3,

0

BEYRAMIZ6 ANBEATS0m/s, 12 ANB/NT
31m/sTH3. 48558 BichiFTIRENK FY
Buid 40m/s PlEERLTWS (A7), —4, £F0
11, 12, 1 A3 3.1~32m/s LEMZEH L THROEY

——— Ts (Raw)

«-sse-ee= TS (Corrected)

Soil Surface Temperature (deg.)

60 vt

Segeq
L 2
Tl .

00 04 o8

10: PSR S [ S S SU N SR S

12 16 .20 24

Hour (C.S.T.)

X 6. KUBMESD L& REHHR%EHHAZERE UTHE L ORmER &
HIERTOMREER ORFRY| (19924 7 A 13 H~15 B).
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&2 YA LOBEIARER & Michifl © A R0 & IS (1991 4 11 H~1992 4 10 A).
Time WS Tair RH ABH P SRdown SRup LRdown LRup Rnet Tsur ST10 ST20
YYMM m/s deg. 9% g/m® hPa W/m* W/m* W/m?* W/m? W/m? deg. deg. deg.
9111 3.1 30 34 20 8582 119 33 261 335 11 4.1 4.7 6.7
9112 31 -17 59 24 8552 85 26 260 315 5 -03 0.7 2.8
9201 32 -—-46 70 2.5 855.7 89 25 252 304 12 -32 -29 -1.2
9202 35 09 53 24 8515 141 41 265 330 36 29 25 29
9203 39 69 49 36 8497 130 37 308 364 37 9.6 94 9.2
9204 4.2 186 20 3.0 8481 206 60 351 435 62 220 208 19.2
9205 4.8 20.1 32 51 8483 236 64 371 449 95 245 241 230
9206 50 239 45 9.1 8464 258 66 395 475 112 288 283 27.1
9207 44 272 43 110 8454 255 68 409 494 103 31.7 307 296
9208 4.1 255 55 127 8472 211 59 409 480 81 298 294 286
9209 39 213 51 95 8499 179 53 382 447 61 250 250 250
9210 38 135 60 7.0 855.1 161 50 334 396 49 175 178 188
Average 4.0 13.1 47 58 8505 174 49 335 404 57 163 16.1 16.1

Wind Speed (nv/s)

0
9111 12 92/1 2 3

4

N 6 7 8 9 92/10

Time (Year/Month)

7. REWA T € Lo AFGRE (1991 411 A~19924 10 B) & ARRESEM.

KR8 HEPYMAT e LoRBRRA9914EL11A~
1992 ££ 10 A).

BEid/has v, ERZ28ECTORK 30 SEYRS
199245 A 3 BicB& L i 16.0 m/s (B3 75{LaE),
—HRKRBERE (30 43 CRG85 2 sec LI EO R
DA (31992 4E5 B 27 HD 23.1 m/s (AEI3EE)
THB. COLHUMEANE U -LBHBoRRICOVT
@, BHIORKIEZ L OFEL VIR ERATED 25

HARTATH 34, FHAJRERERL(1992) 108
REhTvIRFBERODBDBIzLNiE, 5 A 3 HOBRER
3, UL SET LABOERICES boT, §
M CHE L KB OETLE S CicBRtEillshTy
5, X8Iz 19914511 AH 5 19924 10 A CoRR
BlEmd s, BRROREEGIEHEE VW eHERs
15> TW3, YosHino (1992) iz L hif, ¥ COEREM
BETH 5, SEIOFETIIEREHE & FHI2ZRE U
BTELTVWE, TOLSIUERMEUCLFRZEED
ECHRBHEBEIT A LidHRL VA, BBRTBELSc
ComERORRERIcE L TRY, —AHBRIOBEAI
1 B30 LREFMIT S8, 14, 2085) THA4LH, 0
BHoEMBRlEh TRV Ed—ooafftke LT
FEAoh3, CHhIRDVTRSHRIVBLVRHHULE
TH5.
WREOEREEICE, Rick 20088, Lob
FRERODOBYNHERTH Y, KIIHRBOERD
HERDDUOS « DEOBEHRS & BOBMNS
5LEZ 003, EBE,(199]) DB EToMR
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RN GEM T m/s Pl ETRIIEEHSELL LS
EERIHSMITLTWS, 1z, Secar(1990) (¥ F
P SEPETAAE A B2 TR L, JERICRLE IS
OBAET 4m/s, LERKFHOEGICIES~Tm/s TH
BEVWHEERAHTWA, £ TEE 7 m/s PlLEOREIC
DWT % OEBET~, HBloiR O FERREE RS
&, 2 o512% @Bs5AH»THIRERLTWL S
(B 9a). % =S bF o JEE] 2D & JLiE R A £k D
T4% % LT 5 (F9b), FE (199D ic L hid, ¥
) AT 4 B S 6 Ak TlAieE, mE
5 A LIELEAEL, & 54 mIERl% S0 L 9
AT 5 BiciwaERMSEAE L TWS, SoloiER
i, SYEALOBRICOVWTIhETIKEOATL AR

Frequency (%)

Frequency (%)

s s 11000 00 1 508 0 ) s S i [ P e L E
N NE E SE S SwW w NW
Wind Direction

9. A (E7m/sLLE) B A RISRES T

BEeEh R S ER O R R L T0 A, AR ED
BRI VWTIHIRE TN,

@R

BIESEI, s A»S59H®R20C L, 1221
Hid=4+2 (—17CE —46°C) =L, 7T b bE
¢ 27.2°C, 1 BAibIEL —46°CTHY (R 2BR),
EEIR 31.8°Cic bakd 5, W% L T okdEXiiRiE
1992 4E 7 J 20 H @ 37.4°C, fefE&iii i3 19934E1 A
1 HO—157CTH 5. FEFYXEI 13.1°CT, BET
AAT v AMBETNICS AMHIALNOFEE KR
(13.2°C: FromhER2EL:. 1993) 1iZIFH LWV, 7281,
MHoSEIIM E15moboTHy, —F, HhoH
i F10mThsdc &ns, Billlkcsd it
1.5 m OEFEESE IR, bRofikd bEDE<E-T
WhEEbh3.

A BNk - iR o BsIBIEEE o k2 (k. (3 B
HHZER) AR 10 0Rd8, BRIBEEE O &
MEDE (2 2Tl IhAEFYHESE LR S
LW EHEFOHMKEL, 1 HIZ65C (HERAR 12°C
FREE), 7 Ai29.9°C (BKHE X 15CHEE) LU-TW
%. Inoue and MitsuTa (1990) iT & % chEItFEHER]
HiROWWIicE T ARG T, SEYRgEE 2 AR
WRTTAMENEE-TED, ShlofERE LRI
F AR LTVWA, COLHHENSE LEERIZoV
Tid, B SoERmIREDE, &5V idEEo#
MRED DL EMEZ SN, FOF MoV
TRESEHETOBMNE ORI ETEI LItk -TH
OhicEbDEFZALONS,

(m&ﬁ@ﬂﬁﬂﬁﬁﬂm.ﬁ%ﬁﬁﬁ@i @RE
bI96) &R AT ORI 4 B AU S5 A3 1
EEER LTV A, B (@/m*) TR2 &, HF
- : i : "
sk . Tair Aot ity A -
= +  Tsurface ﬁ »f‘*. 57; f't ?i'
g aof siaEs R ;/e‘ PN FiOAS
: | AN N e I
s 20F A b
: AN N Rl
g 10fF 3 ﬁ\i/\ NG ]
@ oo F. 3 + % b 4
Sab N =
R ‘{\f\‘ ;
O STIT  ezio1 | 92108 92/05  se2/07 9209

Tim e (Year/Month)
10. il (Tair) & MR (T,) © ABIEE 2L
BT AL SRy, REEho BRER 0 0 5 6 BEREBIC L - TH 5,
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15 rrr

Absotute Humidity (g/m?)

92/01

92/03

92/05 92/07 92/09

T i m e (Year/Month)

X 11.

Absolute Humidity (o/m”3)

Wind Direction
February

Absolute humidity (¢/m~3)

Wind Direction
12, $3HBEOBE5I5 .
(a)19924E8 A, (b)19924 2 A

RBAKBSRIB S XBRDELE-TEY, BHEIZS A
D127g/m3, BEIZ 11 AD20g/m’>TH5 (1B
B, 11 A»5 4 Aihir THHESBEERE D
124 (20~3.6 g/m%), 5 ALIBIE R, TRABISA
T3, ABCERGIT RO ENBER, WTFhoAb
EEED LidaigiciARE L ->TW3E (F11), F
HMARXRELED11 A T06g/m®, TFED8HICIE

#exHERE (Bifr g/m*) O ARIFHGAZLL.

38g/m® LI h WTFhDFE b B EIGEXHBE D30%
BEICE TS, ik~ BEHORERMELER
KANTSH, BHohLAEEMNEDH S5, INovE and
Mistuta (1990) ic &k 2 BEfEO T Lick 3HFE
OEfTy, SNoEREERCEMOLBL Y bAh
OHBOEMAE (LB EVSERMEBSATVS,

SEOiRfHS (7)) OFEATEHRL ka1
(B7KH) & 0.1~03% BET, #icHiRE20.1%
B EFEMIDE V., 4ED T eSS, 02% O
SKERAERESARICEET L 3ke/md iITHNT 3.
RicFxm» SEE 10cm £ COLEhoLTOKS}
MNHEPIEREL, & 1,000m OKETRICARREL
THET 5 & LIRE, &7kibds 0.29% A idii
T EOAKPOHEORMIZ 0.6 g/m? BBEIC Lhi
57, HE0HPOEIBEORAL T L OMERH S
DRFIC L > THPT 3 T &RV,

12a 12 F (8 A) otBEORESION %R
T, EHOBEL b 0ROBE I IEEE /IS,
=74, L& v ORDORA, HHBERBKELL-TVAS.
SR A Db ILFE~IEHE 10 km &JEFE 30 km icid 4 7
Y2AWbH0, HEOHDPOKBEOHAIR, BEicfr
MT 22720 SORRRICE » TE UL LARK OB
HicLdbDEELONS, TOXSUBHIL, Bl
R EDBH, H3 04T & X EPEHISORMER
ILk>THELTWEEEZ SN BN, EE REICORT
&S I BRIt AR O BRI IZBERI B E » 0 AZE(LAR
WEEhTW3, —4, BHEEOHRETALLHES
NITWEE 28) IkowTid, MI12bicRT &S5
DRBHKEHR R Shisyv, RSB OHESHEMETRIL 2
75 haicBs¢ (FFEd, 1993) H, KFR#HEO®
DOHBRRITEHLIT, 27y 2NOHE DTS, &
iz, RFRBARGESICH~TDEL (1991 F 10
H~1992 £E 4 Af%KR 4.2 mm, 199245 A~9 A
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kit 142 mm), E#LARS 5> OFIFRRE 6DV 1H
27 v ZAetkd > ORRBHMDE(, EHEEOREIK
FEHSEFCRALVLOLEASNS,

@HhEEREE &b

B EigAEmARE & HchiE B (10 cm, 20 cm) 2R 13
RT LK, WFhb 1 BicREM, 7 BicRE#EE
H@LTWwW3, ARYMEmMERIR 12 A5 1 Bk
BT OCLIF&END, —H7AIRIE 3L.7C ORRH*%E
RLTW3, 37, BEOMEmMBRERHIKELD b
1°C ;5 5°C BES< L -TW3, FERGHIL, Rk
HEEH163C, 10 cm & 20 cm OichBEE bk I
16.1°CT & 5. fE#EIL, #iKiE, 10cm, 20cm TEh
Zh 34.9°C, 336%C, 308CH-Thh (28R, H
E10m KB DERE 31.8CE RS LA,

B BB ic sk - EEE 0 HZEL 2R 10 1R
455, 11 B& 12 A2EE, RUNIKIR & HRmiRe &
ORficRERERLYL, 11 AL 12 Ao®MIR, MEE
BEASE L » SEFELPAT 2°C BEEVESfE
2RLTVWS., HhOKEEEIX 7 BICitRKX 10C 2

Bicdd 5, £k, MRmMEEO B oEYHKER,
1 B4 126°C, 7T A 235CLIE-THY, BETHN
it 10 m DREBOEYABEDK 2 fEiTiET 5.

GBMR BNk

XA, 12 AMRL/NEL, 6 BicBKE%ER
7., ARlEsARIc g L 2K a0 AZ{LEK 14
IR, 12 B oo A SR H 380 W/m? 12
B, 6 Bi2 810 W/m* BEETH 5. HEMHKRA RS
24, 1000 W/m? 28X 5H (6 A 12, 18 H, 26~29
H, 7H4, 6H) $33. CooafREHRICL >
TRDE=AT LR & DL 0.8 BitkiIc 15 55,
AEATROKRIRMBDE WE L KTUTROE S HE VT
Gt - SUF 850 hPa i2) p2DBHRELTELSH
3,

Tl & AR+ TE & Bk — e & g
- kA s B R TES & h 3 EsRgHR o B RE
iz, #2gRTLSIC12 AHBG/MEWVEEZRL,
1T 0 ISEL 183, —H, BKfHik 6 BT 100 W/m? LA
Licid 3, 251l 156 K ARG AZLERTH,

v 1 1 ) 1
—e— Surface

s+ 10cm
--a--20cm

Soil Temperature °c)
[

5

L RS
........
.

.....

91/

91/12 92/1 92/2 92/3 92/4

92/5 92/6 92/7 92/8 92/9 92/10

Time (Year/Month)
13. o CORUREEE (T.) &HichEE (10 m, 20 cm) A EGHEOFERF] (19914 11 A~19924 10 A).

—~ 1000 [
800 -
600 |
400 -

200 |-

Shortwave Radiative Flux (W/m 2

0 91/ 1 92/01 92/03

92/05 92/07 92/09

T i m e (Year/Month)
14. FTH&4XBHA B W/m?) o BBITFEYEZELL.
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500¢ — .

%, K 3

a00f . .

[ . A} p

- H 3 . P 4

€ 300 Y . .- 3

2 [ = .'“ ]

§ 200f s ! T

8 . .

2 100F .. 3

3 [ ]

= ok . . .0 . oi . .
91/11 92/01 92/03 92/05 92/07 92/09

T i m e (Year/Month)
15. IEBHEH (SRdown+LRdown—SRup—LRup) ® A BIE A ZAL.

360 "l"l"*,"l"l"l"I"I"l"I"I?‘g‘l“'l"I"l"H-"'T'Ul"l"I"I"I"l'
L X3 ° 4

315) — _ ° * -
L o Gobi J

270 + Grass f 7

225

Wind Direction

12 15 18 21 24

Time(CS.T)
R 16. MhEIRIEE (1993410 A 17 H) oS s &M Ficsiy 2 BEBEE(L.

RIS 2 54,

BOKREV6 ADhHOEKRBMNRTL B L £ 480
W/m?BETH 5. COHIZPHEOtOMBEELT
O (#Hif, 650 W/m% Novak and BLAck, 1985; i
#b, 550 W/m? RirLey and RepMANN, 1976; 3K EEL3E
B, 800 W/mZ =1, 1992) & kb d/hEWlETR
LTWwW3, TEDBaRE0Ed s L5 iciRm7rr~F
BREVI L E, HHKAMBRITDE WD IC AT
BESLERL, HiRmEH» S0 EnEEERHESAE VR
BDICIODLIBHERICLZbDLEEIOND, KHOIE
HAHRICo VT, BHELRFCRSAT, wTh
DA LBRHEKIC—-60 W/mBED LR 0% R
L, TOHKRBICHED L THOHEATIC—40 W/m? BEE
IKIE->THED, 1O TORRIF (WALLACE et
al, 1990) & BREROEREE > T3,

5. WHEARIELORROHR

FNEZOREOEEARIT>WTE, SEIBS hi

1 EHoRERER (X8) TREMHELBORNMERLT
B, ThIZEBEH, (199]1) OMBRIERSE b—FKL T
W3, ZO3LERI, 4TETRRRLSII, SAMST
BB LTRETIBRICLIODTHS. —H4, &
FIHORIC REMKEEIITC, 1E2FELTHELT
W5, BtFEmdic, RIEE 2 2TEEL 2Rh
B0, JroRmoOBELER 16 IRTH, Ch
ik 5 LB E Y oR[ O R E(LAED S h B,
1 SEEoRROBZELERD 2 1%, 36HEIKSL
KR EO SRR OFMZLER 17 1R, ch
Ik hid, 21 B S 06 BRicHh i TORM I SRR M A
PRHICIE » THY, —4, Bi3shg& i, Sk
HEAEHHED icsBBRNELLTVWS. ThbBE
ENcRshspfEoERBM Iz, AROBZE(LIC
H-oTELZEMORTH BT LM30 3,
SERRETS - LEGBA D T e, ik R
BHTORWEY, Kb~k S iR &
OEE(LIFETH 5. & o, AN, AHRA
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W% (F5RF 6,000 m 328E) &dbLA iR 2 DEHIRE D
Eo@BehiEfE LB LTVS, CORHHMISEE
Hic X 2 BMBERBRELPTVWREEMA TV 3.

H 18 R LRED ARTEREkickhid, 88
259 ARER& b b ABOREHE Y, KEHLE
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. i . R Weather
Location Position Height Period (B.S.T.) Condition

Grass 10 m southeast of P2 1,370 m 11:40 to 19:30 Oct. 16 1993 Clear

Lu Wei field 100 m northeast of GH. 1,370 m 10:20 to 19:30 Oct. 17 1993 Clear

Barley field 150 m north of G.H. 1,370 m 09:40 to 19:20 Oct. 18 1993 Fine—Clear

Grass 30 m east of P2 1,370m 09:30 to 18:20 Oct. 19 1993 Fine

Sand dune N36°55’' 50" E80°46° 11” 1,510 m  12:06 Oct. 20 to 18:20 Oct. 21 1993 Clear—Fine

Gobi N36°55’ 36" E80°47° 09" 1,480 m  11:30 to 17:30 Oct. 22 1992 Clear

P2 i34L4R 37°00° 57°, HiE 80°43' 46" DS, G.H. i34k 37°00° 58", HiE 80°43' 52" i % RT,

October 1993
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Long-term Meteorological Observation in Taklimakan Desert, China
Masao Mikamr*, Tokunosuke Funitant* and Ximing Zuanc**

For investigating the desertification processes of arid lands, long-term meteorological observation has
been performed in Taklimakan Desert in Xinjiang, China since 1991. The automatic weather station was
settled over gobi desert at the southern edge of the desert near the small oasis, Qira. Meteorological elements
at a height of 10 m and soil temperature were measured every 30 minutes since November 1991. Almost one
year of data were analyzed and the obtained preliminary results are summarized as follows:

(1) The monthly mean wind speed shows a maximum in June (5.0 m/s) and a minimum in December (3.1

m/s).

(2) There are two prevailing wind directions: westerlies and southsoutheasterlies. Southsoutheasterlies
arise during nighttime. Westerlies are accompanied with strong winds which appear during May, June
and July.

(3) Diurnal clockwise wind course is found throughout the year. This suggests the existence of mountain-
plain circulation between Kunlun Mountains and the desert area.

(4) Air temperature and soil temperatures show minimum in January, and maximum in July. The annual
mean and annual range of air temperature are 13.1°C and 31.8°C respectively.

(5) Absolute humidity increases at daytime in summer season. The reason for this daytime increase may
be caused by the water vapor advection from oasis located in the windward side of the observational
site.

(6) The monthly means of net radiation shows a maximum in June (over 100 W/m? and a minimum in
December (nearly 0 W/m?).

Key Words: Taklimakan Desert, Local circulation, Desert climate

* Meteorological Research Institute. 1-1 Nagamine, Tsukuba, Ibaraki, 305 Japan.
** Xinjiang Institute of Biology, Pedology and Desert Research. No. 40, Beijing Road, Urnmuqi, Xinjiang, 830011, P.R. China.
: (Received December 8, 1994; Accepted February 13, 1995)
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Special Report
Proceedings of Fourth Symposium on Arid Land Technology

The Japanese Research Group for Arid Land Technology* (REAL Tech)

This special report is the proceedings of the fourth symposium of The Japanese Research Group for Arid
Land Technology held at Seikei University, Musashino, Tokyo, on October 18, 1994.

The first lecture was given by Prof. Yasuo Sakura, Chiba University, on “Water Cycle in South-Eastern
Part of Arabian Peninsula”.

The second lecture was a general topic given by Prof. Toshinori Koyima, Seikei University, the head of The
Water Research Division of our group, on “Desert Technology: Energy and Environmental Points of View".

The third lecture was given by Dr. Yositaka NitTa, Central Research Institute of Electric Power Industry,
The Head of Biological Research Division of our group, on “A Possible Sustainable Development Greenfield".

The last lecture was given by Mr. Hiroshi Icuchi, a lawyer, on “The Concept of the Environmental
Protection Law and Prevention of Desertification”.

In the present Proceedings, one extra paper entitled “Yellow Sand and Snowfall in the Mountain Area of
the Japan Sea Side” by Dr. Tomoaki YosHikAwa, is also included, which had been scheduled in the Symposium
but unfortunately was canceled. This lecture will be given in the next summer meeting of REAL Tech in 1995.

* c/o The Japanese Association for Arid Land Studies. The Institute of Physical and Chemical Research, 2-28-8
Honkomagome, Bunkyo-ku, Tokyo, 113 Japan.
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I. Water Cycle in South-Eastern Part of Arabian Peninsula

Yasuo SAKURA®
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Examples of Groundwater Level
at Selected Wells
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Groundwater Level Decline 1965-1985
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Groundwater Salinity
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Guest Editorial

Desert Technology II

Desertification (land degradation) is of world-
wide concern. The process of desertification
occurs on 70% of drylands, 3.6 billion hectares
or a quarter of the total land surface of the
world. The control and management of land
degradation are being addressed by a wide
range of disciplines. There is a critical need for
cross-disciplinary communication and multi-
disciplinary efforts in seeking solutions to the
complex issues and problems of desertification.

The first conference, Desert Technology I,
was held August 4-8, 1991 in Santa Barbara,
California. The main conference agenda was
on collaborative research and development ap-
plications in the science and technology of arid
lands. The co-chairs of this conference were
Professor Kennith Foster, Director of the Office
of Arid Lands, University of Arizona, USA, and
Professor Isao Endo, RIKEN, Saitama, Japan.
Fifteen conference papers were edited and pub-
lished by the University of Arizona. The co-
sponsors of Desert Technology I were the Engi-
neering Foundation, USA, the Engineering
Academy of Japan, and the US Department of
Agriculture.

The second conference, Desert Technology
II, was held December 5-10, 1993 in Kona,
Hawaii. The objectives of this conference were
to address scientific and technical issues on
desert technology and identify interdiscipli-
nary issues, problems and management op-
tions on desertification. The co-chairs of this
conference were Professor Isao Endo, RIKEN,
Saitama, Japan, Professor Kenneth Tanji, Uni-
versity of California, Davis, USA, and Professor

Alan Bull, University of Kent, UK. They were
ably assisted by Professor Toshinori Kojima,
Seikei University, Tokyo, Japan. The co-
sponsors of Desert Technology II were the En-
gineering Foundation, USA, Bioprocess Engi-
neering Research Group in Japan, the Desert
Technology Working Group of the Japanese
Association of Arid Land Studies, and the Divi-
sion of Agriculture and Natural Resources, the
University of California.

The proceedings of Desert Technology II is
being published by the Journal of Arid Land
Studies. The proceedings consist of Principle
Science and Technology Issues and Problems
in Desertification identified by the partici-
pants , and 12 contributed papers on Environ-
mental and Energy Resources, Biological Di-
versity, and Water Resources and Their Effec-
tive Utilization.

Desert Technology I and II will be followed
by Desert Technology IIlI to be held October
15-20, 1995 at Lake Motosu, near Mount Fuji,
Japan. Desert Technology III will take a broad-
interest in the engineering and scientific as-
pects of protection against desertification and
land degradation, and the effective develop-
ment of deserts.

Professor Kenneth Tanj
University of California, Davis
Professor Isao ENDO

RIKEN

Professor Toshinori Kojima
Seikei University
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10:45-12:45

19:30-21:00

7 Dec. (Tue.)
09:30-12:45

19:30-20:30

20:30-21:00

8 Dec. (Wed.)
09:00-12:30

Registration & Paper Submission
Opening Reception

Opening Remarks, I. ENpo
Plenary Lecture
Kenneth K. Tanjr Principle Science and Technology Issues and Problems in
Desertification—I*
Environmental and Energy Resources—I: Presiding, S. LINk
Toshinori Kojima, Yoshitaka Kakusari, Satoshi Matsupa and Hiroshi
Komivama: Afforestation of Arid Land for Carbon Fixation
James A. Young, Robert R. BLank and William S. LoNGLAND: Reclamation
of Open Pit Mining Spoils in Temperate Desert Environments
Environmental and Energy Resources—II Presiding, J. Younc
Dayin L1 and Isao Enpo: Design of the Integrated Renewable Energy System
for QOasis

Biological Diversity—I: Presiding, J. Younc
Shigeru KaTto, Fumito Takact and Yoshitaka Nirta: Challenge for Desert
Rehabilitation through Sustained Mangrove Management***
André LAuicHLr: Engineering Plants for Saline Desert Environments—Is it
feasible ?¥*
Anson E. Tuompson: Opportunities and Constraints for Developing New
Industrial Crops Adapted to Arid Lands
Biological Diversity—II: Presiding, A. THOMPSON
James A. Young, Robert R. BLaNK, Debra E. PaALmqQuisT and James T. TRENT:
Allenrolfea Deserts in Western North America
Discussion
Principle Science and Technology Issues and Problems in Desertification—
II*: Moderator, K. Tanj1

Water Resources and Their Effective Utilization—I: Presiding, K. Tanj1

Kunio HoriucHi, Masayuki INoug, Kiyotaka Tanara, Tadayasu Mori and
Toshinori Kojyima: Effect of Super Absorbent Polymer on Water Movement
in Soil

Steven O. Link, Norman R. WiNG and Glendon W. Gee: The Development of
Permanent Isolation Barriers for Buried Wastes in Cool Deserts: Hanford,
Washington .

Hiroyuki I Effective Porosity, Longitudinal Dispersivity and Hydraulic
Conductivity of a Sedimentary Formation by Laboratory Tracer Tests and
Field Tracer Tests
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19:30-21:00

9 Dec. (Thu.)
09:00-10:00

10:30-12:30

19:30-22:30
10 Dec. (Fri.)
09:30-10:30

11:00-11:30

Water Resources and Their Effective Utilization—II: Presiding, I. ENpo
Yuichi IsHikawa, Sadao Mizuno, Minoru IsHiBAsHI, Hirofumi INADA,
Noriyoshi Kaneko, Motoya Takacr and Satoshi Matsumoro: A non-
irrigation System Using the Dew Condensation Caused by Diurnal Range
of Air Temperature in Arid Sand Dune Area
Kenneth K. Tanji: Saline Drain Water Reuse in Agroforestry Systems

Water Resources and Their Effective Utilization—III: Presiding, T. Koyma
Hiroshi Kokusu: Water Resources from Iceberg of Antarctica and Undersea
Reservoir
Discussion
Plans for Publication of Conference Papers: Moderator, 1. ENDO
Principle Science and Technology Issues and Problems in Desertification—
1II*: Moderator, K. Tanu
Hawaiian Luau at the King Kamehameha Kona Beach Hotel

Discussion
Proposal for Desert Technology III: Moderator, I. ENpo
Anticipated Products of Desert Technology II: Moderator, K. TANJ1
Closing Remarks, I. ENpo and K. Tanj1

Notes: All contributed papers were reviewed by referees, and corrected based on their critical
comments. *The discussion results are summarized as a report entitled “Principle Science and
Technology Issues and Problems in Desertification”. **Withdrawn for publication. ***Presented

by H. I.
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Principle Science and Technology Issues and
Problems in Desertification

A contribution by conference participants*

In his plenary lecture Professor Tanji ini-
tiated discussions on scientific and technical
issues in desert environments. And the partic-
ipants, throughout the duration of the confer-
ence, identified and compiled a broad listing of
issues and problems. This paper summarizes
them into Energy Resources, Water Resources,
Biological Diversity, Food Resources, Urban
Dynamics of Qasis, Transportation Systems,
New Materials and Cross-Cutting Technolo-
gies, Protection Against Desertification, and
Monitoring and Environmental Assessment.

I: ENERGY RESOURCES

o Afforestation in arid lands has potential.

o QOverutilization of biomass leads to land
denudation and subsequent erosion and
sediment production.

o Shortages in energy sources may lead to
using biomass for cooking fuel and animal
feed.

o A potential exists for solar cooking instead
of using biomass and fossil fuels.

o Increased CO; may increase water use effi-
ciency by plants.

o Development of solar cells and windmills
to harness wind energy have substantial
potentials.

oImpacts from high winds and sand will
damage solar cells and windmills. Dam-
ages to solar cells may be reduced with
wind breaks such as plants and fences.

o Improvements in batteries are needed to
store energy, especially for domestic uses.

II: WATER RESOURCES
o A dependable water supply is crucial to
sustained development in the desert.
o Marginal quality waters should be used

until no longer usable.

o Water harvesting of meager rainfall for
agriculture should be further explored.

o Remote sensing may help locate fossil
waters.

oProblems exist on overdrafting ground
water basins because of inadequate rates
of recharge of ground water bodies.

o Competition for water exists and realloca-
tion of water from agricultural uses to
other uses may be necessary.

o Presence of excess trace elements of con-
cern as well as deficiency in soils, food and
forage should be recognized.

o Economics of desalination depend on fresh
water needs.

o Desalination process produces residuals
such as brine which needs to be managed
such as disposal or salt harvesting.

o Biotechnology is challenged to improve
salt tolerance and drought tolerance of
plants.

o Remediation or cleanup may be needed to
improve quality of surface and ground
waters.

o Source control of nitrates and pesticides
are needed to protect water resources.

oImproving irrigation water management
and practices will increase water use effi-
ciency.

o Deserts used for storage of toxic and haz-
ardous materials will require adequate pro-
tection.

III: BIOLOGICAL DIVERSITY
o Importance of soil micro-organisms should
not be overlooked, in addition to higher
plants and animals.
o Changes in biologic diversity may be site

* Isao Enpo, RIKEN: Kunino Horiuchi, Seikei University; Hiroyuki I, Shimizu Corporation; Yuichi Isnikawa, University
of Tokyo; Toshinori Kojyma, Seikei University; Hiroshi Kokusu, Kajitani Engineering Company; André LAucHLi,
University of California, Davis; Steven Link, Pacific Northwest Laboratory; Kenneth Tann, Univeristy of California,
Davis; Anson Thompson, USDA Agricultural Research Service; and James Young, USDA Agricultural Research Service.
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specific and very complex to evaluate.

o Loss of germplasm is of concern.

oNatural historical diversity vs changes
brought about by human habitation need
to be evaluated.

oImportance of N fixation by blue green
algae and others are important in desert
ecosystems.

oCryptogamic crusts-microbes, lichens,
moss, and non-vascular plants-affects
water infiltration, plant cover, erosion, etc.

oFire and off-road vehicles may cause
adverse impacts to desert ecosystems.

oEffects of increasing soil salinity will
decrease the number of plant species.

oNew industrial crops, e.g. oil seed crops,
need to be explored.

o Agroforestry systems can provide trees
and shrubs for fuel, animal feed, and con-
struction materials.

o Sustainable agriculture require control on
grazing animal units and land degradation.

IV: FOOD SOURCES

o Water is the most limiting resource for
food production.

oIntegration of nomadic vs settled farmers
require attention.

o Adequacy of nutrition is of concern in arid
zones,

o Storage of perishable goods and food pres-
ervation, including drying and salting, are
of paramount importance.

o There is heavy reliance on animals for
food, clothing and shelter; and for mone-
tary or bartering purposes.

oIs there a catalog of nomadic food produc-
tion systems?

o Seasonality in the availability of foods
must be recognized.

o Transportation of food stuffs is a frequent
problem.

o Finding new sources of food not presently
used or used in the distant past should be
pursued.

o Polymers and ground cover may be used
to prevent soil erosion and improve water
infiltration rates, and hence increase food
production.

V: URBAN DYNAMICS OF OASIS

o There is a need to consider energy, water,
food, and wastes in designing oasis.

o Wind, solar and biomass sources should be
considered as energy sources.

o Marginal quality waters should not be
overlooked as potential usable water re-
sources.

oEnhanced food production may be
achieved through glass and plastic houses.

o Merchandising (industrial) should be con-
sidered as an important economic unit.

o Health care and hospitals and other medi-
cal facilities need to be provided.

o Migration of population in and out of oases
is a problem.

o Transportation network within and out-
side of oases require attention.

o The quality of life may be enhanced by
proper land use planning, political man-
agement, and architectural design.

VI: TRANSPORTATION SYSTEMS

o Adequate planning and design for streets,
roadways, and footpaths are essential.

o Effects of winds, especially moving sand
dunes, need to be managed.

o Vegetation, wind breaks, polymers, etc.,
may be used to protect from shifting sand
dunes.

o There is a ususal need for large areas for
grazing animals.

o Adequate transportation between centers
of population are required.

oIn addition to water and transportation
systems, electricity and communication
systems need to be developed.

oIs nomadic society better in the deserts?

VII: NEW MATERIALS AND TECHNO-
LOGIES

o The potential for non-food, non-feed indus-
trial and pharmaceutical plants and other
biologically active plants should be consid-
ered in deserts.

o Cacti fruits are nutritious for human con-
sumption and cacti pads for animal feed,
and agave for alcoholic drinks.

o Greater use of fiber crops require cross
over technologies.
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o New materials to capture solar energy and
water resources should be explored.

o Impermeable polymers may be used for
storage and transportation containers for
liquids.

o Absorbent biodegradable polymers have
multiple uses.

o Enhancement of native plants, e.g., hard-
wood ecosystem, endangered plants, xeris-
cape, should be considered.

o Appropriate technologies should be pro-
moted in underdeveloped sites.

PROTECTION AGAINST DESERTIFI-

CATION

oKey issues in the deserts include water,
soil, food, animals, and energy resources.

o Water

—New water supplies should be sought:
mining ground waters, desalting brackish
waters, reusing wastewaters, importing
water.

—Water harvesting have some potentials:
techniques to collect runoffs, soil surface
sealents (polymers, sodium) to increase
runoffs; capture fog and dew water; seed
rain clouds; and water vapor harvesting in
agriculture.

—Water conservation measures include ra-
tioning water consumption; use of native
vegetation-xeriscape; improve water appli-
cation efficiency-increase distribution uni-
formity, microirrigation/trickle irrigation,
real-time irrigation scheduling.

—Drought and salt tolerant plants require
further research.

o Soil

—Protection from erosion is achieved by
maintaining vegetative (biological) cover;
stabilizing soil aggregates and sand dunes
with vegetation and polymers; construc-
tion of wind breaks-shrub and trees,
fences.

—Establish desert cover and pavement
(gravel).

—Protection and management of soil salina-
tion; provide adequate drainage-surface
and subsurface; adequate leaching to
maintain salt balance in crop root zone;
pump and use shallow ground waters;
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plant salt tolerant species.

—Off-road vehicle usage should be con-
trolled.

—Vesicular crusts protect surfaces of playas
and other depressions.

o Food and Crops-Cropping patterns

—Change food sources and diet, e.g., by sub-
stituting nuts, beans and cereals for pro-
teins instead of meat.

—Use drought tolerant plants for landscape,
food and fiber crops; they have smaller
water requirements.

—Practice dryland farming-fallow/planting
cycles to conserve soil moisture.

—Practice appropriate grazing practices.

—Integrate livestock and cropping.

—Timing of planting date is important for
food production in deserts.

—Inappropriate balance in land use between
cropping and grazing should be avoided.

—Water transfer from agricultural to urban
uses may occur during water shortfalls.

—In some instances land must be abandoned
due to degradation and when resources
become available degrade land should be
restored.

—Invasive plansts may affect grazing lands,
e.g., yellow star thistle and change ecology
of desert and may pose a fire hazard.

o Energy Sources

—Requires more energy to mitigate deserti-
fication.

—Maximize the use of various energy
sources with wind mills, geothermal
sources, biomass cogeneration, fossil fuel,
solar panels and ponds, and glasshouse cul-
ture of food crops.

—Geothermal energy sources in deserts
should be fully exploited.

—Solar gradient ponds offer a source of gen-
erating electricity.

IX: MONITORING AND ENVIRONMENTAL
ASSESSMENT

o Key issues are what to measure and how?,
short vs. long term monitoring, and use of

. simulation modeling and risk assessment.

o Agroclimate weather station is essential
for measuring precipitation, wind speed
and direction, relative humidity, air and
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soil temperatures, and solar radiation.

o Remote sensing, e.g. satellite and airplanes;
provide GIS databases.

o Reference ecology and trends ought to be
monitored.

o Monitoring Water Quality

—Drinking water-potability; public health
standards: fecal coliform, nitrates, trace
organics, pesticides and solvents, metals
and other toxic trace elements.

—Irrigation water-salinity, sodicity and spe-
cific toxic ions.

—Industrial waters-suspended solids, hard-
ness, pH, and alkalinity.

o Monitoring Water Quantity

—Inventory of fresh water, brackish waters,
and waters of marginal quality.

—Reuse (recycle) waters until no longer
usable.

—Cleanup and treatment of marginal quality
waters.

—Use of tracers and stable isotopes for
ground water; “water witching” or water
dousing.

—Remote sensing-evapotranspiration; un-
derground water basins (fossil water under
dry stream beds).

o Monitoring Soil Quality

—Soil quality: fertility status-nutrients, soil
organic matter; salinity and sodicity.

—Soil quality: physical status- bulk density,
compaction, permeability, profile depth.

—Below ground ecosystem: soil microbes
and animals.

—Alleopathy-production of secondary com-
pounds and interplant competition.

o Monitoring Air Quality

—Particulates-agricultural wind erosion, PM
10, salt dust storms.

—Gases and aerosols-ozone, oxides of nitro-
gen and sulfur, carbon monoxide.

—Biogenic trace gases-methane, hydrogen
sulfide, carbon dioxide, and animal waste
gases.

—Smokestack emissions-mining, coal-firing
plants.

—Paleoclimate and ecosystem-changes, time
dimension.

o Monitoring Food Quality and Quantity

—Quality: nutritional value, palatability.

—Inspection for contaminants: microbes,
heavy metals, pesticides.

—Quantity: caloric requirements, vitamins.

—Diversity in food diet.

o Monitoring Biological Diversity
—Innovative measures: monitoring insects
reflecting trophic levels-marker species.
—Marker environmental characteristics, e.g.
water quality, quality and quantity of food

supply and habitat.

—Increase in invasive species.

—Evaluate ecosystem status from functional
perspective-landscape ecologic principles
and structure.

—Genetic diversity-community diversity-
ecosystem diversity.

—Issues of scale from areal remote sensing to
point measurements.

o Simulation Modeling

—Systems, subsystems, process levels.

—Conceptual models-simplified, compart-
mental, pools and fluxes, management
oriented.

—Dynamic models-complex, process level,
small time and space increments, data
intensive, research-oriented.

—Optimization models-linear programming,
cost/benefit analyses, operational re-
search, transportation, energy models.

—Risk assessment models-coupling physi-
cal/biological base models for impact as-
sessment, e.g.,, Hanford site; include eco-
nomics.

—Stochastic models (nondeterministic).

—Changes in environmental values and
costs need to be assessed.

—Cost of not doing anything; additive costs
due, e.g., to global climate change.

o Examples of Modeling

o Hydrologic (water) Models

—Soil-plant-atmosphere continuum.

—Water harvesting potentials, watershed
modeling.

—Vadose zone/ground water modeling: spe-
cific yeield, ground water overdraft, solute
and contaminant transport.

—Application of numerical methods, eg.,
finite element modeling.

—Global climate change modeling.

—Ecosystem modeling: ncorporation of bio-
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—~Use of tracers and stable isotopes.
—Strategies for remediation of contami-
nants.
e Food and Forage Production Models
—Energy flow models.
—Carrying capacity-animals.
—Soil fertility, water and salinity stresses.
—Crop production function modeling.
—Transformations and transport of solutes,
e.g., nitrogen.
—Soil-plant-atmosphere continuum models.
e Wind and Water Erosion Models.
e Long distance transport of atmospheric
pollutants and deposition.

* Precipitation-runoff: watershed, croplands.
e Stream flow, ground water recharge, ero-
sion, sediment production and transport.

o Wastewater treatment and recycling:

treatment processes, desalting technolog-
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ies.

e Urban dynamics and design of oases:
water resources, energy sources, food pro-
duction, transportation.

Summary

In summary, a long list of issues and prob-
lems in respect to desert technology and deser-
tification has been compiled. This listing is
incomplete and reflects the knowledge base
and biases of the conference participants.
There is a need to prioritize these issues and
problems. Many of them are cross-cutting and
require multidisplinary approaches in seeking
solutions and management alternatives. Only
a small portion of the stated issues and prob-
lems are addressed in the 12 conference papers
that follows.
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Afforestation of Arid Land for Carbon Fixation

Toshinori Kojima*, Yoshitaka KakuBarr**, Satoshi MaTtsupa***
and Hiroshi KoMiyama**#*

1. Introduction

The main cause of global warming issue, i.e.,
the primary source of carbon dioxide emission
is fossil fuel burning. Therefore, the develop-
ment of alternative energy sources and the
reduction of energy consumption are the most
essential measures. The realization of such
measures, however, is not easy and limitations
exist. Various measures of recovery and dis-
posal of CO, have been proposed. In these
measures of CO, fixation, only the ocean, un-
derground and surface plants (ecosystem) are
thought to be the feasible final sinks from the
view points of total energy balance. Further-
more, CO, recovery from dispersed sources,
e.g., those from homes and vehicles, is impossi-
ble. Greening of arid and semiarid lands may
be one of the feasible measures of CO; fixation,
because the surface biosphere has a large po-
tential to fix carbon and the change in land
management is expected to be acceptable local-
ly and globally. Furthermore, the biosphere
converts carbon dioxide into carbon only using
solar energy which is difficult for us to use
effectively and economically.

There exist, technological problems such as
the supply of energy to make and/or transport
" water to the wide area of deserts, decision of
the most appropriate greening strategy, and so
on. Technology assessment and optimization
of the agronomic aspect of the greening project
are essential for the fruitful result against the
greatly increased CO, fixation.

First, in the present study the important role
of greening of arid and semiarid lands in the
carbon dioxide problem is demonstrated by
showing the data on carbon cycle and stock in
this planet. For more than one year a project to

assess the such possibilities has been con-
ducted under the sponsorship of RITE, Re-
search Institute of Innovative Technology for
the Earth, and The Japan Gas Association.
Second, the activity of the project is explained.
Lastly, the methodology of the evaluation of
the effects of the greening on the problem is
explained and the future scopes are proposed.

2. Global Carbon Cycle and Stock

1) Carbon cycle

The carbon balance in its cycle is summariz-
ed in Fig. 1. The amount of carbon dioxide
from fossil fuel utilization is estimated from
the energy data. The amount of carbon dioxide
accumulated in the atmosphere is also calculat-
ed from its concentration change. The amount
of carbon dioxide released by the destruction
of forest is estimated from the deforestation
rate, more than 10 Mha/y, and carbon stock
shown in the following section. The accuracy
of their estimations is low. The last part of the
earth is the ocean. The amount of carbon
moving between the atmosphere and the ocean
has been estimated using models while the
value may not be valid. From the mass bal-
ance, more than one to two Gt carbon is found
to be missing. The candidates for the missing
sink are shown in Fig. 1.

2) Carbon stock

The amounts of carbon stock in various eco-
logical systems are shown in Table 1.12% The
difference between the carbon in living plant
in tropical forest and that in grass land is given
as 170 t/ha by WoopwerLr.? The amount of
carbon released from destruction of forest is
expected to be 1.7 Gt/y. Taking the inaccura-
cy into account, the value of 1.5 to 2 Gt/y are

* Department of Industrial Chemistry, Seikei University. 3-3-1 Kichijojikita-Machi, Musashino, Tokyo 180 Japan.
** Institute of Silviculture, Faculty of Agriculture, Shizuoka University. 836 Ohtani, Shizuoka 422 Japan.
** Department of Chemical Engineering, Shizuoka University. 3-6-1 Johoku, Hamamatsu 432 Japan.
*#ek Department of Chemical Engineering, Tokyo University. 7-3-1 Hongo, Bunkyo-ku, Tokyo, 180 Japan.
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|fossil fuel (55) Ideforestation(lS-ZO) |

4 4

atmosphere (35)

4 4

|ocean (max. 20-25) Jmissing sink ECD higher absorption into ocean

sub-frigid afforestation
@ carbon stock increase in plant by €0, conc. increasc

carbon stock increase in soil by CO: conc. increase
carbon stock & photosynthesis increase in ocean biota
by €02 conc. increase & ® by inflow of nutrients
@ increase in weathering rate of silicate rock

Fig. 1. Global carbon balance (unit: 10° t-C/y).

Table 1. Carbon amount, primary net production and time constant of ecosystem.

Type of A Organic Concentration Net Production Time const.
rea
ecosystem alive, dead alive, dead (total) amount  conc. alive (total)
unit 10® ha 10°tC tC/ha 10°tC/y t/ha/y y
tropical 18 2700, 1260 150, 70 (220) 136 7.5 20 ( 29)
forest [24.5 4610, 1470 188, 60 (248) 222 9.1 21 ( 27)]
temperate 12 1300, 1530 110, 130 (240) 71 5.9 19 ( 40)
forest (120 1740, 1080 145, 90 (235) 67 5.6 26 ( 42)]
sub-frigid 13 1100, 2250 85, 175 (260) 43 33 26 ( 79)
forest [12.0 1080, 1560 90, 130 (220) 43 36 25( 61))
bush 8[ 85] 400([220], 800 50(26 ],100(150) 24 [27] 3.0([3.2] 17 [ 8]( 50)
marsh 4[4 1 40[135]), 800 10(34 1200(210) 125([31] 3.1(78] 3.2( 4]( 67)
trop. grass 13[15 1 70{270], 1040 5([18 ], 80( 85 195([61] 15[41] 3.6( 4]1(57)
temp. grass 9[ 9 ] 90[ 63,1350 10[ 7 1 150(160) 225(24] 25([2.7] 4.0[ 3]( 64)
farm land 14[14 ] 140[ 63), 840 10[ 45], 60( 70) 42 (411 3.0([29] 33[ 2]( 23)
tundra 8[ 81 40[ 2311600 5[ 29],200(205) 4.0 5] 05([0.6] 10 [ 5](410)
(semi)desert 45[42 ] 50[ 613, 260 1[15), 6( 7) 90[7] 02(02) 55([ 9]1( 35
abandoned 5[ —] 150[ —), 400 30[ —] 80(110) 125[—] 25[—] 12 ([—]( 44)
Land 149 6080, 12130 41, 81 (122) 396 27 154 ( 45)
(subtotal) (149 8266, 55.5, () 528 3.54 157 ( )]
river mouth 14 6.3 45 10 7.1 0.63
coastal 2 54 27 7 35 0.77
upwelling zone 04 0.04 0.1 1 25 0.04
continl. shelf 27 1.2 0.045 43 1.6 0.03
other ocean 332 45 0.014 187 0.56 0.02
Sea (subtotal) 361 17.4, 9000 0.048, 25 ( 25) 248 0.69 0.07 ( 36)
Global 510 6100, 21000 12, 41 ( 53) 644 1.26 95 ( 42)
(total) (610 8280, 16, ( ) 776 1.52 107 ()]

literature® note:[ ]is the data from different source.

presented in Fig. 1.

The necessity, superiority, and advantage of
the present measures of afforestation of desert
for carbon fixation derived from Fig. 1, Table 1,
and other published data are summarized as
follows: First, the surface biosphere has played

an important roll of source of CO; since the
appearance of man. Presently, 1.6-2 Gt-C/y is
emitted by destruction of the tropical rain
forest. The cumulative contribution of surface
biosphere is almost double that from fossil fuel.
This indicates that the plant has been impor-
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Fig. 2. Scope of the present project.

tant in change in the carbon cycle. Second,
accumulation of CO. in the atmosphere is
around 3.5 Gt-C/y. If we could stop the de-
struction of the tropical rain forest (around 10
million ha/y now), and afforestation pro-
gressed at the same rate as above, the accumu-
lation would be stopped. The present evalua-
tion is on the basis of the assumption that the
missing sink is forever. To know what the
missing sink really is, is also essential. Third,
the global arid land area including desert, grass
semiarid land, salt affected land, and unused
land is more than 6 billion ha, which is equiva-
lent to six hundred years’ measures based on
the above area of desired afforestation per
year. This term is almost equivalent to the
ratio of ultimate amount to the production rate
of fossil fuel resources. Fourth, the reduction
of carbon dioxide to carbon need equivalent
amount of energy to that produced by fossil

fuel combustion. Afforestation enables it by
using solar energy which has not been used
artificially. What is more important is that the
produced carbon is naturally stocked in it.
This means that this measure essentially needs
Nno energy, man power nor cost.

3. Actions for Afforestation of Arid Land
for Carbon Fixation

For more than one year, a project to assess
the above possibilities has been conducted
under the sponsorship of RITE, Research Insti-
tute of Innovative Technology for the Earth,
and The Japan Gas Association. The chair of
this project is Prof. Kava, The University of
Tokyo. In the present paper, the activities of
the project is summarized. As to the detail,
please refer to the interim report of the
projects.?
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1) Outline of the project

The outline of our project are schematically
shown in Fig. 2. Our final goal is the plantation
of a area of 100 km X100 km, i.e,, 1 Mha. This
area is equivalent to 0.15-0.2 Gt-C and around
10% of the carbon dioxide emission by the
deforestation. This means that almost ten
places with 100 kmXx 100 km area should be
greened per year to prevent the carbon dioxide
problem.

The area of 1 Mha is large. We can expect
additional scale merits. First is the expectation
of the change in the meteorology of desert,
second is the systematic utilization of water,
and third is the construction of the social and
ecosystem.

Features of the present study are as follows:
(1) the systematic approach. The single and
multiple effects are investigated. No target
area is focused, (2) the macro balance, especial-
ly macro balance of water and carbon in the
system, (3) the combination of the ecotechnol-
ogy, e.g., micro catchment and sand fixation by
grass, and hightechnology, e.g., biotechnology
and functional materials, from engineering and
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Fig. 4. Energy balance in greening of desert: solar still.

technology view points.

2) Technological problems in water supply
and utilization

While the importance of the greening of the
arid and semiarid land was stressed, the supply
of water is essential. In addition, the critical
evaluations of effects and necessary man
power are required. Furthermore, after stop-
ping of growth of wood, no net accumulation is
expected.

In the present section, the problems in water
supply and utilization are mentioned. In some
countries, water is manufactured using oil.
The energy balances of the systems for water
management were calculated® Typical result
is shown in Fig. 3 in which water is produced
from multieffects flash vaporization. In this
case, total energy balance was found to be
negative; more energy input than the energy
production from the constructed forest neces-
sary for the afforestation of the arid land. The
results in Fig. 4 shows fresh water produced
from saline sea water with a solar basin still,
most of the energy supplied from solar. The



energy balance was positive, however, the area
for setting basins was at least half of the affore-
station area. Such evaluation as above was on
the assumption that no natural water is availa-
ble. It should be stressed that the natural
precipitation should be effectively utilized.

The description of the water and salt move-
ment in soil and the effective use of various
kind of materials to save the water supply are
also essential, in addition to the development
of effective production of the water from saline
water.

An important feature of the project is the
macroscopic improvement of water supply and
utilization. If the water is recycled, the amount
of available water, b, is given as follows, where
a is natural water supply and x is fraction of
water recycled. Here, the water used to make
forest was assumed to transpire, though the
fraction of evaporation should also be taken
into account for the strict discussion.

a+bx=b or b=a/(l-Xx)

The present expression indicates that the avail-
able amount of water is increased by both the
increase in precipitation and the fraction of the
recycle. The former is realized by the increase
in steam content in air, i.e, acceleration of the
evaporation from the sea in the vicinity of the
desert or saline water, and by the increase of
the possibility of the rainfall, e.g., formation of
the upward air current and artificial trap of the
night dew. For the increment of the recycled
fraction, first the technique of irrigation is es-
sential and second, the reservation of water to
prevent the run-off, e.g, underground dam.
The selection of the afforestation site is also
important because the transpired steam can be
recycled if the afforestation was conducted at
the area of upward air current. The macro
positive feedback effects are also expected.

3) Technological problems in greening and
soil management

The excellent technologies in desert region
were long accepted traditionally by native
people, corresponding to desert environment.
The technology without supporting by desert
environment is not accepted in such an envi-
ronment.

What is the basic principle under these tech-
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nologies? The principle is shown as follows; to
get good water, stability and to use water
under complete management such as Ganat
(Karez) in middle east and China.

The availability of water controls the scale of
village, cultivated area and amount of cattle.
In developing irrigation system under the lim-
itation of water use in desert area, annual agri-
cultural products increase rapidly. We must
point out the environmental problem like the
case of Aralu-sea caused by great quantities of
water use.

In developing the desert area by greening we
must calculate the balance of minerals to
escape the environment catastrophe. For the
greening of arid land we need information
about eco-physiological characteristics of
plants. It is important to investigate the field
condition of soil and climate. Acasia albida, A.
nilotica, A. senegal, Eucalyptus species and Pro-
sopis spicigera are recommended for planting
on the semiarid region.

In developing the cultivation technology of
arid land agriculture it is important to consider
the water- and salt-balance on the soil, nursery,
irrigated area and level of water characteris-
tics. The combinations of traditional cultiva-
tion methods and modern agricultural meth-
ods are pointed out to develop the productive
efficiency on these area. The combination
methods of agriculture, forestry and rotation of
crops are introduced recently in this area. The
traditional agricultural system is steady from
environmental condtion, however, it is very
low in crop production.

The management of cultivation is influenced
with natural- and social-, economical condi-
tions, in addition to the life style and culture.
Cultivation technology and system shall be
designed in connection with a level of en-
vironmental equipments from the view point
of developing agriculture. We point out the
problem as follows; (1) the project for the estab-
lishment of infrastructure shall be taken the
right to receive payment in preference to
others, arrangement of land-ownership, traffic
and transportation system, education system,
domiciliation of a nomadic people, social-
economical equipment to farmer, developing
water resources and distribution to individual



158

farmer, (2) management of cultivation, irriga-
tion system and planting designed as a total
system.

For sustainable agricultural management,
we introduce suitable agriculture systems as
follows; conservation of fertility, soil conserva-
tion, management of rain water, decreasing of
run-off water and planting for a conservation
of soil surface. It's natural to select high-
tolerant crop, against salinity and drought.
The next important point is developing plants
with high fixing capacity for carbon dioxide.
The following informations are essential; char-
acteristics of plant in CO: fixation capacity,
carbon-cycling in the forest ecology, descrip-
tion of carbon sink/sources and also recent
researches on analyzer about CO; fixation of
forest. Algorithm of calculation and estima-
tions for various ecosystems on CO: sink/
sources from view point of plant biomass
increment is essential. We also discuss the
ability of application to develop afforestation
on a desert region by using biotechnology.

Lastly, development of functional materials
is essential. For a cancellation of accumulated
salt on the soil surface, we will try to use
sand-soil as an experimental material because
clay accumulates salinity more than sand-soil.
The material which makes the impermeable
layer in the soil by use of polyacrylic acid has
been developed. Polymer decreases the hy-
draulic conductivity of soil and increases the
water holding capacity in the soil. We are able
to control the depth of the impermeable layer
by using the combination of sodium and calci-
um. We can easily make condensed water at
the rate of 3 liter per m? a day by use of solar
energy and vinyl-film.

4) Technological problems in systems ap-
proach of greening

There are many technological problems in
the greening of arid and semiarid land, espe-
cially in the field of systems approach. Many
problems in this region have not been studied.
It is difficult for us to even define the content as
well as the border of the research subject.
Thus, we focus on the following two subjects
as the problems which confront:

(1) Construction of an ecological model for
greening of arid and semiarid land: Ecosys-
tems in general have a constant flow of circula-
ting materials which stem from the interac-
tions between the soil, flora, fauna and microor-
ganisms, and maintain a dynamic equilibrium.
Since desert greening is a project for construct-
ing an ecosystem centered on a plant commu-
nity, gaining an quantitative understanding of
the flow of circulating materials in a desert
greening ecosystem is an important task which
must be carried out first, not only to assess the
stability of the system but also to examine the
strategy of the greening project. However, the
academic and informational records in this
area are poor, and in particular, there are no
available models of circulating materials in
desert greening ecosystems.

To be concrete, we should obtain at first
existing data related to the flow of materials
such as water, carbon, nitrogen, phosphorus,
minerals, etc. circulating in the course of the
various activities of plants (trees, crops, pas-
ture, etc.) and animals (cattle and feral animals
such as birds, etc) as well as soil micro-
organisms. We can then quantify the amount
of circulating materials in a greening ecosys-
tem. With this as a basis, we try to construct a
model which can simulate the changes in the
ecosystem as the greening project progresses.
This will incorporate data provided from gre-
ening area to clarify the items which need to be
measured on-site.

In the next step we should computerize the
ecosystem simulation model and develop it to
the stage where it can simulate the changes in
the ecosystem due to the progress of the green-
ing. With incorporating on-site observations
into the necessary kinetic data, etc. we will
simulate the changes in the ecosystem on this
basis and consider the suitability of the model
by studying how well it reproduces actual cha-
nges in the ecosystem. For each greening tech-
nique (and strategy) which is used, we should
apply the ecosystem simulation model to every
possible case with altered initial conditions,
boundary conditions, etc. In particular, we can
consider by the model the choice between
energy intensive and ecological technology, or
the optimum combination, from the aspects of



the rate at which a green ecosystem is con-
structed (that is, the efficiency of the method)
and the stability of the ecosystem.

(2) Establishment of a method for balanc-
ing energies in desert greening: For assessing
the net amount of fixed carbon dioxide due to
greening, we must calculate the net amount of
carbon dioxide which is fixed by the forest by
subtracting consumption by absorption, peri-
odic thinning, leaf shedding, etc. from the ini-
tial quantity fixed by photosynthesis. Apart
from this, we must also consider the carbon
dioxide generated by the raw materials and
utilities, water supply, etc. to make the various
materials, solar cells, factories, etc. which are
invested to promote the greening project. In
addition, we must choose between energy in-
tensity and ecological technology or find the
optimum combination and, in order to make an
equitable assessment of the quantity of energy
invested and its effect, an accurate quantifica-
tion of energy input to and output from the
desert greening system is mandatory. There-
fore, solar energy and its net fixed amount and
the quantity of the various invested artificial
energies must be modeled with the utmost
detail and accuracy, and assessment coeffi-
cients in respect of the net amount of fixed
carbon dioxidemust be produced in a practical
form.

In the first step, we should prepare and
model the measurements and calculations
which will be needed in order to quantify solar

biomass
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fixed amount of
carbon in ecosystem ,
+produced amount of
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energy and its net fixed quantity and the vari-
ous artificial invested energies. Since this will
necessitate knowing the basic energy units in-
vested in water creation, solar cells, irrigation
methods and various other materials, an
energy data base will be constructed in order
to calculate the energies in each of the relevant
technologies.

In the second step we should computerize the
energy balance model and develop it to the
stage where simulations can be made. We use
the model to calculate the energy investment
required in the whole ecosystem when various
greening techniques are applied to the desert
greening system. From this, and the amount of
fixed solar energy derived from the model of
ecosystem greening, we can obtain the net
carbon dioxide fixing effect. And then, for each
technique and greening strategy, we use the
energy balance model which has been con-
structed to quantify the degree of dependence
of the net carbon dioxide fixing effect on the
invested energy, calculating over periods of
one to ten decades, with time as a parameter.

4. Methodology to Evaluation of Effects of
Greening on the Carbon Dioxide Problem

The detail evaluation method, future ap-
proach and prospective are explained in the
present part. With the increased energy input,
the amount of fixed carbon is expected to be
drastically increased, and, attain plateau as
shown in Fig. 5. It can be shown that there

1

energy input

effect
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energy input

Fig. 5. Effect of energy supply on carbon balance.
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exist optimum energy input.

For the evaluation of the net fixation the
energy input should be subtracted from the
amount of fixed carbon. The important evalua-
tion functions we proposed are shown in the
following. Time range for this estimation is
supposed to be one hundred years, however,
the term of valuation itself is one of variable
parameters for estimation.

We are to evaluate afforestation techniques
using equations given as follows;

(1) Energy balance (per unit area), E
E=(C—Co+B-1)/1

where C is average amount of carbon fixed in
ecosystem during the period of hundred years
(the period, n year, is also a parameter), C, is
initial amount of carbon in ecosystem, B is
amount of carbon accumulated as a result of
biomass production, I is artificial cumulative
energy input to the project. To realize the net
carbon fixation, positive value of the equation
is necessary. The higher value means the more
stable measure. The higher value of the nu-
merator means the more effective one.

(2) Contribution, K
K=A/[(C—Co+B—-1)XS/n}
where A is average amount of carbon ac-
cumulated in air, and S is total area of arid land
suitable for afforestation.

(3) Man power (per unit area), M
M=(TXAXn)/[(C—Cy+B—I)XP]
where T is average number of staffs necessary
for the project and P is present population in

the world.

In the present study, after the primary evalu-
ation is conducted for various measures using
carbon fixation by plant, the experimental stu-
dies are conducted for afforestation of arid
land.

By conduction of the present research in-
cluding the elemental and field tests, the reaso-
nability of individual techniques is elucidated.
The validity of the total system is evaluated,
ie., the contribution of the technique to the

carbon dioxide issue and the possible area to be
used are clarified.

Finally, we plan to evaluate energy required
for the countermeasures and propose the most
effective definite plan for total system consist-
ing of energy production, salt removal, water
supply and afforestation. The optimization of
the system of this measures is to conducted,
which leads to the direction of future research.
The present results also contribute to the inter-
national common recognition of importance of
afforestation and focus on Japanese contribu-
tion in this issue.

5. Summary and Conclusion

In the present paper, first, the important role
of greening of arid and semiarid lands in the
carbon dioxide problem was demonstrated by
showing the data on carbon cycle and stock in
this planet.

Second, a project to assess the above possibi-
lities, conducted under the sponsorship of
RITE, Research Institute of Innovative Tech-
nology for the Earth, and The Japan Gas Asso-
ciation was introduced. The activity of the
project was explained and future approach and
prospective were discussed.

Third, the methodology of the evaluation of
the effects of the greening on the problem was
presented.
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Reclamation of Open Pit Mining Spoils in Temperate
‘ Desert Environments
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1. Introduction

The mining of precious metals in the state of
Nevada is annually a 2.8 billion dollar industry.
This 20th century gold and silver boom is the
result of the discovery of deposits of micro-
scopic sized precious metal and the develop-
ment of technology to economically recovery
these materials. During the 19th century pio-
neer miners and their burros walked over the
vast microscopic precious metal deposits with-
out realizing they existed. The gold was too
small to be seen in the traditional miners pan.
It was just as well the 19th century did not
recognize the fine gold because the concentra-
tion of the precious metals is so low that vast
amounts of ore have to be excavated for recov-
ery and no method existed for the concentra-
tion of the microscopic gold and silver.

The 19th century miners searched for gold
and silver concentrated in veins in hard rock.
The exploitation of such deposits was by un-
derground mining. The ore was raised to the
surface, crushed in stamp mills, and the pre-
cious metals amalgamated with mercury.!
This was a very inefficient procedure with re-
covery rates of 60 to 70% being common.

In the 1890s the use of the MacArthur-Forest
process was introduced. A diluted solution of
cyanide was used to dissolve precious metals in
finely crushed ore, with recovery accomplished
by precipitating on zinc shavings.? This proc-
ess was so much more efficient than amalgama-
tion that virtually every earlier mine dump in
the western United States was re-worked for
cyanide treatment. Hard rock gold mining was
declared a non-essential industry in the United
States during World War II and was dis-
continued by governmental regulation. After
the war, the fixed price of gold in the United

States and the high labor cost of underground
mining combined to severely limit the rebirth
of the industry.

In 1967 the US Bureau of Mines conducted
an engineering appraisal of more than 1,300
lode and placer deposits, representing almost
all of the United State’s known gold reserves,
to determine their potential gold production.®
These deposits were estimated to contain over
400 million ounces (we retain ounces instead of
metric measurement because of international
use of ounces with precious metals) of gold.
However, only 2% of these deposits were ex-
ploitable with the price of gold standardized at
$35.00 per ounce. Within the next two years
the price of gold was allowed to float freely on
the world market and a 400% price increase
changed the definition of what constituted
economically exploitable ore.

The rapid rise in the value of gold once the
price was allowed to float freely on the interna-
tional market, sparked renewed interest in gold
and silver mining. At the same time, a number
of technological factors coincided to make it
possible to exploit vast deposits of low value
ore and economically extract the precious
metal content. The first of these technological
advances was the continued development of
large self-propelled, rubber-tired mechanical
equipment for moving large quantities of rock.
This started late in the 19th century when the
first steam powered shovels were nearly simul-
taneously delivered to the Bingham, Utah and
Ruth, Nevada copper pits in the western
United States and to the pre-historic gold and
silver mines at Rio Tinto in Spain. All-wheel-
drive, articulating front-end loaders capable of
loading a 20 yard dump truck with one bucket
are the culmination of technical evolution from
these early railroad track bound steam shov-
els?

* USDA, Agricultural Research Service, Reno, Nevada.
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The second coinciding branch of technology
that matured in the 1960s involved changing
the way cyanide was used to dissolve the pre-
cious metals in ore. The cyanide process evo-
lved from the stamp mill to roller or ball mills
so that the ore could be ground extremely fine.
The precious metals had to be in very small
particles for the cyanide to dissolve them in an
economically feasible period of time. The
finely ground ore was hydraulically moved
into tanks where the cyanide solution was
leached through the ore to dissolve the metals.
The physical infrastructure necessary to carry
out this process and the labor required were
considerable.

After World War II there was a tremendous
boom in the mining of uranium in the western
United States as the world moved into the age
of atomic weapons and energy sources. Some
miners experimented with heap leaching of
low grade uranium ores in an attempt to con-
centrate economically recoverable values.
This was an extension of an ancient process
used in copper deposits where acids were used
to concentrate copper values. Several scien-
tists at the United States Bureau of Mines re-
search laboratories at Salt Lake city, Utah, and
Reno, Nevada extended this technology to gold
recovery from low value ores.® The process is
very simple. The ore is piled on an impervious
surface and a very dilute solution of cyanide is
sprinkled over the surface and allowed to pecu-
late down through the pile. The solution is
collected from the impervious surface and
when sufficient value in precious metals is
accumulated they are precipitated and the cya-
nide solution returned to recycle through the
pike.

The initial experiments were conducted on a
sheet of plastic in the parking lot of the Federal
Bureau of Mines in Reno, Nevada with a few
buckets full of ore. The process has now pro-
gressed to the point heap leach piles cover
several hundred hectares to a depth of many
meters. Some of these piles hold as much as 35
million liters of cyanide solution.

The factor that made this heap leaching tech-
nology so successful in Nevada was the simul-
taneous discovery of huge reserves of micro-
scopic sized gold and silver deposits. Among

the first of the large operations to exploit the
deposits of microscopic gold was the Carlin

"Mine located in northeastern Nevada. It began

production in 1965 with an estimated ore re-
serve of 9.9 million tons (metric) averaging
0.29 ounces of gold per ton. The mine eventu-
ally produced 3.2 million ounces. The Carlin
Mine was located on what became known as
the Carlin Trend. The Carlin Trend of micro-
scopic gold deposits are hosted in a series of
Silurian-Devonian rocks of the Roberts Moun-
tain Formation that are exposed in a tectonic
window by thrust faulting.®

Environmental setting

This modern mining boom has taken place in
a temperate desert environment. Most of the
mines occur on lands which formerly furnished
forage and habitat for domestic livestock and
wildlife. Most of the land is publicly owned
and administered by agencies of the American
federal government. The rise in ecological
awareness among the general public has quick-
ly focused on the need for reclamation of desert
lands disturbed by open pit mining and heap-
leach recovery of gold and silver.

Federal, and more recent state regulations,
require that miners must post a bond sufficient
for the reclamation of lands disturbed by the
mining process. For large mines, these bonds
total in the tens of millions of dollars. These
bonds will only be released when the reclama-
tion process has been judged to be a success.
Apparently, no precious metals mine in
Nevada has been released from reclamation
bonds to date.

Until recently it was considered impossible
to reclaim mine waste in a desert environment
in the United States. Faced with specific feder-
al regulations and an aroused public, the pre-
cious metal mining industry has undertaken
serious efforts to develop reclamation proce-
dures for temperate desert environments. As a
part of this effort, the Conservation Biology of
Rangelands research project of the USDA, Ag-
ricultural Research Service, Reno, Nevada was
commissioned to review current reclamation
projects and evaluate future research needs.”
Much of the information reported in this paper
had its origin in information gained and obser-



vations made during that review.

3. Determining the Goals of Mine Reclama-
tion

To be successful, mining reclamation needs
to have clear goals and priorities. In a desert
environment this is especially true, When agri-
cultural land is strip-mined for coal in the
humid eastern United States, regulations re-
quire a pre-mining sampling of crop produc-
tion with reclamation efforts having to at least
equal some predetermined amount of that pro-
duction after mining. During the energy crisis
of the 1970s strip mining of coal moved to the
northerm Great Plains where huge deposits of
low sulphur coal existed. The same reclama-
tion goals were followed with generally disas-
trous results for rangelands. Many of the pre-
mining rangeland communities were in poor
range condition because of past improper man-
agement. Essentially the standards required
restoration of communities producing desired
biomass at a fraction of their potential.

The desert rangelands of the Great Basin are
an even more extreme example of this problem.
In the 1960s it was determined that in the
Humboldt River Basin of northern Nevada
only 1% of the 6 million hectares of big sage-
brush (Artemisia tridentata)/bunchgrass range-
land was in good range condition, the rest was
in poor to terrible condition.® During the 20th
century the alien annual weed cheatgrass
(Bromus tectorum) has invaded millions of hect-
ares of degraded rangeland in the Great Basin.?
Obviously, the goal of mining reclamation
should not be to create more degraded habitat.

Among the criteria that should be considered
in planning a reclamation project are: a) pro-
tect the site from accelerated erosion, b} inhibit
the invasion by alien weeds, c) return the site
to basic productivity, d) blend the reclamation
project into the surrounding landscape, €)
insure the reclamation project does not unduly
influence biodiversity of the surrounding eco-
systems, and f) accomplish all of these goals
economically. Miners, ranchers, wildlife man-
agers, and environmentalists would probably
include all of the above in their goals for recla-
mation, but each might assign different priorit-

163

ies to the list. Consensus may be difficult to
obtain, but it is very important that a clear goal
be established before planning the reclamation
project.

1) Types of reclamation sites

The types of sites that exist that require
reclamation are the excavated pit, waste rock
dumps, heap leach pads, and exploration areas.
In Nevada exploration sites are estimated to
constitute two thirds of mining disturbance
requiring reclamation. We will develop this
more in a later section. In Nevada the excava-
tion pits are not reclaimed at this time. There
is not a lot you can do about the pit except refill
the hole. The rock cut surfaces will not sup-
port most vascular plants. The pits constitute
long term hazardous sites that have to be ex-
cluded from public use. They are radically
different in appearance from surrounding land-
scapes. In other states with less extensive
mining activities, miners have been required to
refill the pit but, Nevada miners strongly pro-
test that pit refilling is not economically feasi-
ble. Some mining companies have paid for
off-site reclamation or restoration projects in
lieu of reclaiming a pit.

In Nevada some leach pads are in the final
stage of rinsing, but no large scale leach opera-
tions have progressed sufficiently to enter the
reclamation process. Over time the cyanide
converts to nitrate. The nitrogen rich pads
with relatively fine-textured ore are quality
sites for plant growth. Weed control is often
necessary on the pads because organic matter
interferes with the precipitation of the precious
metals from the cyanide solution. Eventually
many hectares of leach pads will require recla-
mation. What to do with the nitrogen rich
rinse water may be a larger problem than
establishing vegetative cover.

The major reclamation problem on the
mining sites is the treatment of waste rock
dumps. These dumps are built by rear dump-
ing trucks which drop rock at or over the edge
of the dump. Most mining plans require that
dumps are built with slopes much less than the
angle of repose for the material.
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2) Reclamation Of exploration sites

As previously mentioned, mineral explora-
tion disturbance accounts for two thirds of the
area requiring reclamation in Nevada. Deter-
mining the extent and nature of vast deposits
of low concentration ores requires a lot of sam-
ples obtained by drilling. Traditional truck
mounted exploration drills require access
roads. It is the nature of exploration disturb-
ance to be linear and to effect only a small frac-
tion of the surrounding landscape. Typically
10 ha would require reclamation in a 1000 ha
rangeland pasture. More than one mining com-
pany may explore the same mineralized area.
There are mineral prospects in Nevada that
have been explored and reclaimed three times.

Technological developments to limit disturb-
ance from exploration of mineral prospects in-
clude self-propelled drills with flotation tires to
lessen the need for roads. A more novel ap-
proach is to delineate mineralized locations by
analyzing plant material for precious metal
content. A problem with applying this technol-
ogy is false positives from subaerial deposition
of microscopic gold and silver on leaves.

The linear nature of exploration disturbance
enhances the chances for spontaneous natural
seedling recruitment from adjacent vegetation
if the road is re-contoured and a seedbed prop-
erly prepared. On the minus side, the linear
nature of the disturbance means the seedlings
in the reclamation project are exposed to pre-
dation from large and small herbivores. For
domestic livestock, the reclamation seeding
can be coordinated with grazing management
systems that usually include a year of rest
from grazing. For wildlife and free roaming
equine species, other approaches to reducing
predation may be necesary. One suggestion
has been to plant species not preferred by
native herbivores. Termed aversion seeding,
this procedure is slow to gain popularity be-
cause it is philosophically counter to the con-
cept that reclamation seeding results in quality
forage species.'®

3. Reclamation of Waste Rock Dumps

The key to successful reclamation of mine
spoils in temperate desert environments has

proven to be providing a suitable seedbed and
seedling environment. The conservation and
management of top soil is crucial for providing
an adequate seedbed.

1) Top soil management

In an arid environment where soil develop-
ment is very limited, the term top soil is rather
misleading. It is more of a question of conserv-
ing the more or less fine textured surface mate-
rial for re-spreading once waste rock dumps
are re-contoured. Little is known about the
biological conservation of top soil under desert
conditions. Should it be planted with a cover
crop to maintain soil micro-organisms? There
is little direct experimental evidence that is
applicable to the environmental setting. We
noted that virtually every top soil dump was
covered with the weeds Russian thistle (Salsola
australis) and halogeton (Halogeton glomeratus).
Mines that excavate through alluvial fans,
which are so characteristic of basin and range
topography, often utilize fossil soils they find
buried in the fans, as top soil.

2) Re-contouring

How well the reclamation project blends in
with the surrounding landscape is largely a
product of how well the waste rock dumps are
re-contoured. Some mines are extremely proud
of the re-contouring efforts they have made.
Moving large volumes of rock and soil is what
open pit miners are equipped for and experi-
enced with so it is not surprising they are often
very successful with such operations. Mines
usually spend 10 times as much on physical
operations in reclamation as they do in biolog-
ical operations. Most of this money is spent on
re-contouring.

Besides appearance and stability, the re-
contouring operation also has a major impact
on what options are available for seeding
waste rock dumps. For safety, earth moving
equipment in re-contouring works up and
down slopes. Water control structures and
seeding should be done on the contour. Some
of the mines most successful in mine reclama-
tion have the same foreman and crew conduct
both re-contouring and seeding. The obvious
self interest in not making slopes to steep for



contour seeding has proven very successful.

After re-contouring the stock-piled top soil is
spread over the dump. This is usually done
with self loading carryall scrapers. These im-
plements operate on immense flotation tires,
but their great weight often compacts the sur-
face horizons. The last step in the re-
contouring-top-soiling process should be rip-
ping the surface to return some form of struc-
ture.

3) Seeding mixture

The supervisors of mining reclamation pro-
jects in the precious metal mining industry in
the temperate deserts of North America, are
usually geologists, geological engineers, or en-
vironmental engineers. These largely non-
biologist reclamation specialists are faced with
an array of conflicting advice and criticism on
what to seed on the mine dumps. Should only
native species be used to protect biological
diversity? Should the very best in forage spe-
cies be planted? What species are being in-
cluded for wildlife, native plant enthusiasts, or
amateur butterfly clubs.

The people in charge of making the selection
do not understand the highly complex govern-
mental and private systems under which plant
material for conservation plantings is devel-
oped, propagated for increase and distributed
in commercial marketing in the United States.
Most of the supervisors have never seen the
plants they are planting and would not recog-
nize them if they grew.

The lack of biological knowledge often leads
to very expensive, multi-species seeding mix-
tures where the members of the mixtures are
mutually self canceling. That is, if species A
did happen to be adapted it is almost automatic
that species B will not be adapted because of
inherent, sharply contrasting ecological re-
quirements. A time proven rule-of-thumb for
perennial grass stand density has been in the
25 to 30 cm precipitation range of the big sage-
brush (Artemisia tridentata) zone of the Great
Basin a fully stocked stand has 7.5 plants per
m2!"  Commonly reclamation seedings are
made at the rate of 1,500 to 2,000 pure live
seeds per m2 These seeding rates only provide
expensive, ineffective mulches.
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To biologically suppress the competition
posed by invading alien annual grasses, the
seeding mixture must contain a vigorous per-
ennial grass. For long term sustainablity the
mixture should contain an adapted shrub. For
diversity the mixture should contain a perenni-
al forb. Adding repeated selections or cultivars
of often very closely related plant material to
the mixture is biological redundancy, not di-
versity and often results in excessive inter or
intra-specific competition.

4) Seeding equipment

In an arid environment where moisture is
out of phase with temperatures for plant
growth, the moisture gradient from a seed on
the surface of a seedbed to the atmosphere is
usually inhibitory for germination.!? Seeds
have to be placed in the surface of the seedbed
and the seedbed firmed to enhance hydraulic
conductivity from the substrate to the seed
coat. This means the seeds have to be placed in
the seedbed with a planting drill. Drills are a
standard part of agronomic agriculture, but to
function on mine dumps they require consider-
able specialized engineering.!® For the waste
rock dumps to be seeded with a drill the re-
contouring has to be within limits that permit
a track laying tractor to move on the contour
of the slope.

5) Irrigation

If the primary form of plant competition that
limits seedling recruitment is for moisture, it
would appear logical that supplemental irriga-
tion may enhance reclamation success. Many
of the mine pits have progressed well below the
water table and dewatering is a major opera-
tion. The miners sprinkle many hectares of
leach pads with cyanide solution applied
through modified irrigation sprinklers or drip
systems, so they should be familiar with the
technology. Logic and biological realism often
clash in desert environments. Many of the
hybridized and selected plant cultivars used in
mine reclamation do not have the inherent po-
tential to prosper under supplemental iriga-
tion. Many of the native plant species that are
collected for use in mining reclamation are
killed by supplemental irrigation.
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There are many examples where supplemen-
tal irrigation has led to successful reclamation
efforts in temperate desert environments. Per-
haps universally these successful efforts have
involved. someone directly in the operation
who understood the biological moisture rela-
tions of the plants used in the reclamation
seeding. It is well to remember that irrigation
also fosters agricultural weeds on the mine site.

6) Fertilizers

Temperate desert ecosystems revolve
around competition for moisture available for
plant growth, but it has long been recognized
that available nitrate is the catalyst that gov-
erns this competition. Because most reclama-
tion seedings are dependent on rain fed mois-
ture it is very hard to predict if a supplemental
source of nitrogen will help or hinder seedling
establishment.

4. Salt Desert Environments

The most difficult sites in temperate deserts
to reclaim through reclamation of mine spoils
are those located at low elevations in the desert
basins. These areas are commonly referred to
as salt deserts because of the accumulations of
soluble salts in the soil. On the upper alluvial
fans where many of the mining operations are
located, extreme salt affected soils are not the
common problem. The extreme aridity of the
sites makes artificial recruitment of seedlings
very difficult.

A major problem with reclamation seedings
in these environments is a lack of adapted
plant material. Miners are reaching out for
native plant material which appears obviously
adapted to such sites. Unfortunately, natural
seedling recruitment may be extremely episod-
ic in such environments. The need to conserve
and develop native plant material in such sites
is great.

5. Summary

Since time, immemorial miners have dug for
silver and gold and left the holes. As the
worlds population increases, greater value is
placed on numerous aspects of wildlands. The

deserts of western North America have im-
mense treasures of exploitable precious metals,
but society demands that mining spoils must
be reclaimed and made acceptable parts of the
surrounding landscape. The biological proc-
esses involved in seedling recruitment in
desert environments are extremely challeng-
ing to scientists, but most problems can be
overcome. Communicating this biological
knowledge to the technical people who actual-
ly carry out the reclamation is also a challenge
to scientists.
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Design of the
Integrated Renewable Energy System for Oasis

Dayin Lr* and Isao Enpo**

Absoract

Desertification is a serious environmental problem in the world. Many efforts have been
made to prevent it but no remarkable results have been observed yet. In order to stop the
desertification, the authors are considering to enrich living spaces in the oasis and enable a lot
of people to live there. This requires us to provide various kind of resources such as water,
food, particularly energy and power. This paper aimed to propose a new energy system inan
oasis, namely, Integrated Renewable Energy System (IRES) and to evaluate the feasibility of

it

1. Introduction

What kinds of energy sources are available
and feasible to meet the energy demand is a
critical factor when we design an oasis. There
are studies which have considered the energy
system at an oasis or in remote areas from view
point of reliability and economics. Meanwhile
environment protection and better ecological
circulation should not be neglected.

The concept of integrated renwable energy
system (IRES) for desert oasis is based on the
idea of considering not only system'’s reliability
and cost but also environment conservation
and good ecological balance. In this system, all
kinds of energy sources are renewable to get
ride of the emission of harmful gases (e.g., CO.,
SO,, NOx) and solid waste disposal (e.g., radio-
active waste), and to create a harmonic envi-
ronment which enable us to co-existence with
natural environment. It is shown in Fig. 1 that
IRES is constructed by energy supply system
and energy demand system. The energy
supply system consists three subsystems—
energy sources subsystem, energy transfer one
and energy storage one. Every subsystem has
its own functions and relates each other close-
ly.

IRES can combine advantages of various
energy sources and overcome their disadvan-

tages. Details of comparisons of single renew-
able energy system, integrated renewable
energy system and integrated system of renew-
able and conventional energy, and how IRES
can meet energy demand with. high reliability
and reasonable cost will be discussed respec-
tively.

For the new settlement in desert area, this
paper will discuss the general scheme for opti-
mal utilization of several renewable energy re-
sources as an integrated system to meet vari-
ous load demands. The integrated sources are
solar thermal power plant, PV power plant,
solar pond, wind mill, biogas generator, togeth-
er with different types of storage facilities
(electric and fresh water storage).

2. Natural Conditions and Energy Demand
in Oasis

In desert areas, the hot and arid climates are
characterized by high temperatures during
daytime and low temperatures during the
night, intensive solar radiation, low relative
humidity. The rate of evaporation exceeds the
rate of rainfall. This results in a shortage and
scarcity of potable water. Out door conditions
are so critical in this climate that both the
buildin'g and it's external living spaces must
be protected from daytime intense solar irradi-
ation and hot winds, and nighttime cold
weather.! Therefore, two most important as-
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pects in desert are water and comfortable
living conditions that include sunlight, suita-
ble temperature and ventilation not only for
human being but also for animals and plants.
The energy demand in oasis can be divided
into four branches. They are agriculture
(which mainly consists of farming, stock rais-
ing, forestry, agricultural production process-
ing and so on), water resources, industry and
merchandise, daily life respectively.

3. Energy Supply System

1) Different energy systems

Usually, there are two types of different
energy supply systems in small scale for desert
and remote areas. One is single renewable
energy system."? It has a larger power capac-
ity and storage volume for power storage and
regeneration than the volume of load to keep
the system reliable, because this system just
has one energy source which can not be trans-
ferred into usable energy form such as electric-
ity continuously (e.g., solar energy can not be
used in night and rainy days, wind mill de-
pends on a certain rage of wind speed). Typical
type of this kind of systems is one of PV power,
solar thermal power and wind power combin-
ing one of storage batteries and fuel cells.

Another is integrated system of renewable
energy and conventional energy sources.”
Comparing with single renewable energy
system, it has two or more than two energy
sources to generate power. In this case, energy
storage subsystem’s volume can be decreased
without reducing reliability. Some of this kind
of systems consist one renewable energy
source, one conventional energy source and
one storage subsystem (e.g, solar thermal
power or PV power, diesel or natural gas and

storage subsystem; wind power, diesel or natu-
ral gas and storage subsystem). The others are
composed by two renewable energy sources,
one conventional energy source and one stor-
age subsystem (e.g., PV power or solar thermal
power, wind power, diesel or natural gas and
storage subsystem; PV power, solar thermal
power, diesel or natural gas and storage sub-
system).

Integrated system combining different
energy sources, especially more than two
energy sources’ system, can take the advan-
tages of the individual sources in a complemen-
tary way in order to supply power more effec-
tive. First, this makes it possible to install a
lower level of peak power as compared with a
non-combined system. Secondly, battery ca-
pacity can be smaller as the probability of
continuity of supply increases.

Obviously, integrated system of renewable
energy and conventional energy is better than
single renewable energy system. Considering
the environment protection, biomass energy
should be introduced into energy system in-
stead of fossil energy as a auxiliary energy of
the system. Biomass energy can be used for
cooking and supplementary source of power
generation, and its potential is abundant and
easily obtained from crop’s straw, human and
animal excreta and fire wood in oasis. Usually,
biomass is ignored or used with lower efficien-
cy.

In comparison with fossil energy sources,
biomass energy has its special features. First
of all, it is renewable energy. It does generate
CO; and consume O; when it is used to gener-
ate power. But, plant absorbs CO. and release
O, during the biomass forming through photo-
synthesis. So the net production of CO; is zero.
That means CO; and O; balance can be kept by



biomass itself. Fossil energy sources don't
have this function. In addition, the emission of
S0, NOx from biomass energy is less than that
from fossil energy. For example,? it generally
contains less than 0.1 percent sulfur and to 56
percent ash, compared with 2 to 3 percent and
10 to 15 percent, respectively, for bituminous
coal. Secondly, some of the raw materials of
bioenergy are from waste materials, for exam-
ple, human and animal wastes, some kinds of
sewage, and straw are essential raw materials
in the methane gas production. Side line pro-
duction of biogas is the high quality organic
fertilizer for farming and good fodder for ani-
mals. So, biomass plays a very important role
in ecological circulation.

As discussed earlier, according to the natural
conditions in desert, solar energy and wind
energy are rich enough to be used as main
energy sources. Therefore, the integrated ren-
ewable energy system combines solar energy,
wind energy and biomass energy.

2) The energy transfer technologies

In recent years, renewable energy applica-
tion for power generation is widely spreaded in
the world. Using different kinds of energy
sources and different application forms have
different features.

In desert, solar energy is the main energy
source of IRES, as it is much more abundant
than that in other areas. Solar thermal power
plant can be built in a large scale (prospective
capacity is about 150-200 MW and present
scale is 80-100MW) and has a relative high
efficiency. Solar thermal power plant can cog-
enerate both electricity and thermal energy.
The waste heat exhausted from turbine can be
reused for three different purposes with differ-
ent ranges of temperature. The first is for
brackish water desalination. Salted water can
be heated at more than 100 centi-degree for
evaporation; The second is for air conditioning
and refrigeration. The heat media can be
heated at about 80 centi-degree; The last is for
hot water supply. The water can be heated at
about 50 centi-degree. The ratio of heat to elec-
tricity in cogeneration system generally is
more than 1:1. Obviously, it is the best option
to supply both electricity and Thermal energy
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efficiently. Solar cell directly converting solar
radiation to electricity by photovoltaics has
some significant advantages such as silent and
minimum maintenance. A special feature is
that solar arrays are made up of multiple solar
cell modules, they can therefore be made in a
range of sizes for a wide and variety applica-
tions with essentially the same conversion effi-
ciency and the same technology. For example,
the solar cell of a 1 mW wrist watch and a 1
MW PV power plant can be operated with
same transferring efficiency.

Under favorable circumstances, the cost of
wind energy is already lower than that of con-
ventional energy system.® Expected capital
cost reductions will further increase the com-
parative advantage of wind system and will
improve the prospects for energy from other
renewable energy sources in the competition
with conventional sources. Biomass energy
not only can provide electricity and heat, but
also has the ability to keep ecological balance
and to change waste into valuables. The cost of
power generation is relative low.

Generally speaking, the cost of the power
generation from renewable energy is expected
to rapidly decrease while that from conven-
tional sources will be steady or will increase. In
recent report,” the cost of a 80 MW solar ther-
mal power has dropped to 7-8 U.S. cent/kwh.
If environmental costs were added to the calcu-
lations which for fossil and nuclear energy can
be 20% or more the competitive factorsinrenew-
able energy power would be more apparent.®

3) Energy storage technologies

Energy storage subsystem plays a very im-
portant role for high reliability of IRES. For
electricity storage, the following methods are
feasible and effective.

A. Storage batteries

There are many different kinds of storage
batteries have been developed. Na-S, Zn-CL,,
Zn-Brs, Redox-flow are main four types storage-
batteries system which are used commonly
nowadays.

B. Biogas storage

The first task of biogas is to satisfy heat
demand for daily cooking. The remainder can
be stored if solar and wind energy can provide
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sufficient energy to meet the load. There are
two ways to use biogas for power generation.
One is that use it as an auxiliary energy to
assist solar power maintaining certain output
of thermal energy for power generation when
insolation is not strong. Another is that use it
generate power directly whenever it is needed.

C. Fresh water storage

Fresh water storage is a good and indirect
way to store energy from renewables when
energy supply is greater than energy demand.

It will reduce the load of energy demand when
renewables can not supply enough energy for
water desalination.

For thermal energy storage, there are many
facilities with different materials in both sensi-
tive heat form and latent heat form to store
thermal energy. Solar pond, as a thermal collec-
tor and thermal storage, should be built. The
most important reason is that solar pond is a
suitable and safe container for the disposal
waste water (brine) in desalination processing,



and in turn the brine will breed salt gradient of
solar pond.

Figure. 2 shows the designing steps of the
IRES has been set up according to the basic
considerations of high reliability, reasonable
cost, environmental protection and ecological
balance.”8 9

4. Oasis Scale, Water Demand and Energy
Demand

After the population of the oasis being decid-
ed, the scale of agriculture, industry, merchan-
dize, and the others can be calculated. In this
design, assume that industry includes food
processing and storage complex, water treat-
ment plant, water desalination plant, and rene-
wable power system. Agricultural scale is struc-
tured on the basis of food self-satisfaction, ac-
cording to the population scale.

To calculate water demand for agriculture
and other expenses and energy demand for
oasis, water resources should be well known in
the oasis, eg, depth of underground fresh
water and brackish water, annual amount of
fresh water, rainfall, evapotranspiration and
percolation.

(1) Water demand for agriculture

(2) Water demand for others

Excluding water demand of agriculture, the
daily water demand for other purposes in-
cludes industry, daily life and merchandise.

(3) Water discharge

In order to save limited water resources in
desert, the discharged water should be reused
for agricultural irrigation after that sewage is
treated.

Energy demand for various purposesis listed
below.

(1) Energy demand for agriculture

A. Field crop production
B. Greenhouse
C. Stock raising
(2) Energy demand for domestics

A. dwelling

B. Office

C. Hospital

D. Merchandize

E. Other social services

(3) The energy demand of industry
A. Food processing and storage complex
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B. Water desalination

Water desalination can be realized by using
different methods. In this design, MSF (multi-
stage flash) plant (which mainly using thermal
energy by means of evaporation and using
small amount of electricity) and RO (reverse
osmosis) plant (which using electricity to sepa-
rate fresh water and brine) will be used.

a. MSF plant
b. RO plant
C. Water treatment

(4) Energy demand of water resources

The fresh water in desert comes from two
sources (excluding rainfall). Those are under-
ground fresh water and fresh water from desal-
inated underground brackish water or seawa-
ter.

Features of loads for various usages are
different.

a. Some of loads change in different seasons
or months. But these loads cah be met in any
time period within one day or one month. In
another word, the hourly load is not constant.
if the total amount can be met within one day
or one month. So, these loads can be arranged -
when energy output from renewables is bigger
than the energy demand of loads which are
certain amount at certain time.

b. Some of loads don't change or change a
little in different seasons or months. But These
loads change largely in different hour during a
day. Hourly requirement for those is fixed.
This kind of loads can not be arranged.

c. Some of loads can be met by one of elec-
tricity and mostly by thermal energy. This
kind of loads can be used for adjusting thermal
and electricity balance. In this design, water
desalination by MSF plant and RO plant will
be used for this aim.

5. Renewable Energy Resources

In this system solar energy, wind energy, and
biomass energy will be utilized to meet the
energy demand in the oasis. Potential of solar
energy and wind energy can be calculated by
natural conditions of oasis. Potential of bio-
mass energy can be calculated by the scales of
population and agriculture.

Features of renewable energy
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In order to meet the energy demand effi-
ciently, Features of three different kinds of
energy sources should be studied. Solar and
wind energy are usually variable comparing
with conventional power sources. But, They
often directly complementary. In Thermally-
driven wind regimes, the strongest wind may
occur towards or after sunset, and sometimes
strong wind tend to be associated with over-
cast condition. It will increase the reliability of
power supply system. Another point is that
some loads’ variations strongly depend on the
solar radiation especially in desert areas. For
example, load of air conditioning and agricul-
ture will increase when sunshine is sharp.
Meanwhile, power output from solar energy
will enhance too. Coincidence of load and
energy supply will be helpful to decrease the
capacity of storage system. Power output from
biomass energy is more stable than that of
solar and wind energy. It has some advan-
tages. First, it can be stored easily; Secondly, it
can be used whenever it is needed such as solar
and wind energy can not provide enough
power to meet the demand; The third is that it
can provide both electricity and thermal
energy. Consequently the combination of
solar, wind and biomass energy will make the
power supply system more reliable.

6. System Simulation

1) The scales of renewable energy and
energy storage.

The balance between annual output of elec-
tricity and thermal energy from renewable
energy and annual energy demand can be es-
timated as:

Ep Kep = Ed

Ep=Ast Pst+Apv Ppv+Aw Pw+Pbe

Tp=Td

Tp=Ast Hst+ Asp Hsp+Hbh

Ed=Efix+Evar

Efix=Ea+Ec+Eif+Eit=const.

Evar=Eidl +Eid2

Ep=Ast Pst+Apv Ppv+Aw Pw+Pbe

As mentioned above, Eid1=f(Ast), Eidl is a
function of the scale of solar thermal power,
then, it becomes:

Kep(Ast Pst+Apv Ppv+Aw Pw+Pbe)=

f(Ast)+const.

Energy storage can be realized by indirect
way and direct way. In this design, storage
batteries and biogas are direct ways to store
energy. Storage of fresh water desalinated
from brackish water or sea water is the indirect
way to store electricity and thermal energy.
Because it consumes energy when energy
supply is greater than energy demand, and can
be used when energy supply is less than the
energy demand to save the energy supply for
desalination of that amount of brackish water
or sea water. Obviously, the cost of biogas and
fresh water storage is cheaper than storage
batteries. Therefore, the cost of total storage
system will be decreased significantly, compar-
ing with single battery storage system.

2) System simulation

Before the system simulation, the following
assumptions and constraints are made:

System simulation will start under the condi-
tion of all storage volumes being equivalent to
their design capacity or given volumes.

Hourly production of biogas is the constant.
Energy demand for cooking will be met just by
biomass power and calculated individually ex-
cluding total amount of thermal energy
demand. Remain biogas will be used to en-
hance output of solar thermal power. Wind
output will be zero if hourly average wind
speed is below 3.5 m/s.

In ith hour, energy output from solar and
wind energy can be calculated. comparing
those with load demands at start condition,
three cases may happen.

Case 1, Supply is more than demand.

Case 2, Supply is less than demand.

Case 3, Electrical power unbalances with

thermal power.

After ith hour, simulation will go to (i+1)
th hour. Thus it can simulate all conditions of
energy system to meet the energy demand. In
the period of system design, it can be used to
correct scales of different energy sources and
storage and check worst conditions. The simu-
lation results were published in another
paper.'® Figure 3 shows the flow chat of simu-
lation.
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7. Design Example

A new community with no electrical grid
connection and a population of 10,000 is
chosen as an example for the design and simu-
lation of the integrated renewable energy
system presented in this paper. In this example
time period is divided into four seasons, spring,
summer, fall and winter. Data of design and
simulation is also treated in four seasons.!® !V

The scales of agriculture and domestics are
the follows,

Agriculture
irrigated field area: 100 ha
green house area: 10 ha
cow: 500
swine: 2,000
poultry: 40,000

domestics
residence area: 125,000 m?
office area: 5,000 m?
hospital area: 3,000 m?
merchandize area: 5,000 m*
others area: 10,000 m?

1) Natural condition and resources

The depths of underground fresh water and
brackish water are 50 m and 20 m respectively.
Water balance for agriculture and energy re-
sources potential are shown in Table. 1 and
Table 2,

2) Water demand and energy demand
Water demand for agriculture and other pur-
poses is calculated and listed in Table. 3. In
this case water demand of agriculture is great-
er than that for others. The total amount of
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Table 1. Irrigation water demand in four seasons.
Evaptraspiration percolation rainfall water demand

Seasons

(cm) {cm) (cm) (cm)
spring 31 38.1 104 58.7
summer 50.8 38.1 08 88.1
fall 249 38.1 46 584
winter 7.6 38.1 17.2 28.5

Table 2. Solar and wind energy potential.

Seasons Wind speed rai‘i)z::iron Biog:ls yield
(m/s) (kwh/m?) (m®/day)
Spring 5.600 6.589 4,565
Summer 5.900 7.736 4,565
Fall 5.100 6.765 4,565
Winter 4.800 4816 4,565

fresh water can be calculated.

3) Energy demand

Electricity demand for various purposes can
be divided into two parts. One is fixed load and
another is variable load. Fixed load means
hourly loads and daily sum of hourly load are
constants in certain seasons. Variable load
means hourly loads and daily sum of hourly
load are variable in certain seasons due to
using different amount of energy with differ-
ent ways to realize one target. In this example
fixed loads are electricity loads of agriculture,
domestics, food processing and storage com-
plex, water treatment plant. Daily and hourly
electrical demands of fixed loads in different
seasons are shown in Table 4 and Fig. 4.!213 14
Variable loads are electricity demands of water
desalination and water resources. It will be
arranged by load management program ac-
cording to the amount of daily water demand
which is fixed in certain seasons by reasonable
distribution of fresh water output from MSF
plant, RO plant and UW (underground fresh
water).

For thermal demand, in this example, as-
sumes that:

(1) Thermal demand for daily cooking is
certain (1 kwh/day per capita) and met by
biogas (2,388 m3/day);

(2) All exhausted heat from solar thermal
power will be used for MSF water desalination

directly in order to get more high temperature
steam.

(8) Other heat needs are low grade ones and
will be met by using waste heat from MSF
plant and stored heat from solar pond which
are assumed greater than the demand.

For scale decision, economical analysis will
be involved to find solutions. firstly, annual
balance should be satisfied, then consider cost
and seasonal balance to make the best solution.

Scales of Renewable energy sources are
shown below:

solar wind PV Total
thermal power power

area 41,600 42,200 0.0
(m?)
rated power 6,000 2,500 0.0 8,500
(kw)
yearly output 1,400 1,070 0.0 2,470
(10*kwh)

The cost of PV is relative high and not select-
ed unless its cost is less than 10 cent/kwh.
Annual output of biogas for electricity is 1.58
X 10° kwh. daily output in different seasons is
shown in Table 5 and Fig. 5.

8. Conclusion

From Table 4 we can know that domestic
loads is the major one among the fixed loads in
every season and loads reach at top volume in
summer, in other words largest amount of
energy will be needed; Table 5 shows that the
energy output of solar energy is the major one
followed by wind and bio-mass energy respec-
tively in every season and total energy output
will raise up to the maximum due to the natu-
ral condition in desert in summer. this indi-
cates that supply sources coincide with
demand ones as it was mentioned previously.

In the design, the advantages of every renew-
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Table 3. Water demand and supply.

Water demand Water demand Total Fresh water Treated water
Bt of agriculture of others amount supply supply
s (m®/day) (m*/day) (m®/day) (m?/day) (m*/day)
1 - 2 = 3 = 4 + 5
Spring 6,610.000 4,500.000 11,110.000 6,835.000 4,275.000
Summer 9,810.000 6,900.000 16,710.000 10,155.000 6555.000
Fall 6,600.000 4,570.000 11,170.000 6,829.000 4,341.500
Winter 3,460.000 2,100.000 5,5660.000 3,5665.000 1,995.000
Table 4. Seasonal fixed loads.
Load of Load of Load of Load of Total of
Seasons agri. domestics food proc. water treat. fixed load
(kwh/day) (kwh/day) (kwh/day) (kwh/day) (kwh/day)
Spring 6,689.680 28,125.000 3,568.400 4,950.000 43,333.080
Summer 14,844,680 31,000.000 4,005.400 7,5690.000 57,440.080
Fall 6,683.680 29,352.000 3,681.300 5,027.000 44,743.980
Winter 3,246.680 28,462.000 3,424,400 2,310.000 37,443.080
60000[ s 7 watar treatment 100 [ 1000 kwh/day H vio
| /////% ::st:m:essing
| / [ ] agri,
40000 _
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Fig. 4. Daily fixed loads in four seasons.

seasons

summer fall winter

spring

Fig. 5. Daily energy out in four seasons.

Table 5. Daily energy output.
Seasons Solar output Wind output Biogas output Total output
(kwh/day) (kwh/day) (kwh/day) (kwh/day)
Spring 39,104.000 33,760.000 4,329.200 77,193.200
Summer 45,760.000 39,668.000 4,329.200 89.757.200
Fall 39,936.000 25,742.000 4,329.200 70,007.200
Winter 28,288.000 21,100.000 4,329.200 53,717.200

able energy and techniques of using renewa-
bles have been enhanced. Load management,
biogas and fresh water storage make contribu-
tions to operate energy supply system more
effectively. All of these make the renewable
energy system for oasis feasible.

The IRES for oasis has two functions. One is
provide sufficient electricity and heat to meet

the energy demand in oasis. The second is that
it joins the better ecological circulation of oasis
and plays as an active role. It makes possible
to create an autonomous and garden-like oasis
in which food and daily commodities can be
obtained. IRES is also applicable to isolated
areas.
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Nomenclature

Aps—area of solar pond

Apv—area of solar cells of PV plant

Ast—area of collectors of solar plant

Aw—swept area of wind turbine

Ea—The demand of electricity for agriculture

Ec—The demand of electricity for domestics

Ed—total demand of electricity

Efix—The demand of electricity for fixed loads

Eid1—The demand of electricity for MSF plant

Eid2—The demand of electricity for RO plant

Eif—The demand of electricity for food processing

Eit—The demand of electricity for water treatment

Ep—output of electricity from renewable energy

Evar—The demand of electricity for variable loads

Hbh—heat contribution from biogas

Hsp—output of thermal energy per unit area from solar
pond

Hst—output of thermal energy per unit area from solar
thermal plant

Kep—coefficient of electricity demand for energy system
itself

Pbe—electricity contribution from biogas

Ppv—output of electricity per unit area from PV power plant

Pst—output of electricity per unit area from solar thermal
plant

Td—total demand of thermal energy

Tp—output of thermal energy from renewable energy
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Challenge for Desert Rehabilitation through Sustained
Mangrove Management
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1. Introduction

Extensive land areas of the earth have been
desertified in various ways, including salt
damage to soil and destructive human ac-
tivities. All living things from microorganisms
to animals and plants play their respective
roles in the physical cycles of the natural eco-
system to establish a suitable natural environ-
ment for the area. If part of the biological
chain is negatively affected by an external
factor the natural ecosystem will in time be
destroyed.

It is possible to steadily restore the damaged
ecosystem to its original condition if the func-
tions of the elements of the ecosystem are well
understood. Much of the forests which were
once lush have been damaged by air pollution
and acid rain. In recent years, both advanced
and developing countries acknowledging the
risks, held the United Nations Environment
and Development Conference, the “Earth
Summit”, in Brazil in 1992. Thousands from
government and non-government organiza-
tions, as well as many private individuals at-
tended. )

Except for salt-resistant plants (including
halophytes or halophilic plants) or drought-
resistant plants, crop plants are probably
unable to convert salt-damaged areas or deserts
into agriculturally productive areas. In this
report, we shall explore ways of rehabilitating
the natural ecosystems of arid, tropical and
subtropical areas with the focus on mangrove
species as typical halophytes.

1) Expected roles of salt resistant plants
The world output of grain has been recorded
at around 1.8 billion tons a year since the

second half of 1980. This is attributed in part
to salt damage to the soil. It is assumed that
salt-resistant plants (crops) would facilitate the
recovery of productivity of damaged farmland
in the following way:
1.8 billion tons/yearxX2.5/14.8X1/4
=(.8 billion tons/year

An increase of about 0.8 billion tons a year is
expected. It is also expected that new agricul-
ture technology could be created in India and
Africa both facing a serious food shortage due
to increased population. Salt-resistant plants
could provide the poor with a means of produc-
ing agricultural food products.”

2) Need for Salt-resistant Mangrove Forest
(a) Resources directly used by inhabitants
The disappearances of mangrove forests in

the third world will exert a direct effect on the

local inhabitants in need of fuel, building mate-
rials and livestock feed in the third world. In

Myanmar, 609% of fuel consumption in the cap-

ital comes from charcoal from mangrove trees

(600,000 tons consumed annually). The trees

have many other applications as shown in

Table 1.2¥
Judging from the use of their products, man-

Table 1. Utilization of mangrove plants.

Timber: Housing material, Furnitures, Ship-
build material, Sleeper paper pulp, Tip Boad,
Reyon etc.

Fuel: Fire wood, Charcoal, Fuel for smoke

Feed: Feed for camel and goat

Food: Starch, Vegetable, Fruits

Beverage: Alcohol, Tea, Juice

Spice: Vinegar, Sugar

Medicinal: Hemastatic medicine, Binding medi-
cine, Eye medicine, Fish catch poison

Tannin: Dye chemicals

* NODALI Research Institute, Tokyo University of Agriculture. 1-1-1 Sakuragaoka, Setagaya-ku, Tokyo, 156 Japan.
** Shimizu Corporation. Seavans South, No. 2-3, Shibaura 1-chome, Minato-ku, Tokyo, 105-07 Japan.
** Central Research Institute of Electric Power Industry. 1-6-1 Ohtemachi, Chiyoda-ku, Tokyo, 100 Japan.
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grove forests are probably a source of supply-
ing essential products to everyday life. Creat-
ing a new ecosystem of mangrove forests or
rehabilitating former mangrove forests will
contribute to a better and more stable life to
the residents as well as contribution to the
recovery of the natural ecosystem.

(b) Mangrove forests stop desertification by

seawater action

Intertidal mangrove forests are important
for raising prawns, crabs, shellfish and finger-
lings and to provide a treasure of marine re-
sources. This is due to the mangrove forests
food chain whereby leaves and twigs decay
into feed for plankton, which are in turn eaten
by fish. In terms of the living environment of
fish, mangrove forests stabilize water tempera-
ture and provide a shelter to prawn and for
fingerlings. In tropical areas, sunlight is
strong, and without shade, the shallow sea
water would be too warm to support fish. Jap-
anese fishermen have traditionally understood
this forest-fish relationship. They have known
since the Edo period that “if trees are planted,
fish will gather there, and if trees are cut, they
will disappear”. Therefore, they were not only
prohibited from felling forests but were en-
couraged to plant trees along the coast to in-
crease the catch of fish. These trees have been
protected by fishermen named “forests with
fish”, “forests with nets”, “fish gathering for-
ests” or “forests shading small fishes”. In 1937,
the Bureaus of Fisheries and Mountain Forests
in the Ministry of Agriculture and Forestry of
Japan conducted a survey of forests by inter-
viewing the people concerned in fisheries
about the “effectiveness of forests with fishes".
According to the report, these forests con-
tributed to the abundance of marine products
by creating a habitat for water microorgan-
isms, basic in the food chain of fish.

Erimo Point in Hokkaido of Japan was once
covered with abundant forests. As the area
was exploited, inhabitants increased and for-
ests were increasingly felled for fuel. As a
result, virgin forests were rapidly devastated
and desertified. Strong winds eroded the beach
sand and changed the environment of the sea.
Migratory fish decreased, seaweed decayed and
people could not harvest them. In 1953, affor-

estation was launched and 70% of the area, or
131 ha, was successfully afforested. Herbs
were first planted to take root and then trees
were planted. Unfavorable conditions such as
frozen topsoil and strong winds were success-
fully overcome. In times, catches have in-
creased by 29 times from 72 tons prior to plant-
ing to 2,100 tons currently.

Mangroves are the most important forests to
raise fish in tropical and subtropical areas. If
they are destroyed, not only will fish disppear,
but coral reefs and the seaweed ecosystem
which surround them will be adversely affect-
ed and destroyed. If the roots of mangrove
trees protecting the coast are lost, earth and
sand ercded by waves and currents will build
up around coral reefs and weeds and finally kill
them. MvYERs reported that the primary pro-
ductivity of mangrove forests was very high
compared with other sea areas as shown in
Table 2.9 It is estimated that catches from the
tropical coast account for 25% of the world
catch.

(c) Conservation of the coastal environment

A strong typhoon recently struck Leyte
Island in the Philippines and completely
flooded river-mouth towns, where thousands of
people died or are still missing. In Bangladesh
cyclones regularly visit river-mouth delta
areas where huge human and economic losses
are reported. If mangrove forests are sound,
they will serve as natural breakwater to reduce
the force of strong waves and prevent sea
water from flowing into and damaging residen-
tial areas and paddy fields.

Table 2. Ratio of primary productivity of
oceans and esturies areas.

Ratio of Ratio of primary

Area name area productivity
Oceans 90 1
Continental shelf 9 3
Current water from 0.15 4

ground
Saline swamp 0.03 5
A small bay 0.52 14
Coral reefs and sea 0.24 16
weeds
Mangrove forests 0.06 21




3) Rehabilitation of mangrove forests

The rehabilitation of mangrove forests has
just begun to be taken up as a subject of discus-
sion. This is because damage and suffering
attributable to the loss of mangrove forests
have created political and economic problems
at national levels. Measure for their rehabilita-
tion have seldom been taken, and only a few
cases can be now reported.

(@) Why has their rehabilitation been de-

layed?

(i) The importance of mangrove forests is
not well understood.

(ii) There are technical problems in plant-
ing trees: although some countries
promote mangrove forestation, their
techniques are immature and not sys-
tematized.

(iii) There are also financial problems:
mangrove forestation requires funds,
and mary countries in need are devel-
oping countries.

(iv) Methods of assistance and technical
cooperation create problems.

If these problems are understood and resolved,
mangrove forests would be gradually rehabili-
tated.

(b) Actual Situation of Forestation

In Southeast Asia, mangrove trees are found
in small stands around villages. This is the
result of efforts made by inhabitants to afforest
marketable areas for their livelihood.

The actual situation of forestation at the na-
tional level are as follow: Matan in Malaysia
was afforested the earliest, and Rhizophora
mucronata and R. apiculata trees have reached
a height of 20 m. They are cut by rotation of
15 to 20 years to produce building materials,
charcoal and firewood. In Thailand, Mangrove
Unis were set up throughout the country by
the Royal Forest Department for conservation
and forestation. However, it is said that they
have not yet achieved satisfactory results.
Bangladesh, which suffers cyclones every year,
twice promoted forestation with support from
international organizations and the World
Bank (from 1980 to 1985, and 1985 to 1990)
and achieved largescale forestation covering
an area of 800 km?. In this case, the sypply of
fuel to inhabitants was a major objective along
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with the conservation of ecosystems. The FAO
(Food and Agriculture Organization of the
United Nations) has also started promoting for-
estation projects in Bangladesh and Vietnam.
In 1990, the UNDP (United Nations Develop-
ment Programme) launched a mangrove reha-
bilitation project in Myanmar jointly with the
FAO.

Thus, the rehabilitation of mangrove forests
has started despite a small beginning. If this
trend is expanded into a large movement, the
recovery of greenery will begin with coastal
areas.

4) Rehabilitation of mangrove

Koco et al. have planted mangrove trees on
Mubaras Island in Abu Dhabi since 1980. It is
reported that crude oil which leaked at the
time of the Gulf War seriously affected most of
the mangrove species raised in the study plot.
Nevertheless, they obtained valuable data. As
mangrove grew, crabs appeared first and set-
tled. At high tide, shoals of small fish appeared
as well as large fish. Several species of shellfish
also began to live around mangroves, and bi-
valves like short-necked clams were seen. Sea
birds such as Temminck’s cormorants and sea
gulls came to Mubaras Island in the winter
along with marine animals and plants. Just
after an ecosystem began to be established in
this way, crude oil unfortunately caused man-
groves to wither.®

(a) Expenses of mangrove Forestation

A case of forestation under way in Thailand
will be introduced. The species used were Rhi-
zophora mucronata and R. apiculata which have
a high economic value. These species have
viviparous seeds, they do not require the pro-
duction of seedlings, and are economical as
seeds can be directly sowed in the intertidal
zone. Seeds collected by habitants are pur-
chased at 75 yen per 100 for R. mucronata, 85
yen per 100 for R. apiculata and 50 yen per 100
for Ceriops tagal. Three years planting and
management costs 38,000 yen per ha. This
total is broken down into 30,000 yen in the first
year, 5,000 yen in the second year and 3,000
yen in the third year. In Malaysia, these oper-
ations are entrusted to contractors. The cost of
a four-year management contract is about



182

50,000 yen per ha. The cost of the Forest De-
partment doing it directly ranges from about
35,000 yen to 100,000 yen.

In developing countries, forestation costs are
mostly for labor, and the cost of the plants
themselves is extremely low. It is reported that
forestation costs 1.75 million yen per ha in
Florida, fifty times higher than in Thailand,
and it costs 4.06 million yen per ha in Brisbane,
one hundred times higher.

(b) Model area for mangrove forestation

Many studies show that about 3,000 years
ago desertified Middle East gulf countries were
covered with rich vegetation. According to the
study by Koco et al., mangrove forestation has
proven feasible in a few areas, where planted
trees have grown well, and life including fish
have actually returned.

It seems to be an urgent task from the stand-
point of global conservation (addressing the
issues of global warming and CO; fixation) that
greening should be carried out promptly in the
gulf countries before other areas. If a green
breakwater is built along the gulf, various spe-
cies will begin to live around mangrove trees
and create a biological chain similar, though
with different species, to that of mangrove for-
ests in Southeast Asia. Plants resistant to salt
(from weeds to crops) will also take root area
developing into grassland on the land side of
mangrove forests. A vegetational environment
adjoining the grassland will be gradually
established inland to facilitate the growth of
not only halophytes but also general crops and
plants which are not resistant to salt.

5) The creation of mangrove forests on the
coast

The establishment of mangrove forests will

bring about various benefical effects. The
direct benefits will be:

(a) Timber use: including firewood, building
materials and pulpwood.

(b). Better ecosystem: catches of fishes,
prawns and crabs will increase; beekeep-
ing and feeding birds and mammals will
be possible.

(¢) Tide control effect: building and land
under cultivation will be protected
against cyclones and typhoons.

(d) Prospective applications: mangrove for-
ests could be used as resources for tour-
ism, education and recreation; mangrove
parks could be constructed (places for
recreation and relaxation currently in
Florida, Australia, Hong Kong and Sin-
gapore).

(e) Medicinal use: many mangrove species
are locally used for medicinal purposes.

(f) Protection and production of farmland
against salt damage.

(g) CO. fixation, oxygen production and
transpiration.

Moreover, the livelihood of local people will
be supported, and agriculture will be possible
even in formerly sterile deserts without large-
scale facilities. If plants are distributed, they
will raise air humidity and prevent the air from
drying. They will also transpire from their
leaves, and vapor will be cooled to produce
precipitation.

6) What is a halophilic mangrove?

(a) Forests in the Sea

“Mangrove” is a generic term for plant com-
munities distributed in the intertidal zone af-
fected by sea water on the coast or in the
mouth of a river in tropical and subtropical
areas. They are salt-resistant plants of great
interest to researchers and people interested in
environmental problems. Historically, they
caught the attention of people because of their
uniqueness. In recent years, they have begun
to be studied in terms of why these plants form
a large forest zone in sea water. Mangrove
species are also the subject of research for
genic resources of salt-resistant or halophilic
plants. Mangrove forests are also important
areas where fingerlings are produced and the
local people make a living. In addition, they
serve as a breakwater and reduce damage by
typhoons and other natural disasters.

The term “mangrove” is an English word, but
is actually a combination of “mangue”, a Portu-
guese word meaning “trees which grow well in
boggy areas on the coast”, and “grove”, an Eng-
lish word meaning “a wood or a stand of trees”.

(b} Mangrove forest issues

The global distribution of mangrove forests
has been reported in detail by H. BARTH® As



the area of such forests has been rapidly de-
creasing, there are fears that mangrove forests
will disappear from the earth. Table 3 shows
data on the worldwide distribution of tropical
rain forests and mangrove forests in 1980. The
total area of tropical rainforests was about 1.2
billion ha, while that of mangrove forests was
about 15.5 million ha. On a continental basis,
mangrove forests made 5.78 million ha in trop-
ical America, 3.4 million ha in tropical Africa
and the largest area, about 6.3 million ha, in
tropical Asia.”

The economic development of Southeast
Asia has been remarkable. Densely populated
coastal areas were easy to develop and were
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Table 3. An area of tropical rain forests and
mangrove forests of world.

Area name

Forest area (unit: 1,000 ha)

Tropical rain Mangrove
forests forests

Tropical America

(23 countries)
Tropical Africa

(37 countries)
Tropical Asia

(16 countries)

678,656 5,781 (37.4%)
216,634 3,402 (22.0%)

305,510 6,279 (40.6%)

Total
(76 countries)

1,200,799 15,462 (100%)

Table 4. Strict mangrove species.

Family name

Species name

Avicenniaceae

Combretaceae

Meliaceae

Myrisinaceae

Plubaginaceae
Rhizophoraceae

Rubiaceae

Sonneratiaceae

Avicennia marina*
Avicennia alba
Avicennia lanata
Avicennia offcinalis
Avicennia eucalyptifolia
Lagucularia racemosa
Lumnitzera littorea
Terminaria catapa
Xylocarpus granatum
Xylocarpus mekongensis
Aegiceras coruniculatum
Ardisia elliptica
Mpyrsine umbellulata
Aegialitis annulata
Bruguiera gymnorrhiza*
Bruguiera sexangula
Bruguiera exaristata
Rhizophora apiculata
Rhizophora mucronata
Rhizophora stylosa*
Rhizophora samoensis
Rhizophora lamarckii
Ceriops tagal

Kandelia candel*
Scyhiphora hydrophyllacea
Rustia occidentalis
Sonneratia caseolaris
Sonneratia apetala
Sonneratia obata

Avicennia germinans
Avicennia africana
Avicennia bicolor
Avicennia balanophora
Avicennia shaueriana

Lumnitzera racemosa*
Conocarpus erecta
Xylocarpus moluccensis

Aegiceras foridum

Aegialitis rotundifolia
Bruguiera parvifiora
Bruguiera cylindrica
Bruguiera hainessi
Rhizophora selala
Rhizophora mangle
Rhizophora harrisonii
Rhizophora racemosa

Ceriops decandra

Sonneratia alba*
Sonneratia griffithii

*: Six species grow in Okinawa, Japan.
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Table 5. Mangrove plants as medicinal herbs.

Species name Part of plant Efficacy
Acanthus ebracteatus Leaves Leumatis
A. ilicifolius Leaves Leumatis
Avicennia africana Seeds, Barks Ulcer, Tumor
Av. alba Seeds, Barks Parasitism infection
Av. germinans Seeds, Resin Paratisism infection
Bruguiera gymnorrhiza Fruits Medicine for eye
B. sexangula Fruits Medicine for eye
Cerbera manghas Fruits Leumatis
Ceriops tagal Barks Hemostatis drug
Excoecaria agallocha Barks Binding medicine
Heriteria littolaris Seeds Binding medicine
Lumnitzera spp. Leaves Ulcer
Rhizophora mangal Barks Hemostatic drug
R. mucronata Barks Hemostatic drug
Sonneratia alba Fruits Hemostatic drug
S. ovata Fruits Hemostatic drug
Xylocarpus spp. Barks Cholera

chosen first under national development pro-
jects and the pressure of the increasing popula-
tion. As a result, mangrove forests were felled
to construct roads, factories and houses. In
addition to timber production, the logged-over
areas have been used to cultivate crops, pro-
duce marine products of to tin mining (on the
coast of Malay Peninsula). The timber can be
used for firewood, building materials or ship-
ping materials and is locally used or exported.
Mangrove charcoal is a highcalorie fuel provid-
ing the most important source of energy to the
local people. Consequently, mangrove forests
are disappearing.

The total area of mangrove forests in Thai-
land had halved from the 368,000 ha in 1961 to
176,000 ha in 1979. This trend has not weak-
ened in the 1980’s. Mangrove forests have
actually disappeared on the coast of the Gulf of
Thailand, decreased by 90% on the east coast
of the peninsula in about two decades. Many of
them were converted into prawn farms, now
abandoned as their production efficiency is re-
duced by diseases. In this situation, it will take
time and a relentless effort to restore man-
grove forests to their original condition.®

(c) Distribution and Species of Mangrove

Forests
Mangroves are randomly distributed within

the tropics. Japan is the northern limit of their
distribution, and Kandelia candel, the most re-
sistant to cold, is found in Kiire-cho in Kago-
shima Prefecture. Six species of natural man-
grove occupy an area of about 400 ha in the
southwestern island in Okinawa. In countries
where mangroves are found, they have been
used as medicinal herbs (Table 5).

There are 116 listed mangrove species, very
few for a tropical rain forest, attributed to their
living environment. Mangrove forests extend
from coast to inland so that plants in the coast-
al zone are not easily distinguishable from
those in the inland zone. Therefore researchers
have different opinions on whether a plant
should be included in the mangrove category.
Constituent species of mangroves are largely
divided into three groups, namely strict, sub
and minor mangrove species. Strict mangrove
species (pure mangrove species) are the main-
stay of mangrove forests, with their own char-
acteristic shape and physiological features.
They are distributed in the front of mangrove
forests derectly affected by sea water or along
tidal rivers. Table 4 shows eight families and
50 species of strict mangrobe species. They
include all strict mangrove species throughout
the world.”

Southeast Asia is blessed with a variety of



species and provide a good environment for
their growth. It is said that mangrove plants
originated in Southeast Asia, around the Malay
Peninsula. They are distributed along the long
coastline of the Indochinese Peninsula, on the
Peninsula of Thailand and in Malaysia, the
Philippines, Indonesia, New Guinea and Pacific
Islands, Australia and New Zealand. They are
also found at the mouth of the Ganges (Sundar-
bans) and distributed from the coast of the
Indian subcontinent to the east of Africa.

Mangrove distributed in the Indian and
Pacific Oceans, consist of a certain group of
species and are called Indian and Pacific or
oriental mangroves. Mangroves distributed in
the west coast of Africa and north and south
america are called Atlantic or occidental man-
groves. CHAPMAN classified mangrove plants
into a total of 90 species, of which 63 species
are found in the Indian and Pacific region, and
17 species in the Atlantic region. Rhizophora-
ceae (Rhizophora spp.) is mainly distributed in
the former, while Avicenniaceae (Avicennia
spp.) is mainly distributed in the latter. Many
researchers are currently interested in how
major species of mangrove forests in these re-
gions developed and are examining their differ-
ences.

(d) Features of mangroves

The large environmental difference between
mangrove habitat and that of land plants is
that the former are distributed in areas subject
to tidal or regular flows of sea water. The
distribution of many species of plants in sea or
brackish water shows a unique zonation (from
a distance, they look to be distributed in com-
munities of species from riverside to inland).
The zonation indicates that every species can
grow only in its particular environment.

MacNaE points out three conditions of zona-
tion: (1) frequency of immersion of the man-
grove area due to tidal ebb and flow, (2)
mangrove’s resistance to salt content of sea
water, and (3) erosion of internal and peripher-
al waterways of the mangrove area and the
mangrove coast. CHAPMAN notes that ecolog-
ical factors in the development of mangroves
include: (1) ebb and flow, (2) salt content, (3) soil
structure, (4) level of underground water and
drainage, (5) airing, (6) chemical properties of
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soil except sodium chloride, (7) climate, and (8)
biologiccal conditions. Mangrove forests, free
of human activity, in Southeast Asia or the
South Pacific region are indeed magnificent.?

(i) Roots of mangrove plants

Mangrove plants have respiratory roots of
various shapes with which they breathe in
mud which is regularly immersed in sea water.
Some plants under Rhizophora stylosa dis-
tributed among the coast grow long suspenso-
ry roots from the stem to the ground, while
others grow prop aerial roots, like octopus ten-
tacles form the stem into the ground at the
highest tide. Bruguiera gymnorrhiza grows ge-
niculate roots which look like the bent knee of
a human being when they are exposed at low
tide. Somneratia alba and Avicennia marina
grow straight roots perpendicularly from later-
al roots in the ground toward the surface.
Xylocarpus granatum grows plate roots.

The mud in which mangroves grow has
hardly any detectable oxygen at a depth of
about 15 cm, and the measured redox potential
shows a state of reduction. Some mangrove
species which grow in brackish water keep
their internal salt concentration low by dis-
charging the once-absorbed salt through the
cation of ATPase existing in the cell membrane
of the root as well as the shape of the root. It is
conventionally understood that oxygen is sup-
plied to roots in the mud through respiratory
roots in spite of such severe conditions. Since
chlorophyll was found in the slightly peeled
outer layer of a straight root or prop aerial
root, the amount of oxygen replacement was
measured in aerial root of Sonneratia alba, Avi-
cennia marina, Rhizophora stylosa and Brugu-
iera gymnorrhiza on Iriomote Island, Okinawa.
The relationship between the level of tide
water and the oxygen supply function of these
aerial roots were examined in the light of the
same function of aerial roots distinctive of each
species. Aerial roots of Sonneratia alba showed
the highest speed of photosynthesis and there-
fore the highest speed of generating oxygen of
the four species.

The effect of solar radiation and tide level on
the speed of transpiration were examined by
measuring daily changes in the speed of tran-
spiration of Sonneratia alba. With regards to
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oxygen replacement by aerial roots of the four
species, the speed of generating oxygen in-
creased in this order: Rhizophora stylosa, Avice-
nnia marina and Sonneratia alba. Aerial roots
of Bruguiera gymnorrhiza are not capable of
generating oxygen.!>!Y The speed of transpi-
ration of Sonneratia alba rose as solar radiation
rose. It was 3—4 g/dm?2/h at a radiation of 700
w/m? (about 1 cal/cm?/min.), almost the same
as the figure for herbaceous plants such as
cucumber and tomato. In response to such a
high speed of transpiration, roots existing in
brackish water at the atmospheric pressure of
20 to 30 need much energy to supply water.
This energy is presumably generated by roots
breathing. It is suggested that the oxy-
gengenerating function of aerial roots through
photosynthesis is important for supplying
oxygen required in the process.

(ii) Leaves of mangrove plants

Various ions which have passed through the
cell membrane of the root will be carried
through transpiration from leaves to the upper
part above the ground and used for growth.
However, excessively absorbed Na and Cl ions
will be gradually accumulated in leaves or dis-
charged as salt (NaCl) from salt glands dis-
tributed over the surface of the leaf. Avicennia
marina, which has salt glands over the surface
of the leaf, was cultivated in cultivation liquid
solution with salt concentration of 0 to 3.0%.
As aresult, it was found that a certain quantity
of salt was discharged from the salt glands as
the salt concentration of the cultivation liquid
increased. The analysis of the discharged salt
showed that it was almost entirely composed
of NaCl. Nutritious salts required for growth
were hardly discharged.'?

On the other hand, mangrove species which
have no salt glands adjust osmotic pressure to
avoid physiological disorders by diluting the
cell sap while enlarging the vacoule or by neu-
tralizing excessive cations with organic acids
in response to various ions excessively ab-
sorbed or taken into leaves.

(iii) Seeds of mangrove plants

Since they grow in an environment under
the influence of ebb and flow, mangroves must
have seeds more adaptable to the environment
than land plants. One feature of some man-

grove plants is viviparous seeds, as seen in
Rhizophoraceae. Viviparous seeds are formed
in fruits after flowering and pollination and
develop roots called rhizophores prior to fall-
ing. When they have well matured, they fall
onto the ground and are scattered around the
tree or to remote areas, where they quickly
take root to survive (also called disseminule).
The size of these seeds range widely from
about 10 cm to about 1 m (Rhizophora mucro-
nata).“”

(e) Mangrove stabilize the natural environ-

ment

Varying with species, the existing biomass of
mature mangrove forests in a good environ-
ment is 140 tons/ha in stems (Thailand and
Florida), 160 tons/ha to 280 tons/ha (Panama)
and 300 tons/ha (Thailand) in the part above
the ground including branches and leaves, and
from 170 ton/ha (Iriomot Island) to 430 tons/
ha (Thailand) in roots. The leaf area indices
(LAI) range from 3.7 to 8.9 tons/ha. These
figures are comparable to the biomass of tropi-
cal rain forests above the ground, which range
from 330 to 660 tons/ha (Thailand and Malay-
sia).

From the standpoint of global conservation,
the first function of mangrove communities is
to fix CO;. The abovementioned figures indi-
cate biomass in a good environment. Carbohy-
drate exists at a rate of 150 tons per ha on the
assumption that the existing mangroves, in-
cluding roots in an average environment
amount to 250 tons/ha, the average water con-
tent is 40%. The whole quantity of biomass is
composed of carbohydrate, and carbon atoms
come from CO,. Assuming that such carbohy-
drate is sugar, 220 tons of CO, per ha is used to
generate it. It is obvious that the amount of
CO. discharged in the air will never decrease,
but continue to increase, as long as fossil fuel is
continued to be used in the future. One method
for preventing such an increase is to nurture
mangrove communities on a large scale using
brackish water areas where forestation does
not compete with agricultural development.

The second function of mangrove com-
munities is to improve and stabilize the climat-
ic environment around them through active
transpiration from leaves having larger aper-



tures than ordinary plants as well as high re-
sistance to salt. It will provide an important
means of sustainable forestation of semiarid

areas in tropical and subtropical zones where -

only saline water is available.

The third function is to maintain a variety of
natural ecosystems. Mangrove communities in
widely fluctuating tidal zones can facilitate the
sedimentation of earth and sand from upper
reaches and reduce their influx into coral reefs.
The bottom mud of the communities also pro-
vides a favorable place for various fish, prawns,
crabs, and shellfish to spawn and for finger-
lings to grow. Small pores made by these small
organisms in turn supply oxygen to the roots
of mangroves and prevent harmful gas such as
hydrogen sulfide from accumulating. Thus,
they have a kind of symbiotic relationship to
improve the living environment.

(f) Measures to rehabilitate the second trop-

ical mangrove forest

Foresting semiarid areas in tropical and sub-
tropical zones has two main elements. First, to
improve the surrounding environment, includ-
ing techniques for sustainable forestation.
Second, to answer the local expectation for the
efforts of the effects of such techniques on
economic output and environment.

The main purposes of rehabilitation are to
plant trees along the coast of desert areas, to fix
CO. which has been increasing year by year,
and to contribute to increasing food produc-
tion. It should be from an international or
global point of view, addressing general prob-
lems of the maintenance and conservation of
the damaged global environment.

(g) Mangrove plants and global ecosystems

Plants play a major role in cleaning the
global environment through photosynthesis
whereby they maintain themselves by using
and fixing CO,, the probable cause of global
warming. The amount of CO; actually ab-
sorbed by forests to supply oxygen depends on
species, tree age, soil and weather conditions.
Thirty tons of timber in one hectare of forest
will annually consume 144 tons of CO; from
the air, and discharge 108 tons of oxygen.
Trees themselves will absorb 72tons of
oxygen required to survive and discharge 96
tons of CO,. It is finally calculated that they
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will absorb 48 tons of CO. and discharge 36
tons of oxygen. Therefore, one hectare of
forest will supply oxgen for 120 to 130 people.
Mangrove plants, which survive under severe
conditions, are not inferior to land plants in
photosynthetic capability. If unplanned and
unlimited development is carried out, it will
exceed the regenerating capability of the eco-
system. The reversibility of the changed eco-
system should be well understood. Natural
withering is usually within the regenerating
capability of the ecosystem.
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Opportunities and Constraints for Developing New Industrial
Crops Adapted to Arid Lands

Anson E. THoMpsoN*

1. Introduction

New industrial crops, for manufacture of
non-food and non-feed products, are being rec-
ognized as a means for solving some of the
problems facing agriculture today. Over the
past decade, considerable interest has been
generated for utilizing new arid-land industrial
crops for the production of rubber, resins, coat-
ings, fibers, newsprint, lubricants, pharmaceu-
ticals, and cosmetics.! 611 13-16.17.18.200 Daye]op-
ment of new industrial crops, which are well
adapted to and appropriate for production in
arid lands, significantly contributes to the agri-
cultural economy benefiting the producer, pro-
cessor, consumer, and environment,

Agricultural - production in semi-arid and
arid regions is heavily dependent upon water
availability and cost. Water requirements for
most major crops range from 100-200 cm/
ha.! 18 World-wide agriculture functions on a
very narrow germplasm base with less than
0.2% of the estimated 300,000 plant species
utilized in organized agriculture.'® The world’s
food supply is essentially based upon seven
crops, including wheat, rice, maize, barley, soy-
bean, common bean, and potato. All of these
and most other major crops of the world are
mesophytic, and not well adapted to cultiva-
tion in arid lands without significant quantities
of supplemental irrigation. In many instances,
it is illogical to grow conventional, low-valued
crops on lands with limited and increasingly
expensive water supplies in competition with
stable cropping systems on non-arid lands.
Additionally, growth of conventional agricul-
tural crops under stressful arid conditions
frequently leads to deterioration of the soil,
reduced productivity, and may contribute to
desertification.

If agriculture is to continue to function as a

viable economic force in arid and semi-arid
regions, producers must have alternatives.
Development of new crops is a major agent
for change and provider of new alterna-
tives, 1011 13.17.18) Ror any new crop to succeed,
it must address a real or perceived need, and
it must ultimately do so at less cost, or have
some economic advantage over an alternative
source. We may therefore define a “new crop”
as one that is developed or adapted to be
grown for production of agricultural or indus-
trial products, which do not compete with
or substitute for existing agricultural com-
modities within a given production area.'®
There is little economic sense in developing a
new crop that produces a commodity, which
isnot significantly different qualitatively or
quantitatively from one already in production.
If a new crop does not offer a real alternative,
little enthusiasm is likely to be generated in the
production, processing, marketing, and con-
sumption sectors, or within industry in gener-
al.

The components of most major agricultural
crop systems; production, processing, market-
ing, and consumption, have evolved over a
considerable period of time. In most instances,
these components have co-evolved to ac-
comodate new research and production devel-
opments, marketing opportunities, and con-
straints. Development of a new crop requires a
similar process, but numerous factors make it
difficult to bring the new system’s components
into full harmony and productivity within a
reasonable period of time. The creation of a
crop that is adapted for culture in an arid
environment usually presents additional chal-
lenges, opportunities, and constraints. The ob-
jective of this paper is to illustrate the process
of developing a new arid-adapted crop based
upon our current efforts to domesticate and
commercialize lesquerella [Lesquerella fendleri

* U.S. Water Conservation Laboratory. 4331 East Broadway Phoenix, Arizona 85040.
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(Gray) Wats.], a potential source of hydroxy
fatty acids for industrial products.

2. Factors to Consider in Choosing a Poten-
tial New Crop

Certain arid-adapted plants, which produce
materials useful as chemical feedstocks, may
have a competitive advantage over conven-
tional crops grown under arid conditions since
they may produce a higher value product and
have high water use efficiency. However, es-
sentially no high-valued industrial crops have
as yet been developed and fully com-
mercialized.

The rewards of new crop development are
high, but it is not an easy task, and the proba-
bility of success for any specific venture is
relatively low. Numerous attempts to commer-
cialize a new crop have been speculative and
poorly planned, resulting in frustration, failure,
and financial losses to farmers and other partic-
ipants. Two important constituents must be
involved in the new crop developmental proc-
ess: (1) the innovator who conceives and con-
ducts the necessary research to demonstrate
effectively the uniqueness and potential, and
(2) the private industry decision maker who
receives the transfer of technology, and brings
the new crop and its products to the market-
place.

To be successful, a realistic assessment of
actual or potential markets for the primary
product and any generated coproducts must be
made. This is best accomplished through the
systematic involvement and collaboration of
federal, state, and industrial sectors in the con-
ception, planning, funding, execution, and crit-
ical review of all phases of the developmental
process.'” A whole array of questions must be
addressed to the various sectors of the produc-
tion, processing, marketing, and consumption
system. Important questions relate to the un-
iqueness of the new product. Is the product
well differentiated ? Who are the customers
for the product ? How well will the new prod-
uct compete on the basis of price or perform-
ance? What is the value, and how will the
value be recognized and captured? >

Other questions relate to the area of adapta-
tion of the new crop and its feasibility for

adoption at the farm level. Some questions
that must be addressed are: the availablity of
suitable land and water resources; availability
of other inputs such as seeds, fertilizers, and
labor; productivity of competing crops, and
compatibility with existing farming systems;
needs for specialized equipment for production
and harvesting; susceptibility to pests, weeds,
and environmental hazards; availability of
marketing information, and production credit;
existence of governmental services and regula-
tions that would affect production; and the
management skills needed for successful pro-
duction.!41?

Equally important questions relate to the
marketing and processing components of the
system. Some of these deal with the adequacy
of supply, transportation, and storage facilities
for the agricultural product to be processed;
availability of methodology and equipment for
processing; adequacy of research on processing
and utilization; availability of marketing infor-
mation; and the existence of governmental ser-
vices and regulations that would affect the
distibution, processing, and marketing of the
product. '

It is evident that the total process of develop-
ing a new industrial crop is highly complex
and involves numerous interactions at many
levels. A systematic approach to developing
new technology and moving it through the
commercialization process has been referred to
as "Opportunity Analysis"?® The purpose of
the analysis is to provide a framework for
asking and answering various production,
marketing, manufacturing, technological, and
ultimately financial questions. This structured
examination of an innovation can and should
be applied to the development of a new indus-
trial crop. In most instances the Opportunity
Analysis cannot or need not have been com-
pleted in its entirety to make informed deci-
sions regarding the potential of a new industri-
al crop. It is not uncommon that critical infor-
mation about one or more components of the
proposed new product may be incomplete or
missing. In these circumstances, the analysis
can be effectively used to focus research andde-
velopment on critical questions so that an-
swers can be obtained in a timely manner.2



1) Special requirements for an arid-lands
adapted crop

Plant productivity in arid areas is closely
related to water usage, and water is usually the
primary economic input for production. There-
fore, an economically viable new crop must use
less water, and use it more efficiently than
conventional crops. However, development of
a highly productive new crop that uses less
water is easier said than done.!® It is mis-
takenly believed that desert plants utilize
water more efficiently than non-desert plants
or conventional crops. Many desert plants are
actually less efficient, since many of their adap-
tive mechanisms that conserve water also con-
currently reduce photosynthesis and dry
matter production® 1518  However, most
desert plants use water more efficiently when
water is limited, and can survive long periods
of water stress. Desert plants will usually not
grow or produce much biomass during extend-
ed periods of water stress, but they have the
capacity to survive and reproduce under condi-
tions causing death and complete crop failure
of most mesophytic plants.

A good example of this is the guayule plant
(Parthenium argentatum Gray), which is cur-
rently undergoing development as a new in-
dustrial crop for the production of natural
rubber and resin. Guayule is a true xerophytic
plant that is native to the Chihuahuan desert
region on north-central Mexico and southwest
Texas. Annual rainfall in its natural habitat
varies from 230-400 mm, and plants have been
known to survive for considerable periods of
time without rainfall. Extensive studies have
been conducted by USWCL in Arizona to de-
termine the relationship of guayule water use
and production.'>2® Biomass, rubber, and resin
yields of guayule grown in an arid environ-
ment are greatly enhanced by irrigation. Yield
increases were closely related to the amounts
of water added. It has been concluded that
optimum production will not be achieved
under most cultural conditions without using
moderate to heavy applications of irrigation
water, since rubber and resin yields are so
highly dependent upon yield of biomass.

To obtain the greatest efficiency of produc-
tion in an arid environment, one needs to select
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species that yield products with high value per
unit area of land, and have little dependence
upon the extent of biomass production. Poor
candidates as new crops for arid environments
are hay, grain, most oilseeds, sugar, pulp, and
fiber crops, which are consumed in relatively
large quantities and have relatively low value.
In contrast, plants producing significant yields
of relatively high-valued industrial feedstocks
and products such as oils with unique fatty
acids, essential oils, rubber, resins, gums,
waxes, pharmaceuticals, cosmetic ingredients,
and biologically active materials are prime
new crop candidates for arid lands.8 1. 15.18)

A third criteria, which is little appreciated
and poorly understood, is that any new indus-
trial crop developed for arid lands must be
poorly adapted for production in more humid
areas.!” The reason for this is that production
costs in irrigated, arid-land agriculture are usu-
ally significantly higher than that of rain-fed
agriculture. Even though yields may be
higher, the unit costs of producing crops in arid
lands are almost always higher than in rain-fed
areas. Therefore, if a desired, new industrial
feedstock is to be successfully grown in arid
lands, it should not receive significant competi-
tion from non-arid production areas.

3. Factors Involved in the Selection of
Lesquerella

Numerous factors were considered in select-
ing lesquerella as the candidate crop. One of
our primary concerns was to identify species
that could be grown under arid conditions,
have high economic value, and bring improved
monetary returns to farmers with lower water
usage. Another criteria was to develop a crop
for domestic production that could be utilized
readily by industry. Without industry’s active
participation at the early stages of domestica-
tion, success cannot be assured.

The United States and most industrialized
countries are totally dependent upon imported
castor oil as a source of hydroxy fatty acids.
Hydroxylated fatty acids are utilized in the
manufacture of high performance lubricants
and additives, corrosion inhibitors, coatings,
plastics, nylons, resins, waxes, pharmaceuti-
cals, and cosmetics. It was envisioned that a
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new domestic source of lesquerella oil could
complement the use, and partially replace
castor oil in some current industrial applica-
tions. The longer carbon chain length (Cz
for lesquerolic acid vs. Cis for ricinoleic acid
from castor oil) should provide opportunity for
developing new and unique applications and
products. Much of the reasoning that entered
into this decision is summarized in a recently
published bulletin entitled “Lesquerella as a
Source of Hydroxy Fatty Acids for Industrial
Products”.!¥ Other publications detail and
document the current status of our efforts to
fully commercialize lesquerella.4.5.6.7

1) Germplasm collection, evaluation, and
enhancement

Many of the species of the genus Lesquerella
are native to the arid and semi-arid areas
of southwestern United States. Presumably,
these species should have lower water require-
ments, and better arid-land adaptation than the
castor bean. L. fendleri was selected as the
most promising candidate species for domesti-
cation after evaluating the available germp-
lasm in experimental field plots in central Ari-
zona.!% 1618 Thjs species has a wide range of
genetic diversity and adaptation in arid and
semi-arid areas from southeastern Arizona to
Texas and Oklahoma. Many of the plants ob-
served within the population had good agro-
nomic characteristics such as high seed yield,
erect plant growth, lack of seed dormancy, and
reasonable contents of oil (£259%) and lesquer-
olic acid (£55%) in the seeds. However, certain
attributes of this species are less desirable, and
can create obstacles to its full commercializa-
tion. The small seed size of this species, 0.6
g/1,000 seeds, creates problems in the estab-
lishment of adequate plant stands. Seedling
plant growth is slow, and the plants are poor
competitors with weeds.

Research was initiated in 1984 at the USDA-
ARS U.S. Water Conservation Laboratory
(USWCL), Phoenix, Arizona to evaluate germ-
plasm and determine the feasibility of domesti-
cating lesquerella. Our initial germplasm pool
consisted of 24 accessions of L. fendleri, from-
which we made selections and developed
breeding populations. These populations were

used for further selection and for agronomic
research. Results over the 1984 to 1991 period
were recently summarized and provide a
bench mark upon which future progress in
varietal and population development can be
measured.'?

Higher oil and lesquerolic acid contents and
seed yields would greatly enhance the success
of commercialization. Fortunately, genetic
variability within the genus is broad, and
germplasm is available for making improve-
ments in agronomic characteristics and chemi-
cal constituents®!%2:22 In 1992, a major germ-
plasm development effort was initiated at the
USWCL to select favorable combinations of
seed, seed oil, and fatty acid yields. Recurrent
selection breeding populations have been dev-
eloped from the highest yielding selections.
The incorporation of molecular genetic
techniques into our germplasm development
program has been initiated to enhance our
progress.

In addition, one of our industrial partners,
Mycogen Plant Sciences, San Diego, California,
has launched an extensive effort to develop
proprietary varieties or populations to supply
the projected demands for planting seed
stocks. Their approach is to combine applica-
tions of biotechnology to conventional plant
breeding and genetic methods to accelerate the
process. This effort to develop infrastructure
for seed improvement, production, and distri-
bution is highly essential to the commercializa-
tion effort.

In 1993, we initiated an extensive, multiyear
project to thoroughly collect and evaluate
germplasm of Lesquerella throughout its
natural range in the United States. We are also
collecting the closely related genus Physaria,
the seeds of which also produce hydroxy fatty
acids. Some Physaria species are adapted to
high elevations and arid environments, and
may contribute valuable genes in the future.
Our first year's effort, chiefly in Arizona and
New Mexico, resulted in the collection of 92
new accessions, including 49 of L. fendleri, and
39 of 10 other species of Lesquerella. Four new
accessions of two species of Physaria were also
collected. Six of these species are completely
new to our germplasm collection. Several of



these new collections have agronomically de-
sirable characteristics, which we will be intro-
ducing into our working germplasm pool
through breeding and selection.

2) Development of an appropriate crop
production system

Concurrent to the initiation of germplasm
evaluation and improvement, agronomic re-
search was initiated to develop appropriate
cultural and harvesting methods. One of our
primary objectives was to utilize, if possible, a
crop production system that employed conven-
tional methods and equipment. Use of normal-
ly accepted practices should simplify accept-
ance by farmers, and minimize costs of produc-
tion. Research was conducted in cooperation
with the University of Arizona at the Maricopa
Agricultural Center on seeding rates and meth
ods, water use and management, weed control,
nutrition, and harvesting methods.* 5% 1420 Co.
operative agronomic research has been in-
itiated with university and industry scientists
in California, New Mexico, Oregon, Texas, and
Virginia. Support for this effort has come from
the Department of Defense through the USDA
Office of Agricultural Materials.

Significant effort has been expended on de-
termination of water requirements and water
management for lesquerella, In general, a sea-
sonal requirement of from 550 to 650 mm of
water is needed for optimum production.4 5 14
This is about the normal amount of water
needed to produce a winter wheat crop in cen-
tral Arizona, and is less than that used by other
crops such as alfalfa and cotton produced in
this area. Current research is targeted toward
determining stress behavior, and response of
the crop to water applications during various
stages of growth, particularlyover the flower-
ing and seed maturation stages. Such infor-
mation is needed before definitive irrigation
scheduling guidelines can be developed.

In the wild, the species generally grows as a
short-lived perennial. However, the plants are
normally grown as an annual under our
system of culture. We have discovered that if
the plants are still living at harvest, it is possi-
ble to revive the plant with an application of
water and obtain subsequent regrowth. We are
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exploring the possibility of growing the plant
as a perennial under rainfed conditions, with or
without a small amount of supplemental irriga-
tion. This could lead to the development of a
less expensive production system, which may
permit the use of lower valued lands, and sav-
ings in water and its related cost.

Research to date indicates that no insur-
mountable production problems exists, and
that conventional farming methods and equip-
ment can be used with minimal modifications.
Although this is true, considerable agronomic
research is still needed to obtain reliable seed
production. Much of the difficulty is attributed
to the very small size of the seeds, and the slow,
noncompetitive growth habit of the seedling
plants. Current research is focused on seed bed
establishment, and control of weed competi-
tion. A long-term approach has been initiated
to remove this constraint through the genetic
development of new varieties with larger seed
size and improved seedling vigor.

3) Oil extraction and utilization research

The initial chemical screening of the Lesquer-
ella germplasm was conducted at the USDA-
ARS National Center for Agricultural Utiliza-
tion Research (NCAUR), Peoria, Illinois in the
1960’s. This research identified lesquerolic
acid and two other potentially useful hydroxy
fatty acids, auricolic and densipolic acids in the
seed oil. Research on extraction and utilization
of seed oils and meal is currently in progress.>¥
Cooperative feeding trials to determine the
nutritional value of lesquerella seed meal are
being conducted on beef cattleat the Univer-
sity of Arizona, Tucson, andon chicks and
rats at Kansas State University, Manhattan.
Utilization research conducted by industry
to develop lubricants and additives is also
in progress. Research to develop and utilize
cosmetic grade oil from lesquerella by one of
our industrial cooperators, International Flora
Technologies, Apache Junction, Arizona, is pro-
ceeding.!

4) . Technology transfer and cooperative
commercialization

In 1989, only five years after the initiation of

our efforts to domesticate lesquerella, we were
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approached independently by International
Flora Technologies, and by Mycogen Plant
Sciences in regard to the possibility of com-
mercializing lesquerella. The focus of interest
of the two companies was not in conflict, and
neither were primarily interested in utilizing
lesquerella oil as a substitute for castor oil.
Flora Tech, one of the major processors and
suppliers of cosmetic grade jojoba oil, was pri-
marily interested in the use of the oil and its
derivatives in the cosmetic industry. Mycogen
Plant Sciences (formerly Agrigenetics Com-
pany, a subsidiary of the Lubrizol Corporation)
was interested in the oil’s potential for special-
ty lubricants and oil additives. Both potential
applications were for the manufacture of
products with significantly higher value than
those derived from castor oil.

From these initial contacts, collaboration
among the various parties evolved to commer-
cialize lesquerella as a new industrial oilseed
crop. This effort involves two USDA-ARS lab-
oratories—USWCL, Phoenix, and NCAUR,
Peoria; the USDA Office of Agricultural Materi-
als; and the two private companies. Major fund-
ing to support the joint effort was sought and
successfully received in 1993 from the new
USDA Alternative Agriculture Research and
Commercialization (AARC) Center. The prim-
ary thrusts of this new funding are to provide
support for the development of the infrastruc-
ture for breeding and production of planting
seed by Mycogen Plant Sciences; the collec-
tion, evaluation and enhancement of germ-
plasm by the USWCL; for research on improve-
ment of oil extraction and utilization of the oil
and seed meal by the NCAUR; and the use and
derivation of new products for the cosmetic
industry by Flora Tech. Department of De-
fense funds have also been obtained to support
the much needed agronomic research on estab-
lishment of field plantings and weed control,
which will be chiefly conducted by cooperating
state universities in Arizona, New Mexico,
Oregon and Texas. Research on water usage
and management will be continued by the
USWCL utilizing base program funds.

4. Summary and Conclusions

Development of new industrial crops that are
well adapted to arid environments significant-
ly contributes to the agricultural economy and
benefits the producer, processor, consumer,
and environment. The production, processing,
marketing, and consumption components of
most major agricultural crop systems have
evolved over a period of many years. The
development of a new crop adapted to an arid
environment usually presents additional chal-
lenges, opportunities, and constraints. The cur-
rent domestication and commercialization of
lesquerella (Lesquerella fendleri), a plant native
to an arid environment in the southwestern
United States, is a good example of the process.
A major reason for selecting lesquerella is that
it produces a unique hydroxy fatty acid in its
seed oil, which industry can use for the manu-
facture of various high-valued products such
as high performance lubricants and oil addi-
tives, corrosion inhibitors, coatings, plastics,
nylons, resins, waxes, pharmaceuticals, and
cosmetics.

Research to domesticate lesquerella was in-
itiated by USDA-ARS at the U.S. Water Con-
servation Laboratory, Phoenix, Arizona in
1984. Initial success in germplasm develop-
ment and crop production research attracted
early attention of industry. Transfer of tech-
nology has now resulted in successful private/
public interaction, involving close collabora-
tive effort of USDA-ARS, USDA-CSRS, the new
USDA Alternative Agriculture Research and
Commercialization (AARC) Center, state un-
iversities, and industry to fully commercialize
lesquerella as a new, arid-lands adapted, indus-
trial oilseed. It is reasonable to expect that
other unique new crops can be established fol-
lowing the model used to commercialize lesqu-
erella.
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1. INTRODUCTION

Allenrolfea occidentalis is a mono-specific
genus of the chenopod or goosefoot family that
is native to western North America. This
perennial, woody based plant is the dominant
vegetation that characterizes a type of desert
landscape in the Great Basin. The unique
aspect of this species is that it is the most salt
tolerant plant that inhabits arid environments,
perhaps the most moisture stress tolerant plant
in the world. Despite the uniqueness of this
plant species, our interest is not solely in the
plant itself, but encompasses the desert envi-
ronments where it grows naturally.

2. PHYSIOGRAPHIC SETTING

During the Pleistocene, huge inland lakes
formed in the Great Basin.! The filling of the
lakes was in response to increased precipita-
tion, but perhaps more importantly a reduction
in evaporation in response to lower mean
annual temperatures and increased cloud
cover.? The physical structure of the Great
Basin is similar to a collapsed arch with high
mountain ranges in the central portion, and
basins on the western and northeastern
margins. The deepest pluvial lakes, Lahontan
in the west and Bonneville in the east,
accumulated from runoff from the margins of
the basin and the central highlands. Lake Lah-
ontan expanded until it covered 36% of the
landscape in what is now northwestern
Navada and northeastern California.

Pluvial Lake Lahontan never spilled over the
mountainous rim of the basin to drain to the
Pacific Ocean. Therefore, all of the soluble salts
that were washed into the basin were left
in sediments when the lake rapidly dried at
the end of the Pleistocene. Modern Pyramid
and Walker Lakes in northern Nevada are
relatively small refilled portions of the former

Lahontan system.

1) Salt deserts

The relatively sudden drying of the pluvial
lake basins at the close of the Pleistocene left
vast expanses of high salt content sediments
exposed to wind erosion.® Apparently from
refuges that existed in portions of the basin
during the pluvial lake period and from long
distant migrations, a flora evolved to occupy
the landscape exposed by the retreating lakes.

The exposed landscape is largely character-
ized by very fine textured sediments deposited
under relatively deep water conditions® The
permeability of these sediments to water is
very slow. Minor moisture events, especially
snow, often evaporate or sublimate from the
surface of the sediments without penetrating
the soil. High intensity moisture events, char-
acteristic of irregularly occurring summer thu-
nderstorms, result in over-land flow for brief
periods.

Much of the scant atmospheric moisture that
penetrates the Great Basin is deposited in the
uplands, due to orthographic lifting and cool-
ing of the clouds. The physiographic position
of the lake sediments in the bottom of basins,
surrounded by much higher mountain ranges
results in mid-latitude temperate deserts in the
vast valleys. Temperature inversions in the
basins during the winter result in very cold
temperatures, a truly cold desert® Tital atmo-
spheric precipitation in the basins averages 10
to 12 cm annually, with great variation among
years. During drought years precipitation may
hardly exceed 2 cin. The precipitation largely
occurs in the cold winter months, out of phase
with temperatures conducive for plant growth.
Summer precipitation from thunderstorms is
highly variable among years and in distribu-
tion within years.® Essentially the desiccated
pluvial lake basins have become a desert from
lack of atmospheric precipitation. What mois-
ture does fall is largely un-available for plant
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growth because of cold temperatures and the
accumulation of soluble salts in the soils which
create osmotic deserts. The abundance of salts
on the soil surface has led to the commom
name salt deserts”. The combination of mois-
ture, temperature and salt accumulations ac-
count for the three common names for this
environment: cold, salt, or the modern scienti-
fically accepted temperate deserts.

2) Landforms

The lowest surface elevation in northwest-
ern Navada occurs at Pyramid Lake at near
1,200 m. The maximum level of Lake Lahon-
tan was 1,348 m. Much of the fioor of the
Carson Desert, a major embayment of Lake
Lahontan, is near 1,230 m in elevation.

Massive, often coalescing alluvial fans spill
down from the rugged mountains that extend
from 2,000 to 3,000 m around the basins. Wave
action has often truncated the lower portions
of these fans® On the fans, the natural water
table is so deep it never reaches close to the soil
surface into the rooting zone of plants. The
natural average depth of wetting, as indicated
by the accumulation of calcium carbonate
layers in the soil profile is usually around 15
cm. Most of the woody shrubs that character-
ize the vegetation of these landforms grow on
sub-canopy mounds of accumulated subaerial
deposition and saltation products. The
mounds are about 15 cm high, effectively dou-
bling the rooting depth. Leaf and fruit fall
accumulate on these sub-canopy mounds creat-
ing the only litter on the soil surface in this
environment. The only chance for nutrient
cycling occurs in these litter accumulations.?
The shrub mounds are surrounded by halos of
the soil surface of various forms of microphytic
crust'® The organisms that compose these
crusts are important in nutrient cycling and
fixation of atmospheric nitrogen.!?

Depending on the magnitude of deflation of
particular locations in the basins there can be
areas of badland-type topography between the
alluvial fans and the lake plain. Although
highly variable in topography and vegetative
cover, these areas can feature near vertically
walled arroyos and slopes largely bare of vege-
tation.

The lake plains are immensely extensive in
scale, sometimes extending for 75 to 100 km
with slight variation. The plains step down
from the base of the alluvial fans or badland
escarpments in a series of nearly level plains
separated by remnant off-shore bars and bea-
ches.'? The off-shore bars range in size from
small escarpments less than a meter high, to
well sorted gravel ridges 30 m wide at the base
and several meters high. The larger bars often
have wave plunge pits above and beyond the
bar crest. These fossil lagoon areas have refi-
lled with silt-textured subaerial deposition pro-
ducts and often support unique vegetation.!®

The vegetation distribution of plant com-
munities on the lake plain is highly variable,
but closely related to the seasonal depth of
ground water. Spring runoff from snow melt
and rain in the surrounding mountains eme-
rges from rock cut canyons on to the tops of
alluvial fans and disappears in the relatively
coarse textured material. The water percolates
through the alluvial fan material until it str-
ikes layers of fine textured lake sediments
buried by the fans. The water travels laterally
on top of the sediments and emerges on the
lake plain more or less adjacent to the lower
outline of the fan. The occurence of this
ground water is very important in the soil and
plant community development on the lake
plain.

If the water comes all the way to the soil
surface it will bring much of the soluble salt
content of the soil profile to the surface. Usual-
ly, the water table drops on these sites during
the fall and winter leaving white crusts of salts
on the soil surface.

The effect of this seasonally rising water
table is to allow a variety of phreatophytic
plants to become esablished and allow their
roots to follow the retreating ground water.
The seasonal water table rise is highest near
the margins of the lake plain and gradually
decreases until the water table does not reach
the soil surface. If there is an extensive area of
lake plain before a significant drop in base
level occurs with an off shore bar, the ground
water table may never come in contact with
the rooting of phreatophytic shrubs. At this
point the vegetation will switch from phreato-



pytic to extremely drought tolerant shrubs
that are dependent on atmospheric precipita-
tion.

Eventually the lake plain drops off a final
beach ridge into the lowest portion of the
basin. If the basin is the terminus of a river
originating in the surrounding mountains, an
area of wet salt marsh occurs known as a sink.
Compared to the surrounding lake plain, these
can be very biologically diverse environments.
In order to support vascular plants, these areas
have to periodically dry and the accumulation
of salts must be at least partially removed by
wind erosion.

Much more extensive in area are flat, vegeta-
tion free areas, with polygons of salt effected
lake sediments exposed on the surface. In
North America these areas are known by the
term playa. Depending on the extent of the
basin, they may be a few to several hundred
thousand hectares in extent. They occasional-
ly will fiood from exceptional moisture and
runoff events. Sometimes lakes will persist for
several seasons on portions of the playa. Under
such conditions they will be driven across the
playa surfaces by winds, and pile up against
lake shores to considerable depth.

3) Plant communities

Dwight Billings enumerated the general
plant communities and landforms of the
Carson Desert of the pluvial Lake Lahontan
basin during the 1940s.!¥ The alluvial fans
support sparse stands of shadscale (Atriplex
confertifolia) and Bailey greasewood (Sarcoba-
tus baileyi) with varying amounts of a few
other woody species. The gross vegetation is
often referred to as the shadscale zone even
though Bailey greasewood is often the most
abundant species.

The lake plain supports several plant com-
munities that range from complex to simplis-
tic. Where the ground water reaches the soil
surface, a complex community consisting of
black greasewood (S. vermiculatus), basin big
sagebrush (Artemisia tridentata subsp. tri-
dentata) and salt rabbitbrush (Chrysothamnus
nauseous subsp. consimilis) occurs in apparent
random swirls across vast landforms.!® The
dominant herbaceous vegetation in this com-
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munity is basin wildrye (Leymus cinereus) in
the drier areas and desert saltgrass (Distichis
spicata) in the wetter areas.

As the distance from the truncated alluvial
fans increases, black greasewood becomes the
dominant shrub with only saltgrass in the un-
derstory. In areas where the ground water
never reaches the rooting zone the landscape is
characterized by shadscale plant communities.

There is great variability in the size and
nature of the alluvial fans and the watersheds
that constitute the origin of the fans. Occasion-
ally the basin big sagebrush-black greasewood-
salt rabbitbrush plant communities extend to
the edge of the barren playa and conversely,
occasional shadscale communities reach from
the playa to and upon the alluvial fans. This is
apparently a function of the presence or ab-
sence of fluctuating ground water.

There are a multitude of different types of
playa surfaces. The surface' characteristics
have been studied bacause they provide natu-
ral runways for military airplanes and the
space shuttle. A few of the playas have crystal-
line salt surfaces.'® Much more common are
surfaces composed of polygons of very fine
textured deep water deposited sediments.
Israel Cook Russell likened these surfaces to
the finest Italian mardle in texture and uni-
formity. When they emerge from periods of
flooding, the playa sediments support a crink-
led expanse of mud curl. Following wetting by
a brief moisture event, the polygons dazzle
with crystalline evaporative salts.

Mud curls and salt crystals are easily eroded
by winds. The vast expanses of vegetation free
playa are obviously exposed to wind erosion.
During the winter, contrasting low and high
pressure systems are associated with wind di-
rection. Low pressure brings winds from the
southwest, followed by high pressure and pre-
dominantly north winds. The combination res-
ults in deposition on the northeast side of
playas. If a fossil or modern stream deposits
coarse textured sediments on a portion of the
playa, ranges of Sand dunes are found on the
northeast side of the playa. A much more
common feature is parallel ranges of mud
dunes. These are composed of salt crystals that
cement the clay particles together to form a
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structure that behaves aerodynamically simi-
lar to sand grains. The general aridity of the
climate near the playa preserves the structure
of the mud dunes, but an occasional moisture
event causes miniature glaciers of dissolved
salts to fiow down the dune topography.!?

Springs are an important feature of the lake
plain and playa topography and plant geogra-
phy. Springs are very rare in most of the
Lahontan Basin, but when they occur they are
often geothermal. Often the combination of
mineral rich hot water rising through very
high salt content sediments results in evapora-
tion around spring mounds that may be very
rich in specific ions.!® Subsequent wind ero-
sion enriches entire basins.

3. ALLENROLFA DESERTS

The multi-million hectares of salt deserts in
the Great Basin are distributed in some 190
basins separated by islands of moderate to tow-
ering mountain ranges. A recurring plant com-
munity in a small portion of the vastness of the
salt deserts is that dominated by Allenrolfea
occidentalis. The uniqueness of this communi-
ty is the occurence of a woody based, long lived
perennial plant growing in an environmental
setting beyond the potential of almost any
other species in a gross desert ecosystem dom-
inated by salt tolerant species.

1) Study area

Our study site is located in Eagle valley
about 80 km northeast of Reno, Nevada in the
Carson Desert (Lat. 39° 45’, Long. 119° 15).
the valley is an elongated basin, extending
north to south between Fireball Ridge (2,153
m) of the Truckee Mountains on the west and
the Hot Springs Mountains (1,638 m) on the
east. The south end of the valley is blocked by
coarse-textured sediments from a fossil delta of
the Truckee River when it was a glacially fed
tributary of pluvial Lake Lahontan. The allen-
rolfea communities studied occupy an embay-
ment on the north eastern portion of the valley.
The elevation of the study site is 1,243 m or
about 100 meters below the maximum eleva-
tion of pluvial Lake Lahontan. Our studies at
this location were designed to evaluate the

physiographic setting, community structure,
soil, plant physiology, and seedling recruit-
ment of Allenrolfea occidentalis plant assem-
blages.

Sereno WaTson, the botanist with the king's
40 th parallel survey, collected plants in the
valley in the 1860 s and probably first collected
allenrolfea in the communities we studied.!® I
C. RusskLL visited the site in 1880 and reported
the numerous flowing salt wells along the north-
east side of the playa, supported a large scale
salt recovery operation where evaporators pro-
duced 100 tons of sodium chloride per hour on
a warm summer day.2® The salt was used in
the reduction of silver ores.

The allenrolfea communities at the study
site occupy about 1,000 ha. The communities
are distributed continuously, with inclusions
of stable sand dunes that rise 5 to 10 m above
the lake plain.

The lower margin of the allenrolfea com-
munities is clearly defined by the edge of the
vegetation free playa. The transition from the
playa to allenrolfea communities ranges from
nearly level to a 1 m escarpment, apparently
created by past wave action. From the playa
edge to the back edge of the allenrolfea com-
munities there is a rise in elevation of less than
a meter over a distance of 5 km. The lateral
margins of the communities are defined by
sand dunes. The up slope margin of the com-
munities does not have a distinct physiograph-
ic boundary, but there is an abrupt change
from allenrofea to black greasewood domi-
nance.

The allenrolfea plant communities are very
simple, with only four woody and one herba-
ceous plant species represented (Table 1). Al-
lenrolfea is the most abundant species, but the
low, matlike growth form of this species in
comparison to the 0.5 to 1.0 m high black
greasewood and Torrey saltbush (atriplex tor-
reyi) tends to blur the visual appearance of the
stands and under emphasizes the aspect domi-
nance of allenrolfea. In our sampling proce-
dure, consisting of 40 macro plots 0.1 ha in
area, allenrolfea was the only species with
1009% constancy. Desert saltgrass averaged
only 7% cover in the sample plots, but the
cover of this creeping rooted grass ranged from
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Table 1. Species composition, density per Table 2. Percentage distribution of allenrolfea
hectare, and constancy (percentage of mounds by height classes.
stands where species occurred) of -
woody plant species in Allenrolfea Height classes
g?:j:ﬁ’:ert’cﬁreng::_mes i the 1t02 2to4 4t06 608 8to 10 G’eatf;;*)‘a“ 10
Species Density  Constancy 63% 21% 7% 5% 3% 1%
number/ha %
Allenrolfea occidentalis 230 100 lated to the subaerial deposition or volume of
Sarcobatus vermiculatus 10 80 saltation in different physiographic areas in
Atriplex torreyi 20 56 the communities.
gzzzxa%mﬁ’ lia ? l(l) The playa sediments at Eagle valley are at
least 50% clay sized particles. Many of these
particles are fused and altered diatom tests.
0 to 100%. The mounds are composed of much coarser
textured particles. Classical desert ecological
2) Mounds theory maintains that the vegetation is restrict-

Virtually none of the vegetation in the allen-
rolfea communities is rooted in the playa sedi-
ments. Most of the woody plants are rooted in
the mounds that dot the playa surface. The
Eagle Valley allenrolfea communities average
260 mounds/ha. The number of mounds per
hectare ranged from 0 to 590. This exceeds the
density of allenrolfea plants so there were
some mounds either bare (less than 1%) or
occupied by other shrubs. Most of the mounds
are from 1 to 2 dm in height (Table 2). A few of
the mounds exceeded 1 m in height. The
height of the mound does not appear to have
any successional significance, but rather is re-

ed to the mounds because the soluble salts
have been leached from the coarser textured
mound soils. Robert BLank determined in
Eagle Valley that the mound soils have a
higher salt content than the playa sediments
(Table 3). Bio-enrichment from plant concen-
tration of salts is thought to be the source of
the salt accumulations.?" Debra PaLmquist and
BLANK collaborated in developing three dimen-
sional Kriging techniques to follow spatial var-
iability in soil characteristics corresponding to
the distribution of allenrolfea plants in the
communities.??

In order to extract moisture from the inter-

Table 3. Saturation extract values of soil samples from growth sites of component species and
topographic positions in Allenrolfea occidentalis community.
Adapted from Brank, R. R, D. E. PaLmquisT, and J. A. Younc (1992). Plant-soil relationships
of greasewood, Torrey saltbush, and allenrolfea that occur on coarse textured mounds on
playas. pp. 194-197. In Symposium on the Ecology and Management of Riparian Shrub
communities. General Tech. Report INT-289, USDA. Forest Service, Odgen, UT.

Growth site/topography Electrical conductivity (ds/m) Chloride (ug/mi) Sodium (zg/mi)
Bare dune 120a! 56,000a 33,000a
Interdune 60b 20,700b 14,700b
Playa beneath dune 40b 14,500b 11,600b
Black greasewood 110a-c 51,800a-c -30,800a-c
Allenrolfea 60bc 21,200b 15,800bc
Torrey saltbush 60bc 21,100bc 14,300bc
Sea water? — 19,000 10,500

! Means within the same column followed by the same letter are not significantly different based on
Fisher's protected LSD at the 0.05 level of probability.
2 Seawater data from Bandbook of Chemistry, 64 th Edition, CRC Press, Inc., Boca Raton, Florida.

p. F-154.
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face between the coarser textured mounds and
the playa sediments, the allenrolfea plants
have to allow salts to enter through root mem-
branes. The phyto-toxicity of these salts is
overcome by forming oxalates? The salt
desert plants dispose of salts through leaf and
fruit fall or directly from glands.

Blank proposes that the mounds on the playa
surface that predominantly support allenrolfea
plants are successionally dynamic. A seedling
somehow (see later section on seed germina-
tion) establishes on the playa and coarse tex-
tured particles eroding across the playa surface
begin to accumulate around the seedling. Gra-
dually the mounds build with seasonal burial
of the allenrolfea plants. The plant roots ex-
tract moisture from the area of the mound.
Excavation of mounds showed that few roots
of allenrolfea penetrate into the playa sedi-
ments. Allenrolfea is not a phreatophytic spe-
cies in that the roots reach down to the ground
water. The roots may exploit a perched water
source in the area beneath the mound, but on
top of the impervious playa sediments. In
order to use this highly saline water the allenr-
olfea plants accumulate salts. These salts are
lost in leaf fall which gradually enriches the
salt content of the mound. We have counted
120 rings on the cross sections of allenrolfea
stems at the soil surface. The centers of the
stems are always lost to the activities of insect
larvae. We do not know that the growth rings
represent annual cycles, but it appears the
plants are relatively old. The mounds are cer-
tainly to saline for seedling establishment, but
they may eventually become to salty for the
growth of allenrolfea established plants. Plant
death results in eventual erosion of the mound.
If this scenario is correct, the mortality rate in
the stands we sampled is very low, but seed
recruitment is zero.

Besides excavation of mounds, the root
growth of allenrolfea was followed with in-
clined glass tubes placed in the mounds to form
miniature rhizotrons. Root growth was meas-
ured using a fiber optic system. Allenrolfea
roots begin growth late in the season after
most other species have ceased root growth.

Calcium carbonate accumulations in soil ho-
rizons (k horizons) are used as tools in inter-

preting the age of soils and in understanding
Pleistocene and Holocene climatic changes.
These soil horizons are thought to evolve via
additions of CaCO; supplied by eolian dust.
Plant cycled calcium oxalate may be an impor-
tant vector for calcium cycling in arid environ-
ments.2¥

3) Allenrolfea phenology

In the temperate deserts of northwestern
Nevada, allenrolfea plants drop their leaves
and become dormant during the winter. The
stems are continually buried by moving parti-
cles on the surface of the dunes. The woody
stems under the surface of the dunes are quite
coarse (2 cm in diameter). In early spring buds
begin growth beneath the soil surface. As the
new branches elongate they are surrounded by
short scale-like leaves., The elongated shoots
are succulent and translucent. If you cut one of
these translucent stems a hemoglobin-like red
sap appears on the cut surface. Once the stems
break, the surface the leaves become green.
Later in the summer, the lower leaves may
suddenly turn brown and dehisce. This may be
in response to excessive accumulations of solu-
ble salts.

Flowering occurs in late August and seed
production is abundant even during very dry
years. The seeds dehisce in late September to
early October.

4) Leaf morphology

Light and scanning electron microscope stud-
ies of leaf cross sections show the leaf surface
to be covered with expanded, hollow cells. The
stomata are sunk well below the leaf surface.
The vascular bundles in the leaves have thick
cell walls reinforced with spiral ridges. The
sunken stomata can increase resistance to
water loss and may condition an overall in-
crease in water use efficiency for allenrolfea.?®

5) Eco-physiology

Simultaneous measurements of photosynt-
hetic rate and stomatal conductance were
made in the field at several significant phenolo-
gical stages. Jim TReENT compared allenrolfea
and black greasewood. The two species had
similar photosynthesis rates, but allenrolfea



had higher water use efficiency. Maximum
photosynthesis occurred in the morning at
temperatures below 30°C, for both species. Af-
ternoon temperatures measured in the photo-
synthesis cuvette reached 38°C. The pre-dawn
xylem potential of allenrolfea plants was ex-
tremely negative, but never as low as the water
potential of the soil solution beneath the
mounds.2®
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6) Seed germination

Considering the extreme salt concentrations
in the surface of seedbeds in the allenrolfea
communities the process of seedling establish-
ment is of obvious interest. The seeds of allen-
rolfea germinate readily at a wide range of con
staut and alternating temperatres (Table 4).
The seeds are extremely viable for material
produced under natural conditions in a harsh
environment. Robert BLank investigated the
germination of allenrolfea seeds in reduced

Table 4. Estimated percentage germination and one-half the confidence interval derived from a
quadratic response surface for seeds of Allenrolfea occidentalis.
Seeds incubated at 55 constant and alternating temperatures for 4 weeks. Adapted from
BLank, R.R,, J. A. Young, Ellen MarTENs, and D. E. PaLmquist (1994). Influence of temperature
and osmotic potential on germination of Allenrolfea occidentalis seeds. J. Arid Envionments (in

press).
Cold period Warm period 8 hr

16 hr ('C) 0 2 5 10 15 20 25 30 35  40(C)
0 3(6) 16(5) 33(4) 57(4) 74(4) B84(4) 88(4) 85(4) 75(5) 59(7)

2 15(5) 33(4) 57(3) 75(4) 87(4) 92(4) 90(3) 8l(4) 66 (6)

5 30(5) 57(3) 76(3) 89(3) 96(3) 95(3) 88(3) 75(5)

10 51(5) 173(3) 89(3) 98(3) 100(3) 96(3) 85(5)

15 65(5) 84(4) 95(3) 100(3) 99(4) 91 (5)

20 73(6) 87(4) 95(3) 96(4) 90 (5)

25 74(5) 84(3) 88(3) 85(5)
30 68(5) 74(4) 74(5)

35 56 (6) 58 (6)
40 37 (8)

Table 5. Estimated percentage germination of Allenrolfea occidentalis seeds under reduced osmotic
potentials created with salts of polyethylene glycol (PEG) solutions.
From Brank, R.R, J. A. Young, Ellen MarteNs, and D.E. Paimquist (1994). Influence of
temperature and osmotic potential on germination of Allenrolfea occidentalis seeds. J. Arid

Environments (in press).!

Osmotic Potential (MPa)

Coefficients of

Osmoticum 0 -02 -08 -16 —24 —-30 —40 determination (R?)
NaNO, 42G-N  35]Q 17U-X 1Y-1 o0l 01 5Y-1 0.76
CaCl, 63A-D 63A-C 6l1A-D 52C-G 39H-N 25P-U  0Y-1 0.86
MgSO, 74A  68AB  51D-G 32M-R 17T-X 8W-Z  0Y-1 0.89
NazSO, 66AB  58B-F 38-N 17U-X 4Y-1  0Z1 0Y-1 0.92
PEG6000  56A-] 58A-G 60A-G 56A-H 44D-0 29L-U  0X-1 0.60
NaCl 59A-G  59A-F 55B-G  46E-M 33K-S 19R-X  0Z1 0.78
KCl 68AB  66AB  57B-F 44G-M 20N-T 17TX  0Y-1 0.87
KNO, 62A-E  58B-F 47F-K 33L-R 2I1Q-W 12V-Y 0Y-1 0.82
(NH4),80,  57A-1 51B-L 36H-Q 210-X 14SZ 12U-Z 17N-1 0.50
NaNO, 59A-G  60A-F  61A-D 56B-G 45F-M 3IM-S  1X-1 0.75
MgCl, 65A-D 62A-E  51C-H 361-P  22P-V  12U-Y 0Y-1 0.82

! Estimated germination values from regression equations followed by the same letters (A-Z then 1-9)
are not significantly-different based on overlap of the confidence intervals at P<0.05 level.
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Table 6. Total soil water potential (MPa) of soil from Allenrolfea occidentalis seedbeds located at Eagle
Valley, Nevada from December 1991 through November 1992.

Collection Month

microsite Dec! Jan. Mar. Apr. May June July Aug' Sept. Oct. Nov.
Mound -25 -43 -—41 -35 —63 —106 —111 —72 —99 —54 —49
Playa interspace  —25 —36 —41 —-33 —41 -63 -8 -—-36 —37 —-46 37

! Samples collected soon after large precipitation event.

osmotic potentials created with polyethylene
glycol solutions or solution of various salts
(Table 5). Allenrolfea seeds had germination at
the extreme osmotic potentials of -3 to 4 MPa.
However, when BLaNk compared the potential
of allenrolfea seeds to germinate under reduced
osmotic potentials with soil water potentials in
field seedbeds, there was no overlap (Table 6).2"

In later studies of the seedbanks of allenro-
Ifea, it was determined that prolonged leaching
of the seedbed soils was required before natu-
ral or spiked seeds would germinate. The only
natural allenrolfea seeds that could be detected
in seedbanks were found in the nest of saline
harvester ants (Pogonomyrmex salinus)?® .

We are left with repeating the often used
theme for germination and establishment of
extreme halophytes that establishment must
occur at some rare interval when some un-
known environmental condition raises the
osmotic potential of seedbeds. Just what this
unknown environmental condition is and
when it occurs is a matter of extreme specula-
tion for allenrolfea communities.

7) Lessons to be learned from allenrolfea

Plant growth is possible under extreme os-
motic stress if the plants equalize osmotic po-
tentials through uptake of salts without phyto
toxicity. In the case of allenrolfea this trait
probably imparts immunity to herbivory, but
not granivory. Seedling recruitment is appa-
rently extremely episodic. Restoration of a
damaged allenrolfea environment would be ex-
tremely difficult.

4. Summary
The mid-latitude temperate deserts of west-

ern North America offer many examples of
plant adaptation to atmospheric drought and

salt induced moisture stress. Plant com-
munities dominated by Allenrolfea occidentalis
offer the extreme in adaptations to survival
and growth under moisture stress. These
plants produce abundant viable seeds with the
potential to germinate under extremes in tem-
perature and greatly reduced osmotic poten-
tials. However, the seeds are not capable of
germinating under the current seedbed condi-
tions that exist in nature. This finding has
application to the germination ecology of
many halophytes.
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Effect of Super Absorbent Polymer on Water Movement in Soil

Kunio Horrucur*, Masayuki INoue¥®, Kiyotaka TAHARA¥,
Tadayasu Mor1** and Toshinori Kojima*

1. Introduction

The desertification is one of the most impor-
tant global environmental issues. Desert area
has been expanded for several decades. This is
not only caused by the climate change, but also
by such artificial destruction of ecosystem as
overgrazing, inadequate cultivation, deforesta-
tion and inappropriate irrigation.?

The inappropriate irrigation may often cause
salt damage through an accumulation of the
salt in the soil by rising underground water.2®
The desertification by salt damage can be often
seen in irrigation-based area in arid region.
The countermeasures against the salt damage
have so far been proposed and carried out. In
the conventional irrigation techniques, the
pass ways for irrigation water and drainage are
constructed and salt leaching through water
flow are also conducted.# In the former, the
underground water level is lowered through
pumping of water from drain stream. Howev-
er, these techniques need ample supply of
water. Their use results in a rising under-
ground water level so that water from soil
surface reaches underground water level and
salt damage is promoted. Their techniques
have both effective and ineffective aspects.

In sprinkler or drip irrigations, different
from the conventional techniques, less water is
poured out on the soil surface. These tech-
niques posses less drawback of the excess irri-
gation. Recently, use of super absorbent poly-
mer (SAP) with drip irrigation has been focus-
sed as a promising irrigation technique.® In
implementing the above methods, it is impor-
tant not only to take the establishment of irri-
gation and drainage pathways into account
but to estimate and quantitatively describe the
water and salt movement in soil.

In this paper, the distribution of water in

one-dimensional apparatus filled with glass
beads is studied to predict the behavior of
water in soil or sand in arid land. The effects of
SAP on water movement in soil under the ini-
tial conditions for the cases stipulating dry and
rain seasons are experimentally investigated.
In addition, a conceptional model is proposed
for explaining the difference in water move-
ment in soil between the two cases.

2. Experimental

The two types of one-dimensional apparatus
used in this study are shown in Figs.l1(a) and
(b). They were made of acrylic resin and were
filled with spherical glass beads of 350-500 zm
in diameter with or without 0.1 wt% SAP (20~
145 mesh: 95%, AP-100 from The Nippon Syn-
thetic Chemical Industry Co., Ltd., Osaka.
Japan). The heights of the bed were 260 mm
for the apparatus (a) and 270 mm for the appa-
ratus (b). The apparatus (a) had 18 sets of
sampling holes. Small amounts of samples
were obtained through the holes at adequate
intervals, and then filled with the same amount
of beads with or without water saturation. The
apparatus (b) could be separated into nine
pieces with the height of 3cm. Though this
apparatus did not enable successive sampling
of the glass beads, more accurate data on water
content were obtained because of no replace-
ment of the glass beads samples.

The apparatus were put on trays filled with
water up to the depth of 10 mm. Under the wet
condition experiments to stipulate the seasonal
rain, the entire apparatus was dipped into the
water used in the experiments. The experi-
ments were conducted under constant temper-
ature of 25°C and relative humidity of 25%.

The water movement was estimated by the
change of local water content in the bed sam-
pled at regular time intervals. The local water

* Department of Industrial Chemistry, Seikei University. 3-3-1 Kichijojikita-machi, Musashino-shi, Tokyo, 180 Japan.
** Uizin Co, Ltd. 2-12-14 Youga, Setagaya-ku, Tokyo, 158 Japan.
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water

Fig. 1(a). Outline of appartus.
wide 60 mm; deep 20 mm; height 300
mm

Glass beads diameter 0.4 mm.

e = TER s
30imm e

water
Fig. 1(b).

Qutline of apparatus.

Inside diameter 50 mm; Height 290
mm

Glass beads diameter 0.4 mm.

content was determined from the weight loss
of glass beads bed samples by drying. In the
case of the apparatus (a), the glass beads were
sampled as follows. Thin tubes made of plastic
sheets were inserted into the sampling holes to
cut the bed. By pushing out glass rods into the
thin tubes, the glass beads samples fell into the
thin tubes. At the height below the water level
by capillary force in the bed, fresh glass beads
with soaking in water were filled again into the
sampling holes, while at the height above that,
fresh glass beads were filled. In the case of the
apparatus (b), the glass beads were sampled by

air

Fig. 2. Outline of apparatus for water permea-
bility.

dividing the apparatus into nine pieces by cut-
ting with a thin knife. As expected, the SAP
swelled by the absorption of water and conse-
quently clogged the gaps among the glass
beads. The effect of swelling on the water
permeability through the layer of glass beads
was also studied at the appropriate pressure
differences. The apparatus used in this experi-
ment is shown in Fig. 2.

3. Results and Discussion

1) Profiles of the water content without SAP
under the wet and dry conditions

When the apparatus was placed on the tray
filled with water, the layer of glass beads, with
and without SAP, was divided into three parts:
a part lower than a height where water level
raised by capillary action (hereafter, ab-
breviated as capillary height), a part where
water and steam coexist, and a part without
water. The capillary height reached up to the
height of approximately 90 mm above the
water level filled in the tray.

Under the wet condition simulating the
drainage of water by the seasonal rain, i.e, con-
dition that water level rose, the profiles of the
water content without SAP are shown in Fig. 3.
In the apparatus (a), the data on water content
had variances, and furthermore, the water con-
tent after 25 days was lowest. These phenom-
ena may be explained by the stipulation that
the water content profile was disturbed be-
cause the glass beads samples were successive-
ly replaced with fresh glass beads. These may
also be expected from the vaporization and
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successive condensation of water in bed. How-
ever, the decrease in the water content was not
caused by the vaporization of the layer because
the water content profile in the apparatus (b)
was similar to those measured in the apparatus
(a) except the data for 25 days later. From the
above discussion it could be concluded that the
profile of the water content under the wet con-
dition without SAP attained a steady state
only after two days or less.

Under dry condition simulating the dry
season the profile of the water content without
SAP is shown in Fig. 4. The profiles of the
water content in the apparatus differed from
those under the wet condition. This indicates
that the water content is under an unsteady
state. Furthermore, the water content in appa-
ratus obviously increased as time elapsed. In
the present case the experimental problem for
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the wet case was not as serious because the
data from apparatus (b) after 25 days generally
agreed with the extrapolation of the data sets
of 2 and 14 days. The small difference between
for apparatus (a) and (b) at 25 days after may
be caused by the interference of the water
movement due to the replacement of the glass
beads samples in apparatus (a). It can be con-
sidered that after the start of the experiment
under dry condition, the change of the water
content profile was caused mainly by the water
movement due to the evaporation of water
followed by the condensation of steam. It was
difficult to get a steady state from the profile
under the dry condition, because the change in
the water level due to the condensation of
steam was extremely slow. These results in-
dicated that the observed steady state from the
wet condition may be the apparent one consid-
ering the capillary force, and the intrinsic
steady state with vaporization and condensa-
tion may exist between the results of the wet
and dry conditions.

2) Effect on SAP of the water content under
the wet condition

Figure 5 shows the profile of the water con-
tent with SAP under the wet condition. In the
case of the glass beads mixed with SAP, the
water content after 25 days was larger than
that without SAP at each height in the layer.
The difference in the water content measured
for the various heights of bed was thought to
result from the difference in the condition of
SAP absorbing water. The holdup of the swel-
led SAP in the column was remarkably affect-
ed with the amount of water absorbed with
SAP because the volume of absorbed SAP in-
creases with its amount. As small variation
below the height of 12 cm was observed be-
cause the area was located under the capillary
height and enough water was supplied; howev-
er, the slow water movement caused by the
blockage due to the expansion of SAP with its
swelling may caused difference in the water
content between the results for apparatus (a)
and (b). The discussion is conducted on the
water contents above and below the bed height
of 12 cm which was the capillary height ob-
served under the dry condition and/or without
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The difference between the results in Fig. 3
without SAP and Fig. 5 with SAP is discussed.
The water content with SAP was larger than
that without SAP by about 5% for those below
the height. For those above the height the
water content with SAP was larger than that
without SAP by 10%. The difference above
the height was thought to appear because the
both the water movements by drainage in
short period and by drying the water held
between beads were prevented by the SAP.
The clogging of clearance between the beads
may also prevent steam from transportation. It
was found that the layer with SAP constantly
kept more water content than that without
SAP.

3) Effect on SAP of the water content under
the dry condition

The profile of the water content for the case
of the layer mixed with SAP under the dry
condition is shown in Fig. 6. While the tenden-
cy in the change of the profile of the water
content with SAP was similar to that for with-
out SAP under the dry condition, the water
content for the case of the layer with SAP was
lager than that without SAP at each water
level as for the wet condition. Furthermore,
the rising rate of the water with SAP was
higher than that without SAP, while the maxi-
mum height containing water after 25 days
was nearly equal at around 12 cm. The differ-
ence in the water content in the apparatus (b)

30 T v
—4— 2 days later (a
—a— 14 days later (a
—o— 25 days later (a
20} —o— 25 days later (b)

10}

water content [%)

0 10 20 30
height [cm]

Fig. 6. Profile of water content.
dry, with SAP, water.

between with SAP and without SAP was
caused by rising water content owing to ab-
sorption with SAP at the upper water level.
SAP kept the water content and prevented
water from vaporizing above water level due
to swelling and clogging to the gap among the
glass beads.

In comparison of the results with SAP in Fig.
5 for wet condition and Fig. 6 for dry condition,
the water content below the capillary height in
Fig. 6 was as large as that under the wet condi-
tion, while that around and above the capillary
height was extremely smaller than that in Fig.
5, because the drainage water was not added
into the apparatus under the dry condition and
SAP could not absorb water above capillary
height. These results also suggested that the
water movement was limited by swelling of
SAP with water.

4) Effect of swelling of SAP on the water
permeability through the layer of glass
beads with SAP

In order to estimate the blockage by SAP
swelling in the gap among the glass beads, the
experiment on the water permeability through
the layer of glass beads mixed with SAP was
conducted with appropriate pressure differ-

ences by using the apparatus shown in Fig. 2.

In this experiment, the water permeability

through the layer was evaluated by the succes-

sive measurement of the flow rate of water,

The difference in the content of SAP between

0 and 0.1 wt% in the glass beads remarkably



40

30}

20}

10}

flow rate of water [cm/s]

9.00 9.50 10.00
height of glass beads layer [cm]

Fig. 7. Water permeability through the glass
beads layer.

20 13
18} :fg
gm;rcum/m‘ljp -10‘%
‘%14 L -gg"
2 4 o
§12r° _83
s 10} o 78'
o c’°°°°0'f>oooo .63.
g ° weo T 52
z 6f “ N = 4 8
= ol -33
.zg
2f 172

0 0

0 20 40 60 80 100
time [min]

Fig. 8. Water permeability through the glass
beads layer with SAP.

affected the blockage of the gap among the
glass beads. The pressure difference between
the storage vessel water level and the overflow
level after column was determined at 10 cm.
During this experiment, the glass beads height
was first set at 90 mm and then expanded with
5 mm increment to 115 mm. In the case of the
glass beads without SAP, the water permeabil-
ity through the glass beads without SAP was
reproducibly measured. The effect of the result
on the water flow rate on the bed height is
shown in Fig. 7. The water flow rate was
increased with the layer height because the
gap among the glass beads was expanded by
the increase of the bed volume.
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For glass beads with SAP of 0.1wt%, the
water flow rate on the bed height was not
reproducibly measured. The time variation of
the rate is shown in Fig. 8 with the bed height
chosen as an experimental parameter. The
water flow rate was remarkably decreased at
the beginning of this experiment while the bed
height was kept unchanged. Further, it often
decreased with the expansion of the glass
beads layer in spite of the expected expansion
of the gaps among the glass beads. The water
permeability through the bed with SAP was
not evaluated because of the complicated rela-
tion between the water flow rate and the pres-
sure difference in the apparatus, which may be
caused by the history of the bed. The differ-
ence in the time variation of the water flow
rate between those without SAP and that with
SAP was thought to be caused by the clogging
of the gap among the glass beads by SAP swell-
ing. It was concluded that SAP made the rate
of the water rise and drain slow because the
blockage of the water pass was caused by the
expansion by swelling of SAP.

4. Conceptional Model

In order to predict the water content profile
at the intrinsic steady state, a conceptional
model is proposed for explaining the difference
in water movement in soil between the wet and
the dry conditions.

The layer of glass beads packed into the
apparatus with some gaps is schematically
shown in Fig. 9(a) and (a’) respectively for the
wet and dry conditions. Water and steam
move through the gaps in the layer. In a layer
where water and steam coexist, water tends to
gather in the gaps. The fact that the level of
the water content under the wet condition is
higher than that under the dry condition is
understood. A model which describes such
phenomena as above should be developed.

The model presented for description of the
water movement is shown in Fig. 9(b) and (b’)
respectively for the wet and dry conditions. It
is made up of many tubes with various diame-
ters in series. The total volume of the tubes in
Fig. 9(b) is equal to that of the gaps in Fig. 9(a).
The water level in the narrower part in the
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tubes are randomly arranged in the layer. The
distribution of water content experimentally
observed may be explained by the different
capillary heights in the tube. The level of
water content under the wet condition is
higher than that under the dry condition be-
cause the drainage water under the wet condi-
tion stops at the capillary height of thin tube or
at the top of the thin tube just below the level.
Under regular condition the water content
under dry and wet conditions may differ be-
cause the water stops at the capillary height or
at bottom of the thick tube above water level.

In order to estimate the gathering of the
water around the contact points of the parti-
cles in Fig. 9(a), the model shown in Fig. 9(c) is
proposed. The model consisted of thin tubes
with many small water storage parts. The thin

tube diameter is equal to the narrowest diame-
ter of tubes in Fig. 9(b). The total volume of the
water storage parts and thin tubes in Fig. 9(c)
is equal to that of the tubes in Fig.9(b). The
water content in the thin tubes range from
relative humidity of 1009 at the capillary
height to that of 0% at the highest level of
water content. Under the wet condition, the
decline of the water content above the capil-
lary level is caused by the drying of the storage
parts. Further improved model could be pre-
sented with the combination of the concepts
demonstrated in Fig. 9(b) and (c).

6. Summary

The distribution of water in one-dimensional
apparatus filled with glass beads was experi-
mentally studied to predict the behavior of
water in soil or sand in arid land under initial
conditions stipulating dry and rain seasons. It
could be concluded that the profile of the water
content under the wet condition without SAP
attained to a apparent steady state only after
two days or less while that under the dry con-
dition no results were apparent after 25 days.

The effects of SAP on water movement in
soil were also investigated. It was found that
the layer with SAP retained more water con-
tent than that without SAP. It was concluded
that SAP increased the rate water rose quickly
and drained slow because the blockage of the
water pass was caused by the expansion of
SAP with its swelling, from the experiment on
water permeability through the layer of glass
beads mixed with SAP.
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The Development of Permanent Isolation Barriers for Buried

Wastes in Cool Deserts: Hanford, Washington
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Abstract

The Hanford Site Surface Barrier Development Program has been developed to design
and test an earthen cover system (barrier) that can be used to inhibit water infiltration, plant
and animal intrusion, and wind and water erosion. The barrier is designed to isolate buried
wastes from environmental dispersion for at least 1,000 years. The Hanford Site is located in
south-central Washington, which is characterized as a cool desert. Yearly precipitation
averages 160 mm, falling mostly in the winter.

The prototype barrier design includes a fine-soil surface with a relatively high infiltration
rate to limit infiltration below the fine soil by inducing temporary storage near the surface.
Transpiration by vegetation and evaporation will return stored water to the atmosphere. A
capillary break created by the interface of the fine-soil layer and coarser textured material
below will further limit infiltration and promote evapotranspiration. Should water pass the
interface, it will drain laterally on a low permeability asphalt layer through a coarse-textured
sand/gravel filter layer.

Water infiltration control is a key component in barrier design. Lysimeter studies
indicate that a surface layer of fine soil with deep-rooted plants precludes drainage even with
three times normal precipitation. Drainage on the Hanford Site occurs when soils are coarse
textured even when plants are present.

Studies at the Hanford Site have shown that plants and animals will significantly interact
with the barrier. Plants serve to transpire soil water back into the atmosphere. Native
deep-rooted (down to 3 m) perennials such as sagebrush and bunchgrasses will best recycle
water, while shallow-rooted (~60 cm) introduced annuals such as cheatgrass can potentially
lead to infiltration. Deep-rooted tumbleweeds potentially could intrude into the waste, but
coarse rock layers and a redundant asphalt layer will prevent penetration. Animal intrusion
studies indicate that small animal burrows have no significant effect on soil water storage,
and that large animal burrows have a small effect in winter that disappears in spring or
summer.

Current work tests our integrated scientific and engineering concepts on a large proto-
type barrier to determine if it can isolate buried wastes from environmental dispersion.

1. Introduction

Large amounts of radioactive and hazardous
wastes are currently buried in shallow landfills
at U.S. Department of Energy (DOE) facilities.”
The Hanford Site contains 10.3% of all low-
level nuclear waste in the United States.? Such
wastes pose a potential threat to human health
and to the environment.® Options for waste
disposal include exhuming or isolating in

place. A waste isolation option includes the
use of surface cover systems. A major chal-
lenge in the development of surface cover sys-
tems or permanent isolation barriers is to
design the barrier to ensure that buried wastes
are isolated from dispersion by environmental
forces for long periods of time.? In the case of
radioactive wastes, the period of isolation has
been suggested as being from at least 1,000
years,® to 10,000 years,® to 24,000 years” and
up to millions of years.®

* Pacific Northwest Laboratory. Richland, WA 99352 USA.

** Westinghouse Hanford Company. Richland, WA 99352 USA.
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The need for permanent isolation for extend- Table 1. Permanent isolation barrier develop-
ed periods of time means that special consider- ment task groups.
ation of dispersal factors needs to be taken into 1. Biointrusion control
account in the design of barriers. Factors that 2. Water infiltration control
can disperse wastes into the environment in- 3. Erosion/deposition control
clude water, wind, plants, and animals. Water 4. Physical stability testing
is the primary agent for dispersion of wastes 5. Human interference control
into the environment and has been the primary 6. Barrier construction materials procurement
cause of barrier failures.® As a consequence, 7. Prototype barrier designs and testing
arid environments where, by definition, water 8. Natural barrier analogs
is scarce, have been proposed as the best loca- 9. Long-term climate change effects
tion for siting waste repositories.* " 10. Model applications and validation
Research on the application of permanent 11. Interface with regulatory agencies
isolation barriers to wastes at the arid Hanford 15 Resource conservation and recovery act

Site, has been ongoing since the early 1980’s.® equivalency
It has been demonstrated that intrusion, by
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Fig. 1. Hanford Site map showing the location of McGee Ranch and the permanent isolation barrier in
the 200 Area Plateau.



roots, animals, and ants, into buried waste
could be prevented if a layer of loose rock
covered with an asphalt emulsion was placed
between the buried waste and the topsoil.!®
This soil structure, a fine top-soil over loose
rock, also constitutes a capillary break.!” Such
a configuration limits downward water move-
ment and tends to store water in the soil, where
it can be lost to the atmosphere through evap-
oration and transpiration. The use of a capil-
lary break is one of the major design features
of the permanent isoiation barrier and has been
investigated extensively at Hanford.!? 1314

Plants and animals will have significant
effects on the upper fine soil layer where they
live and can, potentially, compromise the barri-
er. Thus, it is important to determine how
plants and animals will affect the soil water
balance, the stability of the surface subjected
to wind and water erosion, and the potential
for biointrusion into the waste.®!®

The purpose of this report is to present the
results of research on surface hydrology and
the role of plants and animals on permanent
isolation barrier effectiveness at Hanford.
These topics are a subset of a larger set of
studies on permanent isolation barriers listed
in Table 1. A complete review of these tasks
has been documented.'® We also discuss cur-
rent work that tests our integrated scientific
and engineering concepts on a large prototype
barrier to determine if it can isolate buried
wastes from environmental dispersion.

2. Site Description

The study area is on the United States De-
partment of Energy's Hanford Site in south-
central Washington (Fig. 1). The Hanford Site
is 1,480 km? in area and varies in elevation
from 120 to 1,200 meters above sea level (m.a.s.
L). The area has an arid climate with hot dry
summers and cool wet winters. Average
yearly precipitation is about 162 mm, falling
mostly in the fall and winter,!?

The McGee Ranch site (244 m.asl), from
which barrier surface soils are obtained (Fig. 1),
is dominated by shrubs (Grayia spinosa and
Artemisia tridentata) with several species of
forbs, perennial grasses, and the annual grass
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Table 2. Typical particle-size analysis for soils
at McGee Ranch. The United States
Department of Agriculture classifica-
tion is used for texture.

Depth

% sand 9% silt 9 clay texture
{cm)

2 49.0 415 95 loam

6 46.0 45.5 85 loam
12 335 515 170 silt/loam loam
20 19.0 66.0 15.0 silt loam
34 245 65.5 10.0  silt loam
60 19.0 67.0 140 silt loam

Bromus tectorum. The soils have been classified
as Xerollic Camborthids such as Warden silt
loams.? A description of soil characteristics is
given in Table 2. A complete site description
has been documented.'®

The site where the permanent isolation barri-
er is to be built is located on the 200 Area
Plateau at an elevation of 223 m.as.l. (Fig. 1). It
has the same floral makeup as the McGee
Ranch site with the addition of the shrub Pur-
shia tridentata. The soils are coarse-textured
alluvial sands covered by a mantle of wind-
deposited fine sands of the Quincy soil series
{mixed, mesic Xeric Torripsamments).¥

3. Barrier Issues

Permanent isolation barriers use engineered
layers of natural materials to form an in-
tegrated structure with redundant protective
features. Natural construction materials such
as fine soil, sand, gravel, riprap, and asphalt
have been selected to optimize barrier perfor-
mance and longevity. The main objectives of
the barrier design are that the structure be
maintenance-free, that wastes be isolated for a
minimum of 1,000 years, that drainage be lim-
ited to near-zero amounts (0.5 mm yr~!), and
that the likelihood of biointrusion by plants,
animals, and humans be minimized.!®

The permanent isolation barrier (Fig. 2) con-
sists of various materials placed in layers form-
ing an above-grade mound over the waste
zone. The design consists of a vegetated fine-
soil layer overlying layers of sand, gravel,
riprap, and asphalt. Each layer serves a dis-
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Fig. 3. Functional performance of barriers.

tinct purpose. The vegetated fine-soil laver
acts as a medium in which moisture is stored
until the processes of evaporation and transpi-
ration return the water to the atmosphere (Fig.

3). The coarser materials (sand, gravel, riprap)
below the fine-soil layer create the capillary
break that inhibits the downward infiltration
of water through the barrier. The coarse mate-
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Weighing
Lysimeter

Fig. 4. Weighing lysimeters at the 200 Area Lysimeter Facility.

rials also inhibit biointrusion below the fine-
soil layer. The asphalt layer will be placed
below the coarse layers just above the ground
surface. This layer will divert any water that
gets through the capillary break away from
the waste zone.

1) Surface hydrology

We will discuss the results of surface hydro-
logy studies done at two sites. The first study
examines the effectiveness of capillary break
configurations using weighing lysimeters'¥
and the second considers the effect of surface
conditions on soil water storage in small tube
lysimeters.”

The study of the effectiveness of capillary
break configurations on soil water storage was
conducted at the 200 Area Lysimeter Facility
(Fig. 1). We tested the hypothesis that a thick
fine-soil layer over coarse sands would prevent
drainage under four treatment conditions: am-
bient precipitation non-vegetated, ambient pre-
cipitation vegetated, additional precipitation
non-vegetated, and additional precipitation
vegetated.

The weighing lysimeters are 1.5X1.5X 1.7 m
and contain about 5,900 kg of soil (1.5 m deep)
placed on top of about 0.2 m of sand (Fig. 4).
Vegetation consists of the deep-rooted ever-

green shrub Artemisia tridentata, the deep-
rooted perennial bunchgrass Oryzopsis hymen-
oides, the shallow-rooted perennial bunchgrass
Poa sandbergii, and the shallow-rooted winter
annual grass, Bromus tectorum. Precipitation
treatments consisted of ambient precipitation
and twice ambient precipitation (~320 mm
yr~!). In the last 3 years of observation, precip-
itation was increased to 480 mm yr~'. Scale
weights are recorded every 20 s and have been
recorded since November 1987. To measure
drainage, these lysimeters have sloping bot-
toms and a drain port at the low point.

The soil water storage dynamics of the four
lysimeters from 1987 through 1993 are pre-
sented in Fig. 5. All four treatments exhibit a
seasonal cycle of storage with maximum stor-
age occurring in March after the winter rains
and minimum storage occurring in October
just before winter rains begin. The ambient
precipitation lysimeters had the smaller sea-
sonal amplitude compared with the irrigated
lysimeters. The vegetated lysimeters had the
smaller storage having minimum values near
90 mm in ambient or irrigated lysimeters. The
non-vegetated lysimeters had the larger stor-
age, which was over 200 mm over the entire
period. The only period where drainage occur-
red was in the non-vegetated irrigated lysi-
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Fig. 5. Water storage for weighing lysimeters.

meter in 1993 when storage exceeded the 500-
mm level needed to cause drainage.

Vegetation plus soil evaporation is able to
return at least 480 mm yr~! to the atmosphere.
Water storage in the vegetated lysimeters is
reduced to a unique lower limit every year,
which indicates that the plants use all the
water available to them. Plant biomass in the
irrigated lysimeters was more than twice as
great as biomass in the ambient precipitation
lysimeters, which indicates that water is limit-
ing for biomass production even with twice
ambient precipitation.'® A capillary break
system with vegetation verifies the perform-
ance of capillary barriers for the Hanford Site
even under extreme conditions.

The non-vegetated lysimeters always had
more water stored in them than the vegetated
lysimeters. In only one instance did drainage
occur in the non-vegetated lysimeters. This
occurred in the 3 times ambient precipitation
treatment when the drainage limit was ex-
ceeded in February 1993. This indicates that a
capillary barrier will prevent drainage under
almost all worst-case scenarios for the barrier.
The worst case scenario is a fire that destroys

/ Gantry Crane

Small Tube Lysimeter ||
N
Crane Scale

|1 030m

Fig. 6. Small tube weighing lysimeters at the
200 Area Lysimeter Facility.

all vegetation with virtually no recovery fol-
lowed by an extremely wet winter (e.g., more
than 3 times ambient precipitation). This sce-
nario is not very likely because vegetation usu-
ally recovers rapidly after fire in the shrub-
steppe® Thus, it is reasonable to conclude for
the Hanford Site, that vegetated capillary bar-
riers, similar the lysimeter design, will not
allow drainage under present or enhanced pre-
cipitation regimes.!¥

The study of the effect of surface conditions
on soil water storage was also done at the 200
Area Lysimeter Facility (Fig. 1) in small tube
weighing lysimeters (Fig. 6). Soil water storage
will be minimized if a surface gravel layer is
not used and if plants are used to transpire
water back into the atmosphere. We hypothe-
sized that a gravel layer on the surface would
eventually result in drainage through the cap-
illary break, and that plants would minimize
soil water storage. Because the environment
where the barrier is to be built has high winds
that could cause loss of fine surface soils, we
observed the effect that an admixed surface
(gravel mixed into the fine soil) would have on
water budgets. Admixes lead to a surface ar-
mor development that reduces wind erosion.2!
Finally, because of high winds, it was hypothe-
sized that dune formation or a sand on top of
the barrier would increase soil water storage.

The purpose of this study was to determine
the optimum surface condition to minimize the
potential for drainage. We tested the effect of
soil, admix, sand, and gravel surfaces with and



without vegetation on soil water budgets and
drainage. We also added water (2 and 3 times
annual precipitation) to the system to deter-
mine how much water these treatments could
hold before drainage occurred.

The small-tube lysimeter facility consists of
an array of 21 rows of 5 lysimeters (Fig. 6). The
lysimeters are 170 cm long by 30 cm wide sec-
tions of plastic pipe. The bottom ends are fitted
with a cap and a drain port. The lysimeters are
placed in larger plastic pipe sleeves. Weighing
is done with a calibrated load cell attached to
the gantry. Weighing and drainage measure-
ments were taken monthly from December
1988 through August 1992. The lysimeters
were filled with Warden silt loam overlying a
capillary break consisting of sand on top of
gravel. The surface treatments consisted of
soil, an admix of gravel (3096 by weight) in the
top 20cm of soil, gravel, and sand. These
treatments were tested with and without vege-
tation and with and without additional water.

Since the beginning of the experiment under
ambient precipitation conditions, all the soil
and admix lysimeters have had a net decrease
in soil water storage. Vegetation caused a
greater decrease in storage than in non-
vegetated lysimeters. Enhanced precipitation
resulted in a small increase in storage in the
non-vegetated lysimeters. Enhanced precipita-
tion with vegetation still resulted in a decrease
in storage over time. This is because of the
associated increase in vegetation associated
with additional water.

The presence of gravel or sand on top of the
soil column has resulted in increased storage
and drainage whether the lysimeters were ir-
rigated or not. The presence of vegetation
prevented drainage from occurring in the non-
irrigated gravel mulch lysimeters. The addi-
tion of water to the gravel and sand surface
lysimeters resulted in drainage whether they
were vegetated or not.!2?

On the basis of on these results, we conclude
that an admix surface with vegetation would
minimize the chance of drainage and erosion,

2) Plants
Vegetation plays a significant role in the ac-
hievement of a successful barrier in arid envi-
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ronments.” Plants control soil water storage
and dynamics, protect the surface from wind
and water erosion, and can potentially compro-
mise the barrier by extending roots into the
waste. Work on these issues will be reviewed
leading to recommendations for the type of
vegetation that should be established on the
prototype barrier to minimize the chances of
recharge, erosion, and root intrusion into the
buried waste.

It has been established at Hanford that areas
dominated by shallow-rooted annuals such as
B. tectorum® can accumulate water beneath
the root zone which can, potentially, lead to
recharge?¥ Variation in the rooting depth of
deep rooted perennials is associated with vari-
ation in soil water storage.?? Soil water storage
increased below the 125 ¢cm depth in a Pseudor-
oegneria spicata dominated community in com-
parison with a more deeply rooted community
dominated by A. tridentata and P. spicata. The
presence of deeply (200 cm) rooted shrubs such
as A. tridentata and Grayia spinosa at McGee
Ranch has been demonstrated to extract more
water from the soil profile than areas domin-
ated by sparse vegetation. Areas dominated by
these shrubs were also able to extract two
times normal precipitation from the soil pro-
file.'® We recommend that deep-rooted peren-
nials be established on the barrier to minimize
chances that recharge will occur.

The establishment of deep-rooted plants on
the surface of the barrier brings up the issue of
roots entering the waste zone. Deep-rooted
plants (Chrysothamnus nauseosus:®® Salsola
kali®®) have been observed to accumulate
fission products when growing over buried ra-
dioactive wastes. The presence of fission prod-
ucts in the shoot is a consequence of roots
penetrating the radioactive wastes. Past work-
ers have sought to prevent the intrusion of
roots into buried wastes by maintaining a loose
rock' layer between the waste and the surface
soils.!® They were successful as long as an
asphalt layer was present to prevent soils, and
thus roots, from filling cracks in the rock layer.
Others have prevented roots from entering
wastes by keeping the surface barren of plants.
This has been done by placing gravel on the
surface and maintaining an herbicide program.
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This practice, unfortunately, leads to drainage
because of the presence of the gravel and the
lack of plants.* 2"

On the prototype barrier, the chances that
roots will enter buried wastes are small be-
cause there will be a loose rock layer between
the waste and the surface soils. As long as this
zone is dry, roots will not enter. Even if this
zone should become wetted, the asphalt layer
below it should prevent roots from enter the
waste below the asphalt.

3) Animals

Animal studies have addressed the impact of
large and small mammal burrows on soil mois-
ture dynamics. It was hypothesized that bur-
rows would increase the accumulation of water
by allowing water to drain into the holes. In
addition, there was concern that burrows could
provide a preferential pathway for water to
bypass the fine-soil layer, enter the coarse
layer, and eventually, enter the waste.!® These
studies were done in natural systems® and in
large steel boxes buried at grade? Supple-
mental rain was added to test the impact of
higher rainfall on potential drainage. Measure-
ments were taken using calibrated neutron
probes down to a depth of 125 cm. The main
result was that small animal burrows had no
significant effect on soil water storage, and
that large animal burrows had only a small
effect in winter that disappeared in spring or
summer. The addition of twice normal precip-
itation did not result in increased soil water
storage. An explanation for these results is
that evaporation was enhanced by a combina-
tion of soil turnover and subsequent drying
and by ventilation into the soil column
through the burrows. Although animals ap-
parently do not significantly influence soil
water budgets they still pose risks associated
with uptake of wastes, wind erosion of soils
brought to the surface, and plant community
dynamics.3®

The risk of animals intruding through the
barrier structure is considered small given that
intrusion into buried waste could be prevented
if a layer of loose rock covered with an asphalt
emulsion was placed between the buried waste
and the topsoil!® The proposed permanent

isolation barrier has a thick asphalt layer
below 3m of a layered structure of fine soil,
sand, gravel, and riprap rock of coarse gravel
(Fig. 2). The rock and asphalt should physical-
ly prevent intrusion and the 3 m depth of the
cover is too deep for most animal burrow
depths. Burrow depths are less than 1.5 m for a
wide variety of potential animals.3®

The potential for the loss of cast soil from
burrows by wind erosion that could eventually
lead to loss of the silt layer, which could com-
promise the barrier, has not been measured.
The impact of animal burrow soil disturbance
on plant community dynamics has not been
carefully examined. It has been observed that
weedy annuals established on soils disturbed
by animals?® Disturbed soils potentially lead
to a plant community dominated by weedy
annuals that, if shallow rooted, could increase
the potential for drainage.

4) Prototype Barrier

The Hanford permanent isolation barrier
program has investigated how various sub-
components and processes interact under wor-
st-case environmental conditions to assess the
validity of our concepts for the long-term isola-
tion of wastes from environmental dispersion.
Some of these subcomponents are listed in
Table 1. A complete review of progress has
been documented.!® Although we have gained
significant experience on how subcomponents
respond to stressful conditions, we still need to
understand how a barrier behaves as an in-
tegrated unit. In addition, construction issues
have not been addressed. To investigate how
well our construction concepts reflect true ope-
rating conditions and test how an integrated
barrier responds to stress, we have initiated
construction of a prototype barrier.?

The barrier will be constructed on the 200
Area Plateau at the 200 BP-1 Operable Unit. It
will be built over the B-57 Crib located in the
northwest quadrant of the 200 East Area (Fig.
1). The surface area of the entire barrier will be
about 2 hectares. The surface will be elevated
with one side relatively steep (2:1 horizontal
to vertical) covered with basalt rip-rap. The
other side will be shallow (10: 1) and will con-
sist of local gravel/sand backfill. The test area



of the barrier will be 2,700 m2,

The prototype surface will be sectioned into
four study plots, two of which will receive
water at 3 times ambient precipitation. The
surface will be vegetated with a combination
of deep-rooted shrubs and grasses. Water bal-
ance monitoring will be taken in vertical and
horizontal access ports with neutron probes.
Drainage measurements will be made with
pan-type lysimeters under each plot. Drainage
along the slopes will also be monitored.

Wind erosion testing will include document-
ing the wind profile of the prototype and evalu-
ating wind erosion from the sides and top sur-
faces of the test plots, using standard erosion
pin techniques. Water erosion will also be
documented for each plot, and the erosion po-
tential of the steep side slopes carefully asses-
sed, particularly after the water application
tests. Biointrusion testing will be confined pri-
marily to observation of root penetration into
soil and sublayers using mini-rhizotron sys-
tems, which allow for root observations during
and after plant establishment.

The effectiveness of an asphalt sublayer to
shed water will be investigated. This layer,
placed beneath the entire barrier, will be de-
signed to perform as a low-permeability barri-
er, diverting the water that infiltrates the barri-
er on the sideslopes. This diverted water will
be captured at the toe of the barrier slope and
will be used by riparian vegetation growing at
the toe of the slope. It is intended that all water
incident upon the barrier will cycle back into
the atmosphere through evapotranspiration.
Assessment of how well this process works will
be an important feature of prototype testing
and monitoring.?

4. Summary

Progress in the Hanford Site Surface Barrier
Development Program has been reviewed con-
cerning the ability of engineered barriers to
isolate buried wastes from environmental dis-
persion. A fine-soil surface with a relatively
high infiltration rate is planned to limit infiltra-
tion below the fine soil by inducing temporary
storage near the surface. Transpiration by
vegetation and evaporation will return stored
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water to the atmosphere. A capillary break
created by the interface of the fine-soil layer
and coarser textured material below will fur-
ther limit infiltration and promote evapotran-
spiration. Should water pass the interface, it
will drain laterally on a low permeability as-
phalt layer through a coarse- textured sand/
gravel filter layer.

Current work will integrate our scientific
and engineering concepts on a large prototype
barrier to determine if it can isolate buried
wastes from environmental dispersion. This
effort promises to provide an economically and
environmentally sound solution to the waste
problem at the Hanford Site.
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Effective Porosity, Longitudinal Dispersivity and Hydraulic
Conductivity of a Sedimentary Formation by Laboratory
Tracer Tests and Field Tracer Tests

Hiroyuki Ir*

Abstract

Field tracer tests in a Tertiary sedimentary rock and laboratory tracer tests using core

samples of the sedimentary rock and bentonite and quartz sand mixtures.

The result

indicates that test scale should be considered to evaluate effective porosity and longitudinal
dispersivity. As the test scale increases, effective porosity decreases and longitudinal
dispersivity increases. The following empirical relationship has been found for the sedimen-
tary formation: longitudinal dispersivity equals one tenth of test scale. This is in agreement
with the relationship presented in the paper by LEoNHART et al.V From the laboratory scale
to the field scale, the decrease in effective porosity and increase in hyudraulic conductivity is
due to the existence of cracks or fissures. At the laboratory scale, the decrease in effective
porosity is probably due to a loss of connectivity of continuous pores.

1. Introduction

A lot of groundwater pumped up through
deep boreholes and wells was used for desert
development in desert nations. Planned or con-
trolled pumping of groundwater is necessary
because the water table goes down and the
water content of the aquifer decreases around
the boreholes or wells and springs and other
wells which used for same aquifer are dried up.
It is necessary for the planning or controlling
of pumping to clear groundwater flow. In this
paper, permeability, dispersion coefficient and
effective porosity, which were necessary for
estimation of groundwater-flow, were analyzed
by tracer tests. Especially, a design for the
underground dam needs effective porosity
which is used for an estimation of storage
volume.

Porosity is defined as the total pore propor-
tion of a rock or soil sample and includes closed
pores, branches and continuous pores. Effec-
tive porosity is defined as the proportion of
pores through which water flows and consists
of continuous pores only. Therefore, in most
cases, porosity is larger than effective
porosity.? Effective porosity should be deter-

mined in order to calculate the actual velocity
of groundwater, but porosity is sometimes
used as effective porosity due to the difficulty
involved in measuring effective porosity. As
the actual velocity of groundwater is an essen-
tial parameter for the estimation of mass
trransport in groundwater, accurate estimation
of effective porosity is particularly important.
Dispersion is also an essential phenomenon
for estimating mass transport in groundwater.
In this study, longitudinal dispersivity is used
as the parameter which represents dispersion.
Longitudinal dispersivity is defined as the dis-
persion coefficient divided by actual velocity.
We will discuss effective porosity and longi-
tudinal dispersivity as estimated by laboratory
tracer tests and field tracer tests. For this
paper, a field tracer test and laboratory tracer
tests using core samples were performed on a
Neogene sedimentary rock in the Toki area. In
the Matsumoto area, a field tracer test alone
was performed on a Miocene sedimentary rock.
We can compare values of effective porosity
and longitudinal dispersivity from the labora-
tory tests with those from the field tracer test
and study the effect of test scale on these two
parameters. In the laboratory tests no cracks
appeared in the samples because latent cracks

* Institute of Technology, Shimizu Corporation. 4-17, Etchujima 3-Chome, Koto-ku, Tokyo, 135 Japan.
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in the core sample separated during boring.
However selective flow paths, such as cracks,
may have existed during the field tests. There-
fore, we performed laboratory tracer tests
using bentonite and sand mixtures with the
same conditions of porosity but different pore
geometry in order to estimate the influence of
selective flow paths on hydraulic conductivity,

Pressure
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—2 8

effective porosity and dispersion.
Conservative tracers were suitable for the
tracer test which was carried out to estimate
effective porosity and longitudinal disper-
sivity, as it was not necessary to consider
adsorption of tracers into the rocks and soil.
We selected Br~ and Cl~ as tracers, and per-
formed batch experiments to confirm that Br-
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and Cl~ would not be adsorbed by the core
samples of the sedimentary rock or the benton-
ite and quartz sand mixtures. The results sug-
gested that Br~ and Cl~ could be regarded as
conservative tracers in the tracer tests.

2. Toki Field Tracer Test

The field test site was located in the southern
part of Gifu prefecture, central Japan. In this
area, several kinds of sedimentary rocks un-
conformably cover granite bed rock. There
was a permeable zone composed of Neogene
coarse sandstone and weathered granite above
the unconformity.

1) Method

Figure 1 shows a schematic figure of the field
tracer test. There were two boreholes 7m
apart and each about 90 m in depth. Figure 2
shows geological columns at the boreholes. A
permeable layer consisting mainly of weath-
ered granite and coarse sandstone, which was
formed in the Neogene period, existed from 80
to 90 m in depth. This layer was sandwiched
between impermeable layers of siltstone above
and fresh granite below. The boreholes were
fully lined from 0 to 80 m in depth and perfo-
rated in the zone of permeable coarse sand-
stone. Before the tracer solution was injected,
groundwater was pumped out at the recovery
borehole and reinjected at the injection bore-
hole.

Groundwater was circulated until a steady-
state groundwater flow was obtained. At this
point the circulation flow rate was maintained
at 7,800 cm® min~! and Br~ tracer solution was
injected at the injection borehole. The original
volume of tracer solution which contained 2 kg
NaBr was 180,000 cm® Br~ was selected be-
cause of its low background concentration in
the groundwater. During the test, ground-
water was sampled regularly at the recovery
borehole to measure the concentration of Br-
by ion exchange chromatography.

2) Gelhar method

In this analysis we used the Gelhar method
and numerical analysis and compared the re-
sults. From the breakthrough curve for Br- in
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the field tracer test, effective porosity and
longitudinal dispersivity were calculated
based on the following analytical solution of
the two dimensional dispersion equation for a
two-well (pumping-injection) flow system:¥

_ M Qexpl—(a—T)*/4eb]
Co= Q jo=o ehL2(4dmeb)!/? d¢
et _a
T=%z T
al8)= m(sin fi;fﬁcos B) -

b(r, B)
(r+8) (sin 7 cos 7) (sin B cos B)
[ 2 t— 2  t 2

—2 cos B(sin 7+ sin B)+ (r+B)cos? B]

=z 2sin® B

{1

where

C.: concentration at recovery borehole, &
time, &: effective porosity, @: flow rate, A:
thickness of permeable layer, M: mass of
tracer, 7. displacement of the tracer pulse,
¢: stream function; $=2he¢/Q, L: distance
between boreholes, and a: longitudinal dis-
persivity.

Table 1 shows the system parameters used in
the analysis of the field tracer test. Figure 3
shows the correlation between the concentra-
tion of Br~ at the recovery borehole and the
time elapsed from the start of tracer injection.
The analytical solution of the dispersion equa-
tion for the two well pumping system found
effective porosity and longitudinal dispersivity
to equal 4.5% and 3.5 m.

3) FEM analysis

Initially, the velocity distribution of the flow
field and layer permeability were analyzed as a
seepage problem using finite element method
(FEM). Next, the advection-dispersion equa-
tion was used to numerically analyze the tracer
test results.

(1) Seepage analysis

The equation governing steady-state ground-
water flow in a horizontal two-dimensional
system is generally given as,

2
¢ + o9 =0 (2)

where
¢: piezometric head, x, y: Cartesian coordi-
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nates
The system boundaries are impermeable ex-
cepting the injection and recovery boreholes.

Table 1. Parameters used in the two dimen-
sional analysis of the Toki field
tracer test.

Distance (m) 7

Flow rate (cm® min™?) 7.800

Thickness of permeable layer (m) 10

Mass of tracer (g) 1,920 (Br-)

Effective porosity (96) 2-30

Longitudinal dispersivity (m) 0.014-7

Boundary conditions can be given as follows;
@=¢, at the recovery borehole
Q=@ at the injection borehole (3)
do: steady-state piezometric head level (—15

m from natural water table)

Q: flow rate

Qo: constant flow rate (3,900 cm® min—!)

A seepage analysis was performed using
FEM on equation (2). The analysis was simpli-
fied using the boundary conditions described
by equation (3).

Figure 4 displays an analytical model for the
seepage analysis of half of the horizontal sec-
tion of the analytical region. The circulation

2
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Fig. 3. Relationship between elapsed time after the start of tracer injection and concentration of Br~

at the recovery borehole at the Toki site.
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pipe connecting the pumping injection bore-
holes was not included in the analysis. Table 2
shows the parameters and boundary condi-
tions used in the seepage analysis.

Figure 5 shows the distribution of analyzed
piezometric-head values. When hydraulic con-
ductivity of the layer becomes 2X10 %cm
sec™!, the analyzed piezometric head at the
injection borehole agrees with the head calcu-
lated from the observed injection pressure.

(2) Migration analysis

A coupled equation governing groundwater
flow and advection-dispersion in a horizontal
two-dimensional system is given as follows,

ac #C &C oC

ot D tD 5z ~Vage
aC
Vy 3y 4)
Vx=vx/e, Vy/e
where

€. effective porosity, C: concentration, D: dis-
persion coefficient, Vx, V¥: actual velocity in

Table 2. Parameters and boundary conditions
used in the seepage analysis at the
Toki field tracer test.

Thickness of permeable 10 m
layer
Hydraulic conductivity 5X107%-1X1074cm/sec
Boundary conditions Impermeable boundary
(Except the boreholes)
Constant flow rate: 3,900
cm?®/min (half area)
Steady-state piezometric
head level (-15 m from
natural water table)

Injection borehole

Recovery borehole
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the x and y directions, and vx, vy: apparent
velocity in the x and y directions.

Two different dispersion coefficients are given

as follows,

Dl=a|V|+Dm, D2=Dm

where
D1: dispersion coefficient parallel to ground-
water flow direction, D2: dispersion coeffi-
cient perpendicular to groundwater flow di-
rection, | V|: / Va®2+ V3%, a: longitudinal dis-
persivity, and Dm: molecular diffusion coeffi-
cient (2.8 X107 cm? sec™!).

Using D1 and D2, tensor Dij is given as follows,

[g,, Dy _ [;os 6 —sin [D. 0
» D,,]— ing cos6 1LO D
|: cos@ sin 0]
—sin@ cos 6
D1 COS2 0+D2 Si?lz e

1 8in 6 cos 8— D, sin 8 cos 6
D, sin 6 cos 6—D, sin 9 cos
D, sin® 8+ D, cos® 8
(5)
where @=arctan (Vx/Vy)
Using equation (5), eqauation (4) becomes:
oC
G D= +D"’¢gxz_§y +D":yz_gx
+0, T2 v Ly, g
This is a two-dimensional advection-
dispersion equation. The dispersion coefficient
depends on actual velocity and is anisotropic.
The system boundaries are impermeable
except at the injection and recovery boreholes.
C=C, at the injection borehole
F=F, at the recovery borehole (7)
where

44
T2 48 (m

K =2.2X10"%cn/sec

-15m

98m

Fig. 5. Analyzed piezometric-head distribution at the Toki site (horizontal section).
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Cy : initial cocentration at the injection bore-
hole, F: flux of mass (8C/dt), and Fy: steady
state flux of mass at the recovery hole.

A migration analysis was performed using
FEM and the boundary conditions described
by equation (7). The computer code used was
developed by Utsugida.®

Figure 4 shows an analytical model for the
migration analysis of half of the horizontal
section of the analytical region including the
circulation pipe. The flow velocity through the
circulation pipe was 0.065 cm sec™! (3,900 cm®
min~'+10cm (width)+1,000cm (height)=
0.39 cm min~!). Table 3 displays the parame-
ters and boundary conditions used in the mi-
gration analysis.

Before the 180,000 cm?® tracer solution con-
taining 8,300 ppm Br~ (NaBr: 2 kg) was in-

Table 3. Parameters and boundary conditions

used in the migration analysis at the
Toki field tracer test.

Initial concentration 1,700 ppm (112.8 min)
2.2x107% cm/sec
Seepage analysis used

Maximum 30%

Hydraulic conductivity
Flow velocity distribution
Effective porosity

Longitudinal dispersivity 0.014-7.0m
Thickness of permeable 10 m

layer
Boundary condition Impermeable

jected at the injection borehole, there were
700,000 cm? of water in the injection borehole.
Therefore we assumed that the tracer concen-
tration was 1,700 ppm (180,000 cm?®x 8,300
ppm-+(700,000+180,000)cm®) and the injec-
tion time was 112.8 min ((700,000-180,000)
cm®+7,800 cm® min™!).

(3) Numerical results

Figure 3 shows the correlation between the
concentration of Br~ at the recovery borehole
and the time elapsed from the start of tracer
injection. The relationship was obtained from
the two-dimensional FEM migration analysis.
Effective porosity and longitudinal dis-
persivity were determined to be 7% and 3.5 m
respectively. The analytical solution of the
dispersion equation for the two well pumping
system found effective porosity and longi-
tudinal dispersivity to equal 4.5% and 3.5 m.
The difference between the 4.5 and 7% effec-
tive porosity values is thought to relate to the
difference  between the initial tracer-
concentration values used by the two meth-
ods.

Figures 6, 7 and 8 show the analyzed Br~
concentration distributions by FEM using 3.5
m longitudinal dispersivity and 7% effective
porosity, 2, 36 and 100 hours after the start of
tracer injection. Figure 6 indicates concentric
spreading of Br~ at the beginning of tracer

(ppm)

0 1 2 [m]
| I U T

Fig. 6. Analyzed Br~ concentration distribution 2 hours after the start of tracer injection at the Toki

site (horizontal section).
a=35me=7%
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Fig. 7. Analyzed Br~ concentration distribution 36 hours after the start of tracer injection at the Toki

site (horizontal section).
a=35me=T7%

[(m]

Fig. 8. Analyzed Br~ concentration distribution 100 hours after the start of tracer injection at the

Toki site (horizontal section).
a=35me=7%

injection. Figures 7 and 8 indicate the presence
of two Br~ concentration peaks around the
injection borehole and these concentration
peaks reduce in progression.

3. Toki Rock Sample Laboratory Tracer
Tests

1) Method

Porosities of the core samples taken from the
permeable layer were determined by weighing
the samples in both water saturated and dry
condition. The porosity values ranged from

6~47% and were mainly concentrated in the
range of 25~30%.% Three samples of different
porosities were used in laboratory tracer tests.
Figure 9 shows the laboratory test apparatus.
To determine effective porosity, tracer solu-
tions containing 100 to 300 ppm Br~ or CI™
were pumped into the column under constant
flow rates. Flow rate were maintained at a
constant level through the manual adjust-
ments of the nitrogen cylinder valve. The
volume of effluent solution was measured to
determine the flow rate. The tracer concentra-
tion of the effluent solution was analyzed using
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Fig. 9. Apparatus for laboratory tracer test.

ion exchange chromatography.

2) Analysis

Laboratory tests, conducted under several
constant head conditions, resulted in the pro-
duction of tracer breakthrough curves. Actual
velocity and dispersion coefficients were calcu-
lated using breakthrough-curve data with the
following analytical solution of the one-
dimensional advection-dispersion equation:.

i)
where < )} ?

L+Vt
-+erfc 27D /_
C: concentration, Cq: initial concentration (t=
0), L: length of sample, D: dispersion coeffi-
cient, & time, and V: actual velocity.
The initial and boundary conditions are given
as;

Co=constant, V=constant
C=0, X=o0, at all times
C=0,X>0, at t=0.

From the actual velocity (V) and the moni-
tored constant flow rate (@), the cross-sectional
area of void through which the pore water
passed (A) was calculated by the equation A=
@ V-l The effective porosity (¢) was then
calculated, using the equation e=A4 A’~! based
on the Depuit-Forchheimer assumption. A’
represents the total area of the sample cross
section.

o

(c/co)
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Fig. 10. Example of breakthrough curve in
laboratory test.

3) Results

Figure 10 shows an example of a break-
through curve obtained from laboratory test
data. The line represents the regression curve
using the analytical solution. Using equation
(10), the actual velocity and the dispersion co-
efficient for the tracer were calculated accoring
to the relationship between elapsed time and
the effluent tracer concentration normalized by
inital tracer concentration. Table 4 gives the
conditions and results of the Toki laboratory
tests. When the length of sample was 1.0 cm,
effective porosity reahed its maximum value
and equaled porosity. As the length of samples
increased from 1.0 to 6.0 cm, effective porosity
decreased. Effective porosity in the field re-
sults was smaller than those in the laboratory
results. Hydraulic conductivity (2X10-%cm
sec™!) in the field results was larger than those
(2X1078—4X10""cm sec™!) in the laboratory
results,

4. Matsumoto Field Tracer Test

1) Method

Figure 11 shows the sectional plan of the
field tracer test. Matsumoto tunnel was under
construction at the plateau which consisted
mainly of Tertiary volcanic sediments formed
in the Miocene period in the north of Matsu-
moto city, central Japan. The altitude at the
borehole bottom and the tunnel was the same.
At this point, it was 331 m between the bore-
hole and the cutting face at the east side of the
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Table 4. Conditions and results of laboratory tests at the Toki site.

. Hydraulic Length Actual Dispersion  Effective
Rock Type Po:’;ss)lty conductivity of sample velocity (E‘Il::v raE?) coefficient  porosity
(cm sec™) (cm) (cm sec™!) sec (cm?sec™) (96)
52x1074 1.9x10-8 9.2x1078 24
26x1077 1.10 14x1074 55x1074 35%x1075 27
o7 29x1074 12x10"*  85%x107® 28
9.5%1074 32x1073 25x1074 22
42%1077 2.01 1.2x10°4 46%x107* 38x%x10-8 24
20x1073 7.4x1073 9.4x1074 25
29x104 1.1x10°3 45%107° 25
6.5X10°5 26%1074 88x10°° 26
24X%10-8 1.99 1.7X10~4 7.1X10-4 23%X10-8 27
3.7xX10°4 1.5x10°3 3.8x10°5 27
Sandstone 6.8%10°° 28%x1074 82%10°¢ 27
31 85x1078 2.7x1074 1.4X%10°8 21
45x1078 1.5%x10* 7.6x10-° 21
3.1x10°8 5.01 22X1074 7.3x1074 35%x1078 22
20x107* 6.8x107* 2.7x1078 23
1.7x1074 6.1x10°4 25%x10°8 24
43x107*  14x10°* 69x10-° 22
47x10°8 6.05
23x1074 8.1x1074 3.2x1076 24
29 83x10°® 2.37 55X%1074 1.7%x17-8 2.3x10°4 21
42%10"8 6.14 34x1074 9.8X10™4 7.5%10°5 19

Borehole
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1700
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"
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Fig. 11.

tunnel and 130 m between the borehole and
the cutting face at the west side of the tunnel.
The tracer solution was injected at the bore-
hole for 30 minutes and groundwater was sam-
pled in the tunnel for 30 days. The original
volume of tracer solution which contained 30
kg NaBr was 80,000 cm3. Br- was selected
because of its low background concentration in
the groundwater. During the test, seepage
water along the tunnel was sampled regularly
to measure the concentration of Br~ by ion
exchange chromatography. There were 3 sam-
pling points (130 and 265 m from the borehole

|

X Sampling point

Sectional plan at the Matsumoto field tracer test.

at the west side of the tunnel and 331 m from
the borehole at the east side of the tunnel).”
The tracer concentrations at 265 and 331 m
apart from the borehole were very low under
the detection limit. For the past 2 years the
groundwater level has gone down. But the
groundwater level at the borehole was con-
stant before and after the tracer solution injec-
tion.

2) Analysis
We used three-dimensional groundwater
flow and an advection-dispersion code using
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FEM (MIGR3D) made by Kawamura® This
code can’t be applied for unsaturated zones. It
is necessary to determine a position of ground-
water level which is a boundary between a
saturated zone and an unsaturated zone for
using this code. Therefore, we estimated the
position of groundwater level by seepage anal-
ysis using FEM.® Using migration analysis,
groundwater levels were coincided with the
upper surface of three dimensional analytical
model and MIGR3D was applied for this field
tracer test results. We couldn’t find any
change in groundwater levels using the bore-
hole, wells and springs during the test. Proba-
bly the period of the test was shorter than the
tunnel construction period. During the test,
the change of groundwater levels was thought

850

2l

Migration analysis area

T OO )/

unnel

Fig. 12. Location of the Matsumoto tracer test.
X: Tracer injection borehole

2000m

to become smaller. In this analysis, we as-
sumed that the groundwater flow was steady-
state and the piezometric heads were constant.
Figure 12 shows the seepage and migration
analysis areas.

(1) Seepage analysis

The equation governing steady-state ground-
water flow in a three-dimensional system is
generally given as,

e (9)

where

¢: piezometric head, x, y, 2: cartesian coordi-

nates.

The system boundaries are impermeable ex-
cepting the tunnel and springs. Boundary con-
ditions can be given as follows;

¢=¢ at the the tunnel and springs
(10)
¢o: steady-state piezometric head level

A seepage analysis was performed using
FEM on equation (9). The analysis was sim-
plified using the boundary conditions de-
scribed by equation (10).

Table 5 shows the parameters and boundary

Table 5. Parameters and boundary conditions
used in the seepage analysis at the
Matsumoto site.

1X1075-5%10"2 cm/sec

Impermeable boundary
(Except the tunnels
and springs)

Steady-state piezometric
head level

Hydraulic conductivity
Boundary conditions

Tunnels
Springs

6.638€+62(m)

rono
3

1
88

g
E

6. 780€+02
- 820€+62

2
88

- 930€ 62
- 970662
+Q10E+62
«GS0E 102
+ BS0E 02
-+ 120E+02
- 160E 62

e A0CTO UOVNRNEWN—
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Fig. 13. Analytical model and analyzed piezometric-head distribution at the Matsumoto site.



conditions used in the seepage analysis. At the
tunnel and springs, groundwater gushed out.
The altitudes of tunnels and springs were as-
sumed to be steady-state piezometric head
levels. Figure 13 displays an analytical model
for the seepage analysis and the distribution of
analyzed piezometric-head values. These
values were used to make a migration analyt-
ical model. The altitude of the west side of the
tunnel was lower than that of the east side of
the tunnel. In this analysis, we couldn’t esti-
mate hydraulic conductivity because flow rate
conditions were not given.

(2) Migration analysis

A coupled equation governing groundwater
flow and advection-dispersion in a three-
dimensional system is given as follows,

ac _ . &C C o%C
ot =D Py +D P +D 52
ocC ac oc
Vx=vx/e, Vy=uvy/e, Va=vz/e
where

¢: effective porosity, C: concentration, D: dis-
persion coefficient, Vx, Vy, Vz: actual velocity
in the x, y and z directions, and vx, vy, vz:
apparent velocity in the x, y and z directions.
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Dispersion coefficient is given as follows,
D=a|V|

where |V|: /Vx*+V3?*+Vz? and a: longi-

tudinal dispersivity.

The dispersion coefficient depends on actual
velocity and is isotropic. The system boundari-
es are impermeable except at the borehole.

F=F, at the borehole (12)
where

F: flux of mass (0C/d¢), and Fy=flux of mass

at the borehole.

A migration analysis was performed using
FEM and the boundary conditions described
by equation (12). The computer code used was
developed by Kawamura.®

Fig. 14. Analytical model for the migration
analysis at the Matsumoto site.
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Fig. 15. Analytical model for the migration analysis and analyzed piezometric-head distribution at the

Matsumoto site (Horizontal section).
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Figures 14 and 15 show an analytical model
for the migration analysis and analyzed piezo-
metric head distribution. Groundwater levels
were coincided with the upper surface of the
model. Table 6 displays the parameters and
boundary conditions used in the migration
analysis. Porosities of the core samples taken
from the borehole were determined by weigh-

ing the sample in both water saturated and dry .

conditions. The porosity values ranged from 7
to 15%. Therefore, we assumed the maximum
effective porosity was 15%. The tracer solu-
tion containing 23,289.6 g of Br~ (NaBr: 30,000
g) was injected at the borehole for 30 minutes.

3) Numerical results and discussion

Figure 16 shows the correlation between the
concentration of Br~ in the tunnel seepage
which is 130 m apart from the borehole and the
time elapsed from the start of tracer injection.

Table 6. Parameters and boundary condition
used in the migration analysis at the
Matsumoto site.

Flux of mass (Br~) 46,579.2 g/hour

0<time =30 (minutes)
Effective porosity Maximum 15%
Longitudinal dispersivity 5-100 m
Boundary condition Impermeable
Hydraulic conductivity 1X1078-5X1073 cm/sec

The relationship was obtained from the three-
dimensional FEM migration analysis. Effec-
tive porosity, longitudinal dispersivity and hy-
draulic conductivity were determined to be
0.49%, 9m and 6X1072m hour~(1.7X10"3cm
sec™!). If tunnel seepage is free water in the
rocks unsaturated during tunnel construction,
effective porosity is calculated to be 0.6% by
the equation e=@¢ Vr~!. The concentration of
tritium indicated tunnel seepage was not sur-
face water but groundwater stored in the rocks
for more than 50 years.? Qt represents the total
volume of the tunnel seepage. Vr represents
the total volume of the rock unsaturated
during tunnel construction. The calculated
effective porosity coincides with the analyzed
effective porosity. The effective porosity value
is smaller than the porosity value and is useful
for an estimation of storage volume. Figure 17
indicated longitudinal dispersivity at the Ma-
tsumoto tracer test coincided with Leonhart et
al.V results. The Lugeon tests results using the
borehole indicated hydraulic conductivity
values ranged from 1X1075% to 5X107*cm
sec”!. The analyzed hydraulic conductivity
value is larger than those of the Lugeon test.
Lugeon test indicates a hydraulic conductivity
only around a borehole. As test scale increases,
hydraulic conductivity increases.

Figures 18, 19 and 20 show Br~ concentration
distributions analyzed by FEM using 9 m longi-
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o  Measurement - -1

a=9m ]
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n=0.004
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Fig. 16. Relationship between elapsed time after the start of tracer injection and concentration of Br~
in the tunnel seepage which is 130 m apart from the borehole at the Matsumoto site.
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tudinal dispersivity, 0.4% effective porosity

and 6X10-2m hour~! hydraulic conductivity, 6. Bentonite and Quartz-sand Mixture Labo-

40, 100 and 300 hours after the start of tracer ratory Tracer Tests

injection. The Br~ concentration peak moves '

towards the cutting face at the west side of the 1) Material

tunnel and the Br~ concentration reduces in Samples used in this test were composed of

progression. Kunigel bentonite, marketed in Japan by Kun-
imine Industries Co., LTD, and Flattery quartz-
sand, from Australia. The samples used had

104 . . bentonite to quartz ratios of 1:9. Mineralogi-
(m) cal analysis, using an X-ray diffractometer de-
o] termined that the bentonite was composed of
.;>.~ approximately 60% montmorillonite, 30%
‘A o o °>c<’o quartz, and 5% feldspar. Flattery sand is 99%
é. , ;’ 8’0 ° quartz.
= 10°; 8 B Figure 21 shows the grain size distribution
- % o flield . .
5 & ) curves for bentonite and quartz-sand. Grain
= sizes smaller than 0.044 mm were measured
‘@ o 8 using the Andreasen pipette method. Grain
S b4 sizes greater than 0.044 mm were measured
] boratory with a sieve under dry conditions. The benton-
10 10° 10* ite consisted of very fine grains, with an accu-
Scale(m) mulation content of more than 50% for grains
O Leo S Leonhart et 1,198 smaller than 0.002 mm. Large grains, 0.1 to 0.3
4 i Toki tracr tests mm, are characteristic of the quartz-sand.
i o e C The porosity of the sample must be deter-
Fig. 17. Relationship between longitudinal dis- mined initially in order to compare effective
persivity and test scale. porosity with porosity. Porosity can be calcu-
Sampling point Borehole
(Cutting face) as Va5 20 Sppm East
West T T 7 I T 1T
\ NS L4V ,”/’I ’r'
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Fig. 18. Analyzed Br~ concentration distribution 40 hours after the start of tracer injection at the
Matsumoto site.
Sectional plan, é=0.4%, a=9m, K=6X10"2m hour-!
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Fig. 19. Analyzed Br~ concentration distribution 100 hours after the start of tracer injection at the

Matsumoto site.

Sectional plan, £=0.4%, a=9m, K=6X10"2m hour™*
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Fig. 20. Analyzed Br~ concentration distribution 300 hours after the start of tracer injection at the

Matsumoto site.

Sectional plan, e=0.4%, a=9 m, K=6X10"2m hour™!

lated using true gravity density and dry densi-
ty values. As the true gravity density values
for bentonite and quartz sand, and therfore for
all of the mixture samples, were very similar,
the porosity for all three samples was estab-
lished from the density values of one represent-

ative sample. For the sample with a 10% ben-
tonite to 90% quartz sand ratio, the true grav-
ity density is 2.61 g cm™3. The maximum po-
rosity of the bentonite and sand mixture was
calculated to be 43%, using the following for-
mula:
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Fig. 21. grain size distribution curve of benton-

ite and quartz sand.

Porosity (%)=(1—Pd+G)Xx 100
where
Pd: dry density and G: true gravity density.

(13)

2) Method

Bentonite and quartz sand mixtures were
placed in a metallic or acrylic resin cylinder
with an inner diameter of 5cm. The samples
were compacted by an unconfined pressure ap-
paratus. The sample material had a dry densi-
ty of 1.5 g cm~3, a water content of 5%, and a
mixture ratio of bentonite to quartz-sand of 1:
9. The height of the compacted samples was
adjusted to achieve a fixed porosity. A tracer
solution was pumped into the column under a
constantr flow rate. The tracer concentration
in the effluent solution was analyzed with ion
exchange chromatography.

The Toki laboratory tracer tests and the ben-
tonite and quartz-sand mixture laboratory
tracer tests used the same method of analysis.
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3) Results

Table 7 gives the conditions and results of
the bentonite and quartz-sand mixture labora-
tory tracer tests. Effective porosities ranged
from 13 to 44%. In some cases, the maximum
effective porosity value corresponded to the
porosity. Figure 22 shows the relationship
between effective porosity and hydraulic con-
ductivity. Despite a constant porosity value,
the hydraulic conductivity values changed
from 1.0X1078 to 1.4X 107 cm sec™!. Howev-
er, samples varied with respect to pore geome-
try. As the hydraulic conductivity increased,
the effective porosity decreased. This was seen
as strange because as the areas that water can
flow through increase, generally the flow rate
and hydraulic conductivity increase. When
using the same porosity conditions, only pore
geometry and pore size distribution can differ
between samples. Next, a relationship between
pore size and acumulation porosity for the
samples was investigated to clear up the ifcon-
sistency.

6. Pore Size Measurement of Bentonite
Quartz-sand Mixture

When a dye solution was pumped into soil
column, dyed areas indicated flow paths. The
flow path variation between samples depended
on pore geometry. Therefore, pore size distri-
bution for dyed areas and undyed areas was
measured.

1) Method
After the effective porosity test was com-

Table 7. Conditions and results of column experiment of bentonite and quartz-sand mixture.
. . Actual Dispersion  Effective Hydraulic
Dl;y den_s:)ty M::ttil:e (flox ;:E?) Tracer velocity coefficient  porosity  conductivity
g cm m (cm sec™)  (cm®sec™!) (%) (cm sec™3)
1.1x10°¢ Cl- 1.3%x1075 25%1078 43 1.0x10-8
50%x10°* Cl- 1.1x107* 50X%1078 23 44x10"8
6.1x107* Cl- 1.7x1074 22x10"4 18 52%10°8
10:90
1.5 - cl- 24X107™*  L7x107* 13 7
X OXx
58x10 Br- 23x1074 1.8x10-4 13 1.0x10
1.6x10°8 CI- 6.1X1074 7.7X1074 13 24x1077
7:93 3.1x1074 Br- 6.5x1076 1.2x10-4 24 25%x1078
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Fig. 22. Relationship between effective porosi-
ty and the hydraulic conductivity of
the bentonite and quartz sand mixture.

pleted, the tracer solution in the laboratory
feed tank was replaced with a solution contain-
ing dye. This solution was pumped into the
soil column. When the dye appeared in the
effluent solution, indicating that it had passed
through the sample, the cylinder was dis-
mantled. The sample was then quick frozen in
liquid nitrogen and dried using a vacuum
pump at the temperature of less than 0°C. The
quick-freezing process fixed the texture of the
sample, and worked to avoid the shrinkage
that occurs when bentonite is dried at normal
temperatures. The dried sample was cut into
rectangular sections with sides less than 1 cm
long. Two types of rectangular sections were
cut: one containing dyed areas indicating the
flow path of the colored solution, and the other
containing areas where no dye was present.
The porosity of the dried sample sections was
measured using a mercury pressure porosi-
meter which determines porosity for pores
smaller than 0.1 mm. This porosity measure-
ment assumes that pores are cylindrical in
shape. The porosity and the accumulation po-
rosity were determined from the pressure and
volume of the mercury forced into the sample.
The relationship between pore diameter and
pressure is as follows:
r=2XTXcos O+P
where
r: diameter of pore, T: surface tension of
mercury, O: contact angle, and P: pressure.

(14)

2) Results and discussion
Figure 23 presents the relationship between

porosity
43%
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Accumulation porosity (%)

Fig. 23. Relationship between pore size and ac-
cumulation porosity.

pore size and accumulation porosity for the
two types of rectangular sections. Pores sma-
ller than 0.001 mm in size were seen to charac-
terize the medium accounting for 70% of all
pores. The accumulation porosity for this pore
size was found to be about 30%. A comparison
of Fig. 21 and Fig. 23 reveals that a pore size
smaller than 0.1 mm, which corresponds to the
grain size of bentonite, makes up more than
90% of all void areas. However, a pore size
greater than 0.1 mm, the grain size of qauartz
sand, is very rare. The gaps between the large
grains of the quartz-sand seem therefore to be
closed by the bentonite. The flow sections, or
dyed areas, had a larger proportion of pores
between 0.001 mm and 0.1 mm (the grain size
of bentonite) than the section with no evidence
of a flow path. The flow paths seemed to result
from an irregular distribution of bentonite in
the sample.

As seen in Fig. 23, the results revealed differ-
ences between the two types of rectangular
sections. Five percent of the sections contain-
ing dyed areas had pore sizes greater than
0.001 mm contrasted with only 1% of the
undyed sections. However, the accumulation
porosity for pore sizes smaller than 0.1 mm in
the section without dyed areas varied little
from that in the section with dyed areas.
Therefore even at the same porosity condition,



the pore size in flow path areas was larger than
in no-flow path areas. If the shape of the pores
is regarded as cylindrical, the flow rate is given
as follows,

(15)

r. radius, u: coefficient of viscosity and p:
water gravity density.
If the shape of the pores is regarded as rec-
tangular, the flow rate is given as follows,
_ wiL .
Q= 1o, P&

2
9 - lwzﬂpgi

wL (16)

where

L: length and w: width.

The flow rate per unit pore area is in propor-
tion to the square of r or w. Therefore, as pore
dimensions increase, with porosity held con-
stant, the flow rate becomes larger. Even under
the same porosity conditions, hydraulic con-
ductivity changes depending on pore size dis-
tribution. As the contrast between pore sizes,
within a sample, increases, the total flow
through the sample approaches the amount of
flow through the large pores only and the flow
through the small pores becomes negligible.
As a result, effective porosity become smaller.
Therefore, under constant porosity conditions,
as the large pores increase in size, hydraulic
conductivity increases and effective porosity
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decreases.
7. Discussion

The effect of test scale on effective porosity
was considered by comparing field tracer test
results and laboratory tracer test results.
Figure 24 shows the relationship between ef-
fective porosity relative to porosity, and test
scale. Test scale was defined as the length of
the sample in the laboratory tests and the dis-
tance between the tracer injection point and
the sampling point in the field test. The ratio of
effective porosity to porosity indicates the pro-
portion of pore volume through which solution
actually flows to total pore volume. As the test
scale increased from 1.0 cm to 130 m, effective
porosity relative to porosity decreased from
100 to less than 5%.

At the Toki site the result of the field perme-
ability test between the two boreholes used for
the field tracer test'® showed that the hydrau-
lic conductivity of the permeable layer was 2 X
10~5cm sec™’. This value was much larger
than those estimated in the laboratory tests,
which were 2X10-8-4X10-7cm sec~!. In the
laboratory tests, borehole core samples with no
cracks were used. If a crack had existed in the
core sample, the sample would have separated
at the crack. It a fracture with a width of 0.1-
0.2 mm existed at the field scale, the mean hy-
draulic conductivity of a 10 m zone would be 2
X107%cm sec™! based upon the Hele-Shaw
model. The occurrence of fractures do not
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Fig. 24.

Relationship between effective porosity relative to porosity and test scale.
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Fig. 25. Relationship, estimated in laboratory

tests, between the dispersion coeffi-
cient and actual velocity.

greatly influence the porosity of the zone.
Therefore, it is possible that permeable cracks
or fissures existed at the Toki field site. In the
same way at the Matsumoto site, as test scale
increases, hydraulic conductivity increases.
The number of permeable cracks or fissures are
thought to increase as test scale increases.
From the laboratory scale to the field scale, the
decrease in effective porosity and increase in
hydraulic conductivity was due to the increase
of cracks or fissures according to the bentonite
and quartz sand mixture laboratory test re-
sults. On the laboratory scale, the decrease in
effective porosity was probably due to a loss of
connectivity of continuous pores as neither
cracks nor fissures were present in the samples.

Figure 25 shows the relationship, estimated
in laboratory tests, between the dispersion co-
efficient and actual velocity. As the actual
velocity increases, the dispersion coefficient in-
creases. Figure 17 shows the relationship be-
tween the test scale and longitudinal dis-
persivity in sedimentary rocks. Longitudinal
dispersivity is the dispersion coefficient divid-
ed by actual velocity. Originally Leonhart et
al.? showed that as the scale of field tests in-
creased, longitudinal dispersivity increased.
Our results and the Leonhart et alV results
indicate that as the test scale increases from
laboratory scale, several centimeters, to field
scale, several thousand meters, longitudinal
dispersivity increases proportionally. The fol-
lowing empirical relationship has been found
from these results: longitudinal dispersivity
equals one tenth of test scale.

On the sample scale, an increase in longi-
tudinal dispersivity has not been detected. Ac-
cording to the effective porosity discussion,
selective flow paths such as cracks and fissures
may exist at the field scale. The existence of
selective flow paths possibly affects the in-
crease of longitudinal dispersivity, but quanti-
tative estimation of the influence has been im-
possible due to the lack of information con-
cerning the geometry and character of the se-
lective flow path.

8. Conclusion

We have performed both laboratory and field
tracer tests using conservative tracers in order
to estimate the effective porosity and longi-
tudinal dispersivity of a sedimentary rock.
Both the laboratory and field tracer test results
indicate that as test scale increases from 1.0 cm
to 130 m, effective porosity decreases and lon-
gitudinal dispersivity increases. The following
empirical relationship has been found for the
sedimentary formation: longitudinal disper-
sivity equals one tenth of scale. The relation-
ship is useful for estimating mass transport in
groundwater.

The decrease in effective porosity may be
attributed to the loss of continuous pore con-
nectivity at the laboratory scale and the in-
crease of selective flow path such as cracks and
fissures from laboratory scale to field scale.
The existence of selective flow paths such as
cracks and fissures has been suggested based
on the results of field permeability tests. The
lower effective porosity encountered at the
field scale may be attributed to the existence of
selective flow paths not present in the laborato-
ry samples. At the laboratory scale, the de-
crease in effective porosity was probably due
to a loss of continuous pore connectivity. But
the effect of selective flow paths on the in-
crease of longitudinal dispersivity has not been
quantified due to the lack of information con-
cerning the geometry and character of the se-
lective flow paths.

Acknowledgements

The author is sincerely grateful to Y. Outsuka and



N. Mor: of Shimizu Corporation for supporting the
Matsumoto tracer test, to Dr. S. SHiNDo and Dr. Y.
Sakura of Chiba University for useful suggestions
and cooperation throughout the study, to H. Suci-
vama of Kunimine Industries Co., Ltd., for support-
ing the bentonite and quartz-sand mixture tests and
to Y. Isnikawa and K. SuciHARA of Power Reactor
and Nuclear Fuel Development Corporation and Y.
Utsugida of Shimizu Corporation for supporting the
Toki tracer tests.

)

2)

3)

4)

References

LeoNHART, L. S., Jackson, R. L., GRAEaMm, D. L.,
GELHAR, L. W,, THompsoN, G. M., KaNEHIRro, B.
Y. and WiLson, C. R (1985): Analysis and inter-
pretation of a recirculating tracer experiment
performed on a deep basalt flow top. Bull. As-
sociation of Engineering Geologists, XXII-3:
259-274.

I, H. and Sucivama, H. (1991): Physical pro-
perties, especially effective porosity, of a ben-
tonite and quartz sand mixture as backfill and
buffer material for disposal of high-level radio-
active waste. Proceeding of the 1991 Joint Inter-
national Waste Management Conference, 2: 243—
248.

Isnikawa, Y. and SuciHara, K. (1991): Data
acquistion in order to estimate the operating
conditions of uranium mine developed by the
in-place leaching method. PNC TN, 78: 59-66
(in Japanese).

GELHAR, L. W. (1982): RHO-B W-CR, 131 p. In,
Freezg, R. A. and CHERRY, J. A. (1979) Analysis
of two-well tracer tests with a pulse input. Pren-

5)

6)

7)

8)

9)

10)

243

tice hall, Englewood Cliffs, NJ, Groundwater:
426-430.

Utsucipa, Y. Tanaka, S. and Isuan, T. (1984):
The solution of nuclide migration problems by
finite element method. Proceedings of the 6th
Japan Symposium on Rock Mechanics (in Japa-
nese).

I, H, IsHikawa, Y., SUGIHARA, K. and UTsuGipa,
Y. (1993): Estimation of scale effect on effec-
tive porosity and longitudinal dispersivity of a
Tertiary sedimentary rock by laboratory
tracer tests and a field tracer test. Intemational
Association of Hydrogeologists, 4: 153-162.

I, H, Misawa, S. and KawaMura, R. (1994):
Effective porosity, longitudinal dispersivity
and hydraulic conductivity of a sedimentary
formation determined by field tracer testing,
three-dimensional groundwater flow and
advection-dispersion FEM. Proc. of the 7th Con-
gress of the International Association of Engi-
neering Geology: 4213-4221.

Kawamura, R. (1987):: Three-dimensional
groundwater flow and advection diffusion
code for treating decay chain of radioactive
materials by finite element method. ;i Nu-
clear. Sci. Tech., 24: 937-950.

I, H. and Misawa, S.: The groudwater chemis-
try within a plateau neighboring Matsumoto
city, Japan. J. Environmental Geology, 24-3:
166-175.

It, H, IsHikawa, Y., SUGIHARA, K. and UtsuGipa,
Y. (1993): Dispersion coefficient and effective
porosity of a sedimentary rock by a field tracer
test. J. Groundwater Hydrology, 36: 23-36 (in
Japanese).



ThIREEFL 4, 245-250 (1995)
Journal of Arid Land Studies

A Non-irrigation System Using the Dew Condensation
Caused by Diurnal Range of Air Temperature in
Arid Sand Dune Area

Yuichi Isnikawa™, Sadao Mizuno®™*, Minoru IsHiBasHr*,
Hirofumi INnapa*®*, Noriyoshi KaNEKO™,
Motoya Takacr®™ and Satoshi MaTsumoTo*

1. Introduction

About 30% of the whole land on the earth is
arid or semi-arid which are generally too dry to
produce a good crop yield. As a consequence of
recent investments of a huge amount of money
for irrigation, the total arable land area of arid
regions in the world has increased much. On
the other hand, delivering a large amount of
irrigation water into dry land has caused a rise
of underground water table and much of the
arable irrigated land has suffered from soil sa-
linity (Matsumoto, 1988Y). Once salinity and
alkali hazard in the soil surface are established,
growth of plants is checked severely and desa-
linization of the soil with irrigation water be-
comes practically impossible.

After all, to maintain a sustainable agricul-

daytime

water movement

Fig. 1.

surface of - T

soil
Concept of a non-irrigation system.

ture in arid land without accumulating salts is
how to get good quality water and to apply it
conservatingly. A number of plans based on
this idea has been proposed. We have also
planned a water-harvest system by dew con-
densation using the natural phenomenon that
difference between air and soil temperature in
arid sand area is very large (MaTsumorTo et al.,
1993%). If evaporation from surface of arid
sand is restricted, soil water could be gathered
partially inside the rhizosphere and plants will
be able to grow in much better moisture condi-
tion. According to this plan, the fundamental
examination was undertaken and some results
from the experiment were obtained. Through
the experimental data, we have confirmed the
idea that water harvesting system is possible
in arid sand dune area for a practical greening
method.

night

movement
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2. The Concept of the Non-irrigation System

Plastic mulching is utilized worldwide nowa-
days (TAkaKURA, 1993¥). The main purposes
of using the plastic mulch are restricting water
evaporation and keeping the soil surface warm.
In this non-irrigation system, plastic mulching
is more actively intended to collect water.
Under the condition that evaporation is re-
stricted by the plastic sheet, the movement of
soil moisture without gravity water is exclu-
sively only that of vapor in the nonisothermal
and condensing process (Nasser and Horton,
1989%). Soil vapor movement and the potential
of water harvesting is shown in Fig. 1.

The heat from the sun through transparent
plastic sheet changes soil moisture into vapor.
As the sheet restricts evaporation of vapor
from soil into the atmosphere, the fall of soil
temperature by evaporation does not take
place and soil temperature becomes higher
than air temperature. Phase changes from soil
moisture to vapor in soil succeeds one after
another, and water vapor between the soil sur-
face and the sheet becomes saturated. Dew
condensation occurs on the surface of the sheet
from a difference between soil and air tempera-
ture; because air temperature rises gently in
comparison with soil temperature. If the sheet
is gently inclining, the dew will flow down
along the sheet by the gravity into a fixed
depth of soil layer.

At nightfall, though air temperature and soil
surface temperature just under the sheet falls
down, subsoil temperature does not decrease
much. So that soil vapor comes up to the
surface by thermo-flux (Mivazaki, 19769),
Thus this water supply repeats succeedingly.

3. Experimental Equipments and Methods
of Measuring

The model boxes (1 m*l m*1 m) were pre-
pared, of which insides are covered with 2
cm-thick polystyrol foam, and were filled with
the sand derived from a sea sand dune. The
physical properties of the sand used are very
similar to the sand in Mao-niaosuhu desert of
China, and the water content of the sand was

adjusted to the lightly moistened condition
(about 10%) by drying under the sunlight. Ob-
servation windows were set in front of the
boxes.

For producing the dew insides of the plastic
sheet, the sheet was buried at the depth of 2-3
cm from the surface of the sand soil with the
top gently inclining to the both sides of the
box. In order to collect the dew, small gutters
were set at both ends of the sheet. As the box
was also equipped with 500 W electric lamps,
the change of temperature and the production
the dew were controlled. The lamps were lit
from 8:00 am to 5: 30 pm daily.

In order to understand movement of soil
moisture, soil temperature and soil moisture
content were measured respectively by a ther-
mocouple and an electric resistance using plat-
inum electrodes. Sensor chips for soil moisture
were made of gypsum. The reason why
gypsum chips were used in this experiment are
as follows: 1) gypsum has the characteristics
that quickly reaches the moisture equilibrium
with the soil, 2) gypsum is easy to handle, 3)
gypsum has a sensitivity for the change of soil
moisture content below the range of 109, and
4) the price of the chip is reasonable.

Thermo-sensors and gypsum blocks were
buried right under the sheet and at the depth of
5, 10, 20, 30, 50, 70, and 90 cm respectively
from the surface at the center of the box and
also in both sides they were buried at the same
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Fig. 2. Location of thermocouples and gypsum
blocks.



interval to 70 em depth (Fig. 2). Electric resist-
ance was measured once a day and soil temper-
ature was followed automatically.

The experiment was carried out from Octo-
ber 13 to December 20, 1992. Fig. 3 shows
changes in air temperature on October 24,
1992. Figure 4 shows the dynamics of electric
resistance. When the experiment was com-
pleted, soil samples were collected around the
chips and their moisture content determined in
order to relate electric resistance to moisture

247

4. Results and Discussion
1) Changes of soil temperature

Using 500 W lamps, diurnal range of topsoil
temperature reached about 30°C in comparison
to about 25°C of air temperature (Fig. 3). The
distance influenced due to daily range of air
temperature was about 30 cm depth from the
surface. Temperature being controlled by the
lamps in this experiment, the air temperature

content.

temperature(C)

continues to rise until 5: 00 pm. Just after the
time the lamps were turned off, temperature
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dropped down quickly and the difference be-
tween air and soil temperature approach not
less than 20°C. The amount of dew condensing
at this time was the largest throughout the
duration time.

During lights-out, temperatures of atmo-
sphere around the equipment and topsoil were
lower than that of the subsoil. The tempera-
ture difference between the atmosphere and

subsoil will lead to the reversal of movement of
soil vapor and the vapor ascend from the
deeper to upper soil layer.

2) Changes of soil moisture

Electric resistance in the center of the box
was larger as measuring point became upper
(Fig. 4). It means that the topsoil was drier as
time passed. After the resistance value became
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Fig. 5. Electric resistance distribution in soil (Oct. 27, 1992).
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more than 500 k ohm, it changed greatly up
and down by very small amount of soil water.
Dry sand layer does not happen in actual arid
sand dune unlike in the model examination, as
soil vapor is thought to move from the sides.

Electric resistance changed very little on the
sixth day from the beginning of the experi-
ment (Fig. 5). A pentagon in the figure shows
the box plate outside and the shape of the
sheet.

Figure 6 shows the distribution of electric
resistance on the 27th day. The resistance
value from surface to 20 cm depth in the center
showed larger than at both sides. This fact
means the water movement from the center
zone has occurred and became drier.

Figure 7 shows the distribution of electric
resistance on the 95th day. The distribution of
electric resistance is almost as the same depth
pattern as the diurnal range of temperature.
Soil water movement was recognized clearly,
and near the sheet, electric resistance value
was reversed. This fact shows that the upper
layer is more wet than the lower layer.

OnTE (1992)® reported that the soil depth
influenced by the diurnal range of soil temper-
ature corresponds to the depth of dry sand
layer. Through the experiment, the process of
producing dry sand layer was confirmed. Dew
condensation is a phenomena which occurs

when humidity is more than 100%. So if soil
water becomes condensed, the system should
be made as closed as possible. The sand box
was tightly enclosed with the sheet, however a
little opening apparently part allowed soil moi-
sture to leak out to atmosphere where the
sensor wires were connected.

3) Water content and electric resistance
Water content is related to electric resis-
tance. Using the gypsum chips, we computed
the relationship between water content and
electric resistance as follows:
logy=—0.35x+4.48
(x: water content, y: electric resistance)
The corelation coefficient (r?) was 0.72. The
reason why the corelation coefficient was low
is that individual characteristics of each
gypsum chip was not compensated under a
fixed temperature.

4) Dew on the sheet

The condensed water could not be quantified
on the plastic sheet, however, the sum of the
harvested water was measured, and it was
about 300 ml from an entire box.

Dew on the sheet was relatively large until
the 70th day, however it decreased day by day.
The reason being, the total amount of water in
the soil had fallen. In actual dry sand area, this
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decrease of soil water dose not seem to happen
because soil vapor movement from the sides
will continuously supplied.

5) Shape of the sheet

The model box was covered with the waving
sheet of vinyl chloride gently inclining to both
sides of the box (Fig. 2). It is thought to be
better to keep the sheet and sand untouched
for the purpose of collecting the dew, prevent-
ing dew from being absorbed by the sand.
Though a waving sheet was used this time,
another shape for dew to flow more easily is
needed.

The gradient was of 2 in 5 in the model box.
Taking into consideration for balance between
heat and water flowing, the gradient should be
determined. Furthermore, a better canopy
shape of plastic sheet is needed for more effec-
tive collection of dew, for instance, funnel
shaped sheet.

6) Observation through the front window

We could observe the movement of soil mois-
ture as change of soil color through the
window. And at the same time, it could be
found out that soil water tends to move around
the walls and wires. This observation means
that water moves toward the border of soil and
different kind of material.

7) Collecting water in the gutter

It could roughly be estimated the volume of
water movement under a plastic sheet caused
by the thermo-flux. Our calculation showed
that the volume of water concentrated to move
was about 300 ml from 1 m% This 300 ml of
collected water per m? for three months is
enough for the germination of plant seeds,

however it is difficult to grow plants by only
this non-irrigation system. Effective combina-
tion of other greening systems are needed.

Lastly, though this non-irrigation system is
in its initial stage; potential of water harvest-
ing appears promising in sand dune area. It is
our hope that this system could contribute to
the establishment of vegetation in desertified
areas. In order to introduce the system, clima-
tic characteristics of the region and effective
combination of other desertification protection
technologies have to be examined.

And in future, we think that this non-
irrigation system can take an important part in
greening technology fitting the natural desert
ecosystem.
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Saline Drain Water Reuse in Agroforestry Systems

Kenneth K. Tanjr*

1. Introduction

About one-third of the nearly 1 million ha of
irrigated land in the west side of the San Joa-
quin Valley of California are waterlogged and
salt-affected, and its shallow ground waters are
saline and contain potentially toxic trace ele-
ments such as selenium and boron. Moreover,
only about one-fifth of this irrigated land has
opportunities to discharge its drainage waters
into the Pacific Ocean through the San Joaquin
River (SJVDP, 1990"). An investigation was
carried out to study the potential of agrofores-
try systems to reuse poor quality subsurface
drainage waters and thereby relieve the drain-
age problem (Tanji and Karajeh, 19932).

Figure 1 presents a concept to reuse waters
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TREES ‘ f
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Fig. 1.

in the San Joaquin Valley until no longer
usable (SJVDP, 1990"). In this scheme the
volume of drain waters is progressively red-
uced and its salt concentration is progressively
increased for more economical management of
the drainage problem. This paper reports on a
set of data obtained from a eucalyptus tree
plantation which consumed saline drain
waters from an adjacent cropland.

2. Experimental Layout and Observations
Figure 2 shows the layout of the 11.45 ha
agroforestry system at the Mendota site in the
San Joaquin Valley. The 9.43 ha tree planta-
tion consists of 89 rows of Eucalyptus camen-
dulensis planted in 1985-86. The agroforestry
SYMBOLS SIGNIFY BELATIVE VALUE

O WATER VOLUME
@  SALT CONCENTRATION

$ SALT TOLERANTS
CROPS

Drainage-water reuse concept (SJVDP, 1990).
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Fig. 2. Layout of experimental agroforestry system, Mendota, CA.

system also consists of a 2.02 ha plot 'of Atrip-
lex spp., a halophyte, which was irrigated with
subsurface drain waters from the tree planta-
tion. The waterlogged experimental site con-
tains fine textured silty clay loam soil under-
lain by an impermeable clay layer at the 3.0-
3.7 m depths over the entire plantation. Both
the tree and halophyte plots have perimeter
interceptor drains and within-the-plot relief
drains at 2.8 and 2.3 m depths, respectively.
This underdrainage setup helps isolate the ex-
perimental site from surrounding lateral sub-
surface lateral flows and allows for monitoring
water and salt flows within the experimental
site. Saline subsurface drainage waters from
nearby croplands are used to irrigate the euca-
lyptus. The tree plantation is furrow irrigated
through gated pipes in two blocks in an easter-
ly direction. The subsurface drainage from the

trees are used to irrigate the Atriplex. The
subsurface drainage from the Atriplex are col-
lected into evaporation tanks and salts are har-
vested for disposal and/or reuse. Fig. 2 also
gives other details on the experimental layout
such as locations of observation wells to moni-
tor water table elevations, tensiometers to mea-
sure soil-water pressures, access tubes for neu-
tron probe to measure volumetric soil water
contents, and piezometers to measure the hy-
draulic heads.

An agroclimatic station is located about 2
km away, and crop coefficient rates for evapo-
transpiration were measured on site by the
Bowen ratio energy balance method (Dong et
al.,, 1992%). Applied waters and subsurface dra-
inage were chemically characterized. The sa-
linity status of the soils were measured by soil
sampling as well as by a salinity probe and
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Table 1. Chemical characteristics of irrigation and drainage waters

L. EC Na SO, Cl B Se
De: tio
scription (dS/m)  (ppm) (ppm) (ppm) (ppm)  (ppb) SAR
Irrigation water, eucalyptus 10.0 1,638 3,236 1,196 12 396 11
Tile drain, eucalyptus 324 7.899 13,193 5,064 51 700 69
Tile drain, Atriplex 29.9 8,325 12,372 4,729 56 665 56
Perimeter drain 318 8,564 12,718 5,003 56 668 69
ECe (dS/m) B (ppm)
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Fig. 3. Electrical conductivity of soil satura-
tion extract (ECe) in location AB2 in
1987 and 1990.

electromagnetic device. Most of the observa-
tions were made between the fall of 1987 and
the summer of 1990.

3. Results

The four-year (1986-90) average annual pre-
cipitation was 187 mm, and the reference eva-
potranspiration (ETo) was 1,535 mm. The es-
timated crop coefficient in 1990 was about 0.8
when the root zone was highly salinized which
is well below the usual crop coefficient of 1.25
for trees grown under nonsaline conditions.
The total irrigation applied in 1990 was 1,050
mm while previous irrigations were much
lower, 370 to 530 mm. The water table prior to
1987 was about 0.6 m beneath the soil surface

Fig. 4. Boron (B) concentration of soil satura-
tion extract in location AB2 in 1987
and 1990.

and has since been gradually lowered to 1.8 to
2.3m soil depth from root water extraction
between 1988 and 1990.

Table 1 presents chemical analyses of the
irrigation and subsurface (tile) drainage waters
for the 1990 irrigation season. The drainage
waters from croplands used as irrigation for
the trees had an average electrical conductivi-
ty (EC) of 10 dS/m (dominated by Na, SO, and
Cl ions), an average sodium adsorption ratio
(SAR) of 11, and average boron (B) and seleni-
um (Se) concentrations of 12 mg/L (ppm) and
396 ug/L(ppb), respectively. The subsurface
drainage from the eucalyptus plantation had
an average EC 3.2 times greater than the irriga-
tion water, SAR 6.3 times greater, B 4.2 times
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Fig. 5. Selenium (Se) concentration in soil satu-
ration extract in location AB2 in 1987
and 1990.

greater, and Se 1.8 times greater. The tile
effluents from the Atriplex and perimeter
drains were similar to the effluents from the
trees indicating that the effects of imposed irri-
gation treatments are not yet fully apparent in
the tree drainage waters. The residual drain
waters collected in the evaporation tanks had
ECs ranging from 39 to 166 dS/m while under-
going desiccation and precipitating out evapo-
rite minerals such as thenardite (NazSOy), blo-
edite (NazSO, MgSO,. B6Hz0), and burkeite
(NazCOa, 2N82304).

Figures 3, 4 and 5 show respectively the EC,
B and Se concentration levels in the root zone
at monitoring station AB2 (Fig.2) for 1987 and
1990. Significant increase in salinity and trace
element contents are noted. The SAR in the
surface 0.3 m soil depth also increased from 15
to 26 between 1987 and 1990. The estimated
leaching fraction (LF) for the 1990 irrigation
season was 0.16. LF is defined as the ratio of
drain water to applied water. The trees
showed symptoms of lower leaf tip burns and
reduced vigor in growth. Apparently, this LF
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Fig. 6. Transverse (across furrow) and vertical
ECa, measured with a salinity probe on
August 17, 1990, two days after irriga-
tion at location AB2,
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Fig. 7. Longitudinal (along furrow) ECa in sur-
face soil depth, measured with a EM-38
device, two and nine days after irriga-
tion in block 4 in July 1990.

of 0.16 may have been too low to control salin-
ity and B in the root zone to levels tolerable to
the trees.

Figure 6 shows the across-the-furrow and
vertical EC, measured by an Martek salinity
probe, two days after irrigation on August 17,
1990 at station AB2. Fig. 7 shows the long-
itudinal EC in the soil surface, measured by a
Geonic EM (electromagnetic) 38 probe, two and
nine days after irrigation in Block B4 (Fig. 2) in
July 1990. 7/90 and 9/24/90. Both Fig. 6 and 7
indicate the extent of spatial variability in soil
salinity in the tree plantation, and Fig. 7, the
extent of temporal changes in soil salinity.

Figure 8 presents volumetric soil water con-
tents at station AB2. Irrigation was applied on
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Fig. 8. Volumetric soil water contents during
September 1990 at location AB2.

9/7/90 and 9/24/90. This figure shows that
soil moisture did not change appreciably prior
to and after irrigation. It appears that the soil
salinity had built up to such a high level (Fig.
3) that the trees were unable to fully extract
the available soil water. This is partially con-
firmed by visual leaf toxicity symptoms and
lack of vigor in growth. The results of piezom-
eter tests indicate no seepage across the imper-
meable clay layer between the 3.6 and 4.6 m
depths.

Figure 9 plots the total hydraulic head away
from the relief drain (closed circle at the 2.3 m
depth) at station AB before irrigation and one
and nine days after irrigation in September
1990. The equipotential zones show water flow
directions from darker to lighter stippling.

4. Summary

An experimental eucalyptus tree plantation
was successful in lowering the shallow ground
waters and in using saline subsurface drainage
waters from a nearby cropland. But after sev-
eral years of irrigation, a substantial buildup of
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tion AB in September 1990: (a) before
irrigation, (b) one day after irrigation,
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salinity, boron, and selenium occurred throu-
gh-out the root zone. The 1990 data on soil
water contents indicate that the trees are
unable to fully extract the available soil water
to meet their ET needs. The elevated levels of
EC and B were approaching levels that would
have deleterious impacts on the performance
of the eucalyptus trees. The SAR in the surface
soil has risen to levels high enough to reduce
water infiltration rates. To sustain this agrof-
orestry system over the long term, there is a
need to increase the leaching fraction to about
0.2 to prevent further build up on salinity and
boron. There is a need to closely monitor the
soil profile so that the trees can survive and
continue to consume excess drainage waters.
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Water Resources from Iceberg of Antarctica and
Undersea Reservoir

Hiroshi Kokusu*

1. Introduction

Icebergs have long been considered a water
resource to an arid area. The first specific idea
was to pull an iceberg from Antarctica to Aus-
tralia and other southern hemisphere. Actual
towing of an iceberg to Saudi Arabia was tried
in the latter part of the 1970's. But there were
many difficulties: melting and collapsing of the
iceberg during its’ transport. There are also
problems to land an iceberg whose draft is
deeper than shore depth. Undersea reservoir is
being investigated and developed in Okinawa,
Japan because of a shortage of water. This new
system has an adequate equipment for iceberg
transportation to protect pure water against
mixing with salt water and suppling pure
water to the land.

This paper describes the feasibilities of
actual use of an iceberg as water resources by
developing undersea reservoirs.

2. Iceberg

Salt water forms almost all of the contents of
water on the earth. This means that pure water
is scarce. Table 1 shows a list of waters. We see
that the volume of ice in Antarctica is so big
that there exists almost the entire pure water
resources on this vast continent. On the cold
areas, like Antarctica or on high mountains,
the snow falls repeatedly without melting, con-
solidating in layers. After a long period, the
snow forms ice. Ice moves if it lies on the slope.
This is called a glacier. The ice on the flat area,
for example, in Antarctica or Greenland, does
not move. We call this an ice sheet. The
biggest thickness of ice sheet on the Antarctic
continent is more than 4,000 meters.” Around
the ice sheet, there is movement of ice to the

lowest point and finally to the sea. This is the
birth of iceberg. The big birth places of ice-
bergs are on the Ross Ice Shelf, the Ronne Ice
Shelf and the Amery Ice Shelf (See Fig. 1).
The produced quantity of icebergs in one
year is only 0.005% of all ice on Antarctica, but
this quantity is more than one trillion tons.?
This enormous volume of iceberg would be
melted and vanished after one to ten years.

3. History

The origin of the idea to use an iceberg as a
water resource is not clear. The modern idea
was proposed by J.D. Isaacs. His idea was to
tow icebergs from Antarctica to southern Cali-
fornia. According to his calculations, about one
year would be needed to tow an iceberg of the
dimensions 16,000 X800 X 200 meters, and as it
melt about half of the iceberg or 1.1 billion tons
of pure water would remain.¥

The first published papers about this subject
were the study of Weeks and CampBELL (1973)
and of Hult and OsTRANDER (1973). The former
two scientists mentioned the possibility of
towing an iceberg by a strong tugboat from
Antarctica to Australia or other countries in
the southern hemisphere. For example, towing
an iceberg, dimensions of 2,700X2,700X250
meters, at half a knot from Amery Ice Shelf to
Western Australia needs about eight months,
resulting in 800 million tons of pure water
which represents half of the original iceberg.5®

On the other hand, Hult and Ostrander ex-
amined the transportation of an Antarctic ice-
berg by train to southern California.

Prince Mohammed al Faisal al Saud was in-
terested in iceberg transportation for the water
supply of Saudi Arabia that he supported two
conferences of International Glaciological Soci-
ety on iceberg utilization. The first conference

* Asia Consulting Engineers Co., LTD. 1-22-3 Hyakunin-cho, Shinjuku-ku, Tokyo, 169 Japan.
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Table 1. Contents of water.>®
(unit: km?)
L&f (1960) Nace (1964) Kayane %
Salt water
ocean 1,307,409,000 1,320,000,000 1,349,929,000 97.50
lake 104,000 94,000 0.007
Fresh water
ice 30,427,500 29,158,500 24,230,000 1.75
Antarctica 1.57
Greenland 0.16
others 0.02
lake 124,600 125,000 125,000 0.009
river 1,150 1,250 1,200 0.0001
soil water 25,160 66,650 25,000 0.002
ground water 0.72
shallow 4,500,000 4,165,000 4,500,000
deap 5,630,000 4,165,600 5,600,000
Vapor 14,200 12,900 12,600 0.001
Total 1,384,516,000 100
o0 October, 1977. The purpose was to create an
& iceberg business as a water resource by towing

180°

SCUTH AMERICA

Fig. 1. Antarctica and north limit of iceberg.?

took place in Paris in the spring of 1977 and
the second occurred the following fall at Iowa
State University. Many scientists and engi-
neers discussed the iceberg utilization, and
they emphasized the importance of knowing
real conditions on real icebergs adrift on the
high seas.”

“International Iceberg Transportation Com-
pany,” which is a joint corporation of CICERO
of France and Saudi Arabia, was established on

icebergs from Antarctica to Saudi Arabia.
However, this company became bankrupt after
one year. The reason was not revealed, but it
was supposed that the towing was so difficult
on the high seas by separation or collapse due
to cracks or crevasses in the iceberg. In addi-
tion, the technical study of an protective cover
against melting was not sufficient.® We have
not heard of any successful real iceberg trans-
portation.

4. Problems

There are many difficult problems to master
on the subject. First, as I mentioned above,
there are cracks in the iceberg causing it to
collapse during transportation on the high
seas. This requires the towing speed to be slow.
Second, how can we protect an iceberg from
melting or mixing with sea water effectively,
efficiently and economically? Some people
favor the use of protective fabrics or foamed
insulation. It must be remembered that both
the sides and the bottom of the iceberg need
protection. If effective protection is impossible,
towing to the northern hemisphere is also im-
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possible. Third, even if towing is successful, the
iceberg will not be able to reach the port be-
cause of its big draft. The iceberg must be
stopped at a long distance off the coast. The
processing from ice to water is a big problem.
We know that even a low density ice is not
easy to blast or cut, and the processing cost is
expensive.”

6. Undersea Reservoir

Undersea reservoir is a new water reserve
system which is being developed in Okinawa,
Japan. Even though the annual precipitation in
this province is more than 2,000m/m per year,
Okinawa has a social problem of shortage of
water almost each year. This is because of its
slender shape, short rivers and the rain water
flows into the sea rapidly without any reser-
voir system. There are some dams to stock
water, but those are not sufficient to support a

population of more than one million. More con-
struction of dams is impossible because of
narrow land space and environmental restric-
tions. Excessive rain water would flow into the
sea without utilization, but if it was possible to
separate this water from sea water and store it
in the sea, we could supply it as a water re-
source later. This is the basic conception of
undersea reservoir. Fig. 2 shows the constitu-
tion of this system. It is made up of the follow-
ing three facilities:
1. ON LAND FACILITIES
These facilities consist of three facili-
ties; intake, sending/receiving, and
supply facilities. Rain water, under-
ground water and river water should be
gathered into the intake facilities.
2. MAIN FACILITIES
Water main is considered to be one
steel pipe of 300 mm diameter and
branch pipes are flexible of 150 mm di-
ameter.
3. RESERVIOR FACILITIES
Reservoir is sphere shaped and its
membrane material would be ethylene
propylene rubber with nylon or polyes-
ter, covered with reinforced net and
moored with an anchor. The average size
of thisis shown in Fig. 3. Thisisinstalled
at the depth of 50 meters to 100 meters
undersea as not to block marine passage.
This system is called “MANBO (SUNFISH)
PROJECT" because of its similarity to a sunfish
wafting in the sea. On land facilities are so
small that reserving water in the sea is good
effective use of land, and also for the natural
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6. Feasibilities

In this subject, our purpose is not towing an
iceberg intact, but getting water resources
from iceberg to an arid land or desert area. We
should not worry about the melting of an ice-
berg. It is quite natural that ice melts if the
sorrounding temperature is over the freezing
point. Towing icebergs to Saudi Arabia or
some other northern hemisphere without any
protection is impossible. Almost all of the spe-
cialists don't believe that the perfect protection
for melting could be developed. Should we give
up the idea of towing an iceberg to a northern
hemisphere site? How about to Australia or
South America? As I mentioned in HISTORY,
according to the calculations of Weeks and
Campbell, about half the volume of an original
iceberg could be expected to remain when it
reached Australia. Other studies show almost
the same result as Weeks and Campbell, so
towing to a relatively near site from Antarctica
without any protective cover has some possibi-
lities. The most difficult problem is to land an
iceberg as a water resource. Some scientists
suggest the cutting, slicing or blasting of an
iceberg near the landing site. But no one has
described the specific details of the method,
and no one has mentioned how we can protect
the melted water from mixing with salt water

when we process the ice to water. To solve the
above mentioned problems, one huge undersea
reservoir system should be considered. If we
could wrap an iceberg entirely, we need not
worry about its melting, and we will not land a
big draft iceberg. After the wrapped iceberg
melts, we can adapt it to an undersea reservoir
system, and we can supply fresh water to the
arid land. Even if the iceberg was not melted
entirely, we can assume it as a floating reser-
voir by mooring it like a ship. We still have a
big problem of collapsing, which causes towing
difficulty. How could we overcome it? The
most important thing is the selection of an
iceberg. The following are points to select:

1. Shape must be stable and table shaped.

2. Crevasses must be small and few.

3. Size must not be big.

To chose an adequate iceberg to tow, we
should research icebergs between 60 to 50 deg-
rees southern latitude. Fig. 1 shows the north-
ern limit of iceberg. The limit in the Indian
Ocean is about 40 degrees southern latitude.
The smaller the degree, the fewer the iceberg.
The larger the degree, the more crevasses. Once
the iceberg collapses it has fewer crevasses.
Supposing towing an iceberg to Western Aus-
tralia, the South Indian Ocean area is the best
selection. Fig. 4 shows the current arround
Antarctica. We can harness the natural energy
to tow iceberg because the major factors of
iceberg drift are wind and current.

7. Conclusions

Wrapped iceberg (or water)would be possi-
bly towed because the transportation of water
wrapped with Vienna-sausage-shaped cover on
the sea had been done in Norway. Undersea
reservoir system is now being developed. We
can expect this system to be a new and useful
facility for water resources from icebergs. The
easiest arid site of this subject would be Aus-
tralia. The first trial should be done at the
easiest area. If we succeed, we could expect
actual transportation to Saudi Arabia, Califor-
nia or some other northern hemisphere arid
sites. Our idea must not be a pipe dream, but a
pipeline. A pipeline of water not in our dreams,
not in our hopes, but in our homes.
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