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The Aral Sea, at an altitude of 53 m.a.s . l . ,  is located i n  the Central Asian Republ ics of 
Uzbekistan and Kazakhstan ,  with the southern section located i n  the Autonomaus 
Republ ic of Karakalpakstan .  Due to its location in the center of a vast mainland far 
from oceans, the Aral Sea maintains a continental cl imate. Temperatures in the 
reg ion attain 40°C in the summer and in winter temperatures drop to -20°C. Average 
precip itation , pr incipally in the form of rain ,  is below 200 mm .y( 1 • The Aral Sea is fed 
by two rivers , the Amu Darya that f lows northwest from sources in the Pami rs and 
enters the Sea in  the south , and the Syr Darya that flows west from sou rces i n  
eastern Uzbekistan and enters the Sea i n  the north-east (Fig .  1 ) . 

� 
K a s a c h s t. a n 

C h i n a  

Fig .  1 :  Aral Sea 

As a result of intensive i rrigation along the two rivers feeding the Aral Sea, the 
volume of water reaching the sea to replace the enormaus evaporation Iosses ( -60 
km3.yr"1 ) has decreased d rastically. Once the fou rth largest Iake on earth, the Aral 
Sea has been d rying up over the last four  decades. By 1 994, the Sea had lost 2/3 of 
its orig inal water volume of 1 ,090 km3, and its surface of 66,900 km2 had shrunk by 
more than half (Fig. 2) . 42,000 km2 of the former sea bottom are now exposed . Water 
Ievel in this period fell by 1 7  m. The shore l ine had receded in p laces (the southern 
part) by 1 50 km. Sal in ity of the water had risen from 1 %  in  1 960 to 3 .5% in  1 994 . 

1 Seagram Center for Soil and Water Sciences, Hebrew University of Jerusalem, Rehovot 76 1 00, Israel. 

2 USDA, Agricultural Research Service, Wind Erosion and Water Conservation Research Unit, Lubbock, Texas. 

3 Scientitic Research Association " Vodproject", V.  Malaysov Str. 3, Tashkent 70000, Uzbekistan. 

4 According to the FAO Soil Classification System . The USDA classification equivalents are Orthids. 
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A v e rage Average Average Averugc 
Level Area Voltune Salinity 

Ycar (meters) (sg.-km) (cu.-km) urams/liter) 
1 960 ' 5 3,4 i 66,900 1 090 

1 97 1  5 1 ' l 60 ,200 9 2 5  I I  
-- 1 976 48,3 5 5 ,700 763 1 4  
� 1 994 3 1 ,9 3 8  298 ./" 

c?('.../ Lar e Sea 36.8  28,856 273 > 35 

· S mall Sea ! 40 .8  3 ,082 25 - 25 ) Olr i 2000 2 5 . 2 1 7  2 1 2  
\ "'� �,.....,....._ � 3 3 ,4 2 1 ,776 1 86 1 > 60 v-; 

4 1 ,6 3 .44 1 2 6  - 20 

Phi l i  Mickl in. 1 995 

Fig. 2 :  Shrinkage of the Aral Sea (after M ickl in ,  1 996) . 

The lowering of the sea Ievei of the Aral Sea is sti l l  continu ing .  The water Ievei in 
1 999 was about 33. 8  m m .a. s . l .  and the surtace area of the sea was about 24 ,400 
km2 . lt is envisaged that by cont inuous drying out, the sea wi l l  soon be separated into 
2 water bodies,  into the deeper Western Aral Sea and the shal lower Eastern Aral 
Sea. 

Caused by the d rying out of the eastern part of the Eastern Aral Sea, the formation of 
another huge open salt desert has taken place. Whi le the d ry sea floor on the areas 
desiccated du ring the 1 960s and the 1 970s have a low sal in ity , with a sparse plant 
cover, the areas from the 1 980s and the 1 990s have already turned into salt deserts 
(the Aralkum desert) with isolated plants. As a resu lt of the increase in  salt desert 
areas , salt and dust storms have become frequent. 

S ince the 1 980s , on the d ry sea floor almest exclusively Solonchak deserts have 
formed . The open d ry sea floor Solonchak desert is a huge salt f lat and a sou rce of 
salt dust .  The Solonchaks4 have developed on sed iments of variable texture ,  
depos ited from the Aral Sea water after being introduced by the two major river 
systems .  These are young soils with undeveloped profi les and s l ight organic matter 
accumu lat ion. The i r  most d istinct characteristic is salt accumu lation, frequently in the 
form of a salt crust on the soil surtace. An increasing d rying of the sea floor wil l 
create even more and greater sal ine flats, and thus an increased potential for salt 
dust storms in the near futu re .  This is a th reat to the agricu ltu ral areas adjacent and 
beyend the southern and eastern former coast l ine.  Thus,  salt desert ification is 
spreading throughout the whole Aralkum and surrounding areas (Breckle et al . ,  2001 ; 
Rafikov, 1 999) . 

Different earth materials (soi ls, sed iments) have been shown to emit d ifferent 
amounts of PM 10/PM2.5 as related to wind speed (Zobeck et al . ,  1 999) . Emission has 
been shown to be related to source sediment texture ,  maistu re content, surtace 
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roughness and local factors such as soi l  crusts . Field stud ies of aeol ian dust 
produced at or  near the sou rce of intense dust storms are d ifficu lt to conduct. As a 
result  of efforts to develop methods for the study of PM10  generation of earth 
materials under control led Iabaratory conditions, a new system has been proposed 
by Zobeck and Amante-Orozco {200 1 ) . This equipment has been used for the 
examination of 8 earth materials from the Southern Aral Sea Basin (SASB),  with the 
pu rpose of determining the PM10  and PM2.5 dust generation potential of these 
materials, that represent a large proportion of the surfaces in the area. The objective 
of this study was to assess the contribution of the major soi l/sediment surfaces in the 
Southern Aral Sea Basin  (SASB) to the dust generation potential of the area. 

Table 1. Developmem of rhe ewoirom111:mal crisis in eh<! A ra! Sea ßasi11 (from: 
hup:/ lwrvw. grida. llolarallarals.:ai,�nglishiarsca!arsea. Jmn) 

Exposed dried s ea bed (km2) 
Mass of potential dust/salt ( 1 0° ron) 
Area affect<::d by d ust s torms ( I  03 km2) 
Dust transporred (kg ba · ·  1 year - 1 )  
Population in the arca affected (1 03) 

1 9 66 1 9 7 6  

1 3 ,200 
550 

1 00-1 50 
1 00--200 
5 00-600 

1 9 96 

3 8 ,000 
2 3 00 

2 5 0 - 3 0 0  
5 0 0 700 

3 0 00-3500 

2000 

42,000 
3300 

400--4 5 0  
7 0 0-· 1 1 00 

3 5 0 0--4000 

Sourcc: Ara! Sea C:risis. Communiqu.: on th.: rcsulrs of th.: ilHcmarion:J[ lcchnical. mccring on [.h<:: Ara! S.:a 
Basin probkms, 'Jbshkcm, 1 997 . 

Soils and the desiccated Aral Sea bed 

Most of the soi ls of the Amu Darya River Delta (AD RD) had formed on river al luvium,  
that is frequently layered and with variable texture, close to the present (or  former) 
river bed . Same, on more elevated areas, removed from the river bed, had formed 
on e roded Tertiary and Early Quaternary rocks . 

The soi ls can roughly be d ivided into soi ls associated with and affected by the 
floodplain (former and present) of the river. These include wetlands consisting of 
hyd romorphic meadow and bog soi ls with a relatively h igh clay content, that are 
sl ightly to moderately sal ine (Fig. 3) .  

These soils, that were closest to the river and form most of  the river delta to the 
north, were subjected to annual spring flood ing and were therefore only in l imited 
agricu ltu ral use ; their extent is approximately 800,000 ha. Other soi ls, south-east of 
Nukus ,  in  a narrow strip along the river, are hydromorphic meadow and bog soils 
formed on al luvi um ,  that are non-sal ine or only s l ightly sal ine.  Being ferti le ,  they have 
been under agricu ltural use (with i rrigation) for a very lang t ime; their extent is about 
1 48 ,000 ha. Final ly, to this group of soi ls also belang hydromorphic meadow soils 
that are mi ld ly to strongly sal ine and can therefore be termed Solonchaks ; many of 
these soi ls are covered by a 1 -2 cm thick salt crust; the i r  extent is over 460,000 ha. 
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Figure 3. : Schematic soil map of the southern Aral Sea Basin (after. Soviet Soil  Survey Staff, 1 969). 
Sampling sites are marked by numbers 1 -7 :  I .  Hydromorphic meadow soils (Aquents,Fluvents) with 
a well-developed upper Ap horizon, developed on alluvium. Only slightly saline, highly fertile soils, 
that have been under cultivation for a long time. II. Sl ightly hydromorphic meadow soils (Aquents, 
Arents, Fluvents) developed on alluvium, transition to Solonchaks. Moderately to highly saline. With 
light to moderate drainage. Partly cultivated; delta of the Amu Darya river. III. Hydromorphic, low­
lying bog and meadow soils with a clay texture, with poor drainage. Prone to flooding, sl ightly 
saline; mostly uncultivated. IV: Fine-grained Takyr soils (cambic gypsiorth ids) slightly to moderately 
sal ine, trans itional to Solonchaks (Salorthids) .  V. Takyr soi ls,  in complexesth So lonchaks and sands 
(Psamments) .  Ancient floodplain of Amu Darya river; in patches irrigated, mostly pasture. VI. 
Grayish-brown soi ls, sandy to loamy, slighly sodic; moderately saline, stony, on hilly topography; 
mostly pasture. VII. Usturt Plateau, grayish-brown soils ,  in complexes with Takyr soils ,  Solonchaks 
and sand fields; mostly shallow, occasionally gravelly, with gypsic horizons (Gypsids) ;  not suitable 
für inigation; mostly pasture. VIII. Kizyl Kum desert, sand fields, in complexes with desert soils and 
Solonchaks; low-grade pasture. IX. Water. 
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A second group of soils , more removed from the riverbed or even the floodplain, are 
Takyr5 soi ls .  Takyr soi ls are soils of the desert zone of Central Asia, d istinguished by 
their hard ,  polygonal ly-cracked surface. They exh ib it a I ight-g ray, 1 -2 cm thick 
su rface crust, compact on its upper surface , h ighly porous on its lower surface that 
had formed as a resu lt of high sodicity in  the surface layer from which salts had been 
partly leached . The crust is very hard when dry, sticky when wet, s l ightly to 
moderately calcareous , does not cu rl upon d rying. The Amu Darya Takyrs are mi ld ly 
to moderately sal ine, and also partly sodic6 . Their extent is over 1 m i l l ion ha; 
associated with them are gray-brown ,  sandy to loamy soils that are sl ightly sal ine;  
the i r  extent is 306 ,000 ha. Finally, more removed from the river bed and on more 
elevated terra in to the west , on the Usturt plateau ,  are shal low, stony soi ls that are 
sal i ne to varying degrees , from sl ightly sal ine when they are sandy, to more 
developed gypsic soi ls ; thei r  extent is 740,000 ha (Soviet Soi l SuNey Staff, 1 969) . 

This d istribution of the ADRD suggests that with t ime and development, the river 
sed iments develop either into strongly sal ine Solonchak types of soi ls, or into less 
sal ine Takyr types of soils (Singer et al . ,  2001 ). The most sal ient features of most 
Solonchaks and Takyrs are their crusts. 

Dust generation and transport in  the Southern Aral Sea Basin 

The desiccation of the Aral Sea has resu lted in a dramatic increase in wind erosion 
processes. The number of dust storms has increased considerably. Up to 1 0  major 
dust storms are now reg istered annual ly in the reg ion. ln the past, the original large 
sea water surface, with the associated wet sea atmosphere ,  reduced the strong 
northerly and north-easterly wind activity (Fig. 4) .  

With the d rastic reduction i n  the sea surface, th is  protective action has now been 
reduced significantly. Tagether with the strong reduction in plant cover, resu lting from 
sal in ization and anthropogenic activities, this has led to deflation of huge d imensions 
in some areas, deposition of deflated materials in  others .  

There are d iffering estimates of the volume of material removed,  transported and 
deposited . The average rate of removal from the d ried sea floor has been calculated 
at 2 mm.y(1 . This has been corroborated by measurements which showed that 
during the past 3 decades , a 6-9 cm thick layer of soi l/sediments has been removed 
by wind from the newly dry su rfaces (Semenov, 1 990) . Accord ing to Razakov and 
Kosnazarov ( 1 996) however, the removal rate du ring 1 982-1 989 was much h igher, 
40-1 35 m m .y(1 • The I nstitute of Geology and Geophysics of the Academy of 
Uzbekistan give a removal rate of 22 .8  ton .ha·1 yr" 1 , and a total f igure for the years 
1 960- 1 983 of 43 mi l l ion tons (Razakov and Kosnazarov, 1 996) .  The dust includes 
large concentrations of salt. 

There are d iffering estimates of the volume of material deposited . Accord ing to some 
calculations,  in the Amu Darya Delta region,  on an area of 1 0,000 km2 , on the 
average 90 ,000-1 00, 000 tons of material are deposited annual ly (90-1 00 kg .ha- 1 ) .  On 
1 3,000 km2 of the Ustu rt Plateau, about 40, 000-50,000 tons (3 1 -39 kg ha· 1 .yr" 1 ) have 
been deposited (Orlovsky et al . ,  200 1 ) . Though , as mentioned before, some 

5 According to the Russian Soil Class i tication System (Kovda, 1973 ;  Egorov et al. ,  1987). A "takyric soil 
horizon" is also recognized in the FAO 1998 World Reference B ase for Soil Resources (FAO, 1998) .  
6 Saline soi ls :  Soils that contain !arge amounts of soluble salts, appreciably more soluble than calcium sulfate 
(Singer and Munns, 1999). 



104 Sr:N"GER, A.:  Ara! Sea 

deposition occu rs in the Aral Sea bed (particularly in the port ians that are not yet 
dried up) ,  the overal l  balance is that of deflation and the desiccated and exposed sea 
bottom is considered as one of the major dust sources . 

59°00 . 60°00'  

Fig. 4 :  Average wind d i rection distribut ion in  the Southern Aral Sea Bas in  (after 
Razakov and Kosnazarov, 1 991  ) . 

The gravest ecological consequence of the dust transfer in  the southern Aral Sea 
Basin is the sal in ization of Iands .  The dust includes large concentrations of salt. ln  
sum mer, the salt content i n  the dust is in the range of 30-40%, but  in winter i t  may 
pass 90% (Hydrometeoro logical Center of Uzbekistan) . As a result , huge amounts of 
salt are transferred from the dust sou rce areas (principal ly the d ried Aral Sea bottom) 
and d istributed over the soi ls of the Amu Darya River Delta (Fig.  5 ) .  The p rincipal 
sources for sal ine dusts are the Solonchak soil areas. Between 1 2-20 ton ha-1yr"1 of 
salt are deflated f rom Solonchak soi ls (Kosnazarov, 1 985) . This figure indicates that 
up to nearly 300 kg .ha- 1 of salt were deposited in some areas of the delta during 
1 986 (Tolkacheva, 1 995) . According to Tsitasov ( 1 990) , from 0.2 to 5 ton ha·1 .yr"1 of 
salt are deposited i n  some places in  the Amu Darya river delta by atmospheric 
deposition .  Values vary between 1 1 1 -802 kg.ha"1 .yr" 1 for the exposed Aral Sea 
bottarn and 41 -384 kg . ha- 1 .yr" 1 for Amu Darya River delta soi ls .  Some of the 
atmospherically transported salt reaches the intensively i rrigated and cultivated soils 
far to the south, hundreds of ki lometers from the source areas . 

Methods of Examination 

Crust samples were col lected manually, soil samples using a shovel .  The micro­
morphology and chemical composition of crust materials was examined using a 
model JSM-541 OLV scann ing electron microscope to which an energy-dispersive x­
ray spectrometer (EDSA) was attached. Particle size d istribution was determined by 

43°40 ' 

43°00 ' 

42°20' 
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the Sedimentation method , supplemented by wet s ieving and also by a Malvern 
Mastersizer Laser. Aggregate size material and measuring the amount of C02 
evolved (Bundy and Bremner, 1 972) . Organic C was determined using a CNS 
analyzer. Soluble salts were extracted and analyzed by ICP and ion chromatography. 

Suspended dust produced during a wind storm is main ly caused by abrasion of soi l 
aggregates and crust by saltating particles (Gi l lette , 1 977) . Abrasion stud ies have 
shown that the mass lost per impact is directly p roport ional to the kinetic energy of 
the impacting particle (Greeley and lversen , 1 985) . The USDA, Agricu ltu ral Research 
Service , Wind Erosion and Water Conservation Research Un it in Lubbock, Texas 
developed the Lubbock Dust Generation, Analysis and Sampl ing System (LDGASS) 
to s imulate dust emissions generated by applying kinetic energy to a dust source 
sample (Gi l l  et al . ,  1 999) . 

Fig. 5 :  D istribution of d ry aerosol deposits in the Southern Aral Sea Basin for 1 986, in 
tons ha·1 year' 1 (after Razakov and Kosnazarov, 1 99 1  ). Sea shore line is for 1 986; 
shaded areas are low-lying marshes. 



1 06 

I f '  ' \ I I \ Motor I \ \) 

A i r  Vent 
' /.,  I · Valve Open 

J;- :� 

STNGER, A.:  Aral Sea 

UJlv�d 1: '1 11 1 B I 

1 
_ I LdJ Sett l ing Chamber 
Mini V��lerl =Sa:J 

Vacu u� Gaug:J � 
\ , � �Y.:I.o��---

c \ 
D_ Dust Separator ! (<0)  j=J ;  �C , Final Dust Filter 

I ,__: ___J 

Vacuum Dontrol Valve 

Fig. 6 :  The Lubbock Dust G eneration, Analysis and Sampl ing System (LDGASS) . 

RESULTS 

Sei l/sediment and crust characteristics 

Particle-size distribution 

The salt-free particle-size d istribution of the soil sedi ment and salt crust are given in 
Table 2. Fine sand dominates in all materials except the desiccated sea bottom crust. 
Coarse sand is negl igible; medium sand is present in minor  quantities only. The 
Takyr crust from Site 2 contains a s izable s i lt fraction . The Takyr- l ike soil at S ite 3 
has a s im i lar grain-size d istribution . The sub-crust at S ite 1 below the salt crust has a 
grain-size d istribution simi lar to that of the salt crust. l n  the Solonchak soils from Sites 
4 and 5, fine sand and silt dominate. The amounts of c lay and coarse sand are very 
low. 

Aggregate size distribution is shown in Table 3. The Takyr crust from Site 2 had the 
highest proportion of very fine aggregates, the salt crusts from Sites 1 ,  4, 6 and 7, the 
highest p roportians of very coarse aggregates. 
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Table 2 

Sit� Partick si?..: di.u·ibution (%) Organk C ·x, Cac:o,. % Salts % 
C1ay 

< 0 ·002 mm 
Silt 

0 ·002--0 · 05 mm 
· ·········· ······· ···--·-·-·-------.... 

0 4 · 5  Sub-cnlS! 0 0·6 2 1 2 · ()  3 2 · 8  ] 5 ·4 26·5 
4 9 ·  I 3 1 ·8 
5 .3 · 6  1 6· 4  
6 1 · 7 50· 7 
7 0 · 2  4S·? 

•QI'!. :.l !'1liH-r'.:o.: b:.J.M�-

Table 3 

•-· ·-····-----• ·'�''"''' 0 ,, .. , , .• • ' ' '  • • ''-'• ' '-'·'-'• ••-•-•• ·••••••••A•O�' ''''''�''''O 

Fine '""d 
O ·ll5-0·20mm 

80· 1 

80·0 
52 •I 
6 6 · 8  

5 5 · 7  

76· ·• 

3 8 · 9  

•12 · ()  

,\>\edium snnd 
0 · 20-·0 · 5 m m  

I <! ·  3 
1 !! ·4 

O·S 

! · I  

1 · 6  
2 ·7 
2 · 0  

1 · 8 

C:oarsl! sand 
0 · 5--2·00 rnm 

1 · 1 

1 · 0 

! · I  

0-3 
1 ·8 0·9 
6 · 7  

6·2 

0 · 3  

O · J  

1 ·6 
1 ·0 

1 ·6 
0 ·9 

0 - 4  
0 ·8 

Tab1e 3. Cvmp(IJiciou ,)f ,,du }imu �·ur1 �·ruscs i�JU{ mrj1.1.:.r: soil .�.:Jhmm!j ;" r)u'l. Smah.:nr Ami .S'c•a B11sin. 
Sitc Sl!dimcnt �ource Salts ?-Ja . Mgo� K• Cah sr• (p.p.m.) er so; - No ;·c%.) 

(%) (%) (%) (%,) (%) (%) .. .... . .................. . .. _ ·--------- ------------------···--·--·--·--·-···-···---�·-�------------·�- ... . 
Salt crusr 42·0 8· � 0 · 5  0 · 1 7 · 3  1 ·540 4·9 20 · 9 0 · 04 

Sub-crust 3· 1 0·24 0 · 1  0· 1 0·56 0 · 9  1 · 2  
2 Takyr crust 5 · 7  0·81 0 · 1  0 · 0 1 5  0 · 78 2 ·5 1 · 46 0 ·0 1 6  3 Takyr-1ike soil 0 · 3  0·01 0· 1 0·006 0·08 0·0 1 3  0 · 1 7 1  0 · 006 
4 Hydromorphic Solonchak 1 2 · 7  3 · 1 O·S 0 · 1  1 · 9  550 3 · 1  3 · 5  0 · 1 2  
5 Solonchak 6 · 1  0 · 9  0 2 0 · 1 1 ·8 1 50 1 ·0 2 · 0  0 · 1 5  6 D�siccated sca bonom crust 5 9 · 3  1 6 · 0  2 6 0 - 4  4 · 1 6 1 0  1 2 · 2  2 4 · 0  0·07 
7 DcsiL:caced sca bonom crust 44·4 1 0 · 9  3 · 0  tl-4 3 · 3  650 1 0 · 8  1 5 ·8 

8·6 42·0 

1 6 · 1 J · l  

S ·O 5 · 7  

1 •! · 2  0 · 3 

1 0 · 2  1 2 ·7 

1 0 · 6  () · 1  
i · ·l 59·3  

1 0 · 0  -14··1 

F POj 
(p.p.:n.) (p.p.m.j 

---· 

246 

2·10 1 780 
1 20 

1 650 

I SH 

Fig. 7 A presents the salt-free particle size d istribution of the salt crust from Site 1 as 
determined by Iaser. Particles of 1 00 J.lm equ ivalent diameter absolutely dominate. 
Coarse and medium sand and clay are negl ig ible; s ilt is present in m inor quantities 
only. SEM Observations however showed that the size of the salt crystall ites varied 
between 5-1 0 J.lm . They were arranged in one dense, interlocking matrix (Singer et 
al . ,  2001 ) .  A secend generation of smaller, apparently less crystal l ine particles was 
sometimes located on top . 

The soi l  below the crust from Site 1 and the Takyr- l ike soi l  from S ite 3 have simi lar 
particle s ize d istributions. ln the Takyr crust from Site 2, on the other hand, the 
maxima had shifted to lower s izes , with a major peak at about 65 J.lm and a smaller 
peak at 8 J.lm . This corresponds to finer sand and a sizeable s i lt fraction . 

The Iaser particle size distribution cu rves of the Solonchaks from S ites 4 and 5 
(Kungrad area) and of the Aral Sea bottom sediments (Sites 6 and 7) is shown in 
Fig. 7 8 .  
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l n  the Aral Sea bottarn sediments , -20 �-tm particles dominate , in d istinct cantrast to 
the salt crust from Site 1 ,  where 1 00 �-tm particles dominate. l n  the Kungrad 
Solonchak soils from Sites 4 and 5 ,  peaks at 60-80 )..lm indicate the dominance of f ine 
sand . 
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Fig . 7 :  Particle size d istribution (salt free) as determined by Malvern Mastersizer 
Laser of materials from (A) S ites 1 -3 ( after Singer et al . ,  200 1 ) : a- 1 I salt crust; b-1 I 1 -
25 cm; c-2� Takyr crust; d-3, 0-25 cm soi l .  (B) S ites 4-7: a-4 , hydromorphic 
Solonchak; b-5 , Solonchak; c-6 , desiccated sea bottarn crust; d-7� desiccated sea 
bottarn crust. 
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Al l  materials contain moderate amounts of carbonates (Table 2) . The sub-crust below 
the salt crust of S ite 1 contains the highest amount of carbonates , the d ried sea 
bottom crust from S ite 6, the lowest (7:45%). The only carbonate present is calcite, 
except in the Solonchak from Site 4,  where some dolomite is present too . 

Organic carbon is p resent in  all materials in  low amounts only (Table 2) .  The h ighest 
amount ( 1 . 62% org. C) was found in the hydromorphic Solonchak of S ite 4,  the 
lowest amount (0.28% org .  C) in the sub-crust of S ite 1 .  

Al l  soils contain salts (Table 2) .  The highest amounts (59.3 and 44.4%) are present in 
the salt crusts of the dried sea bottom soils from Sites 6 and 7 .  The salt crust of the 
Solonchak soi l from Site 1 contains 42 :0% salt. The lowest amounts were determined 
in the Takyr- l ike soi l  of S ite 3.  ln the hydromorphic Solonchak from Site 4 and in the 
Takyr- l ike soi l from Site 3, sulfates dominate over chlorides (Table 4) . l n  all other 
materials, chlorides and su lfates are represented in about equal proport ions. Nitrates 
in very minor amounts were identified in the Takyr crust from Site 2 ,  in the salt crusts 
from the dried sea bottom and in the hydromorphic Solonchak from S ite 4. Trace to 
minor amounts of f luorides were identified in  the materials f rom Sites 4-7. The dried 
sea bottom salt crusts also contained traces of bromine.  Among the cations, calcium 
dominated , except in  the crusts , where sodium was the dominant cation.  Potassium 
in s ignif icant amou nts was present in  the soil below the salt crust of S ite 1 .  Sod ium is 
the dominant cation in the soils/sediments of Sites 5-7. l t  is fol lowed by magnesium 
in the salt crusts of S ites 6 and 7,  and by calcium in the Solonchak soi ls of Sites 5 
and 6 .  Significant amounts of potassium were present in the salt crusts too . M inor 
amou nts of strontium were identified in  the extracts of al l  materials .  For the 
mineralogy of some of the soils/sediments see S inger et a l .  (2001 ) . 

Table 4. J>.i\-I 10 and PM2.5 dusr genamioll by rhe Lubbvcl� dust genaarurji"IJJII rhe 

Sourh Ara/ Sea Basin wilsis.:dimenrs 

Site 

Sub-crust 
2 
3 
4 
5 
6 
7 

Dust (PJv1 10) conc. 
(mg m 3) 

3 9 · 6  
8 1 · 6 

5 7 9 · 3  
3 7 9 · 5  
1 1 5 · 3  
5 2 0 · 5  
252 · 3  
1 1  I · 6  

Dust (Pivt2 .5)  conc. 
(mg m 1) 

1 9 · l 1 6 · 5 
2 6 1 · 1  
1 35 · 0  

2 5 · 6  
1 6 1 · 7  

8 5 · 1 
2 5 · 4  

Relative Pl\12 . 5  c o n c .  

('�';, ) 
4 8 · 2  
2 0 · 2  
4 5 · 1 
34 · 0  
2 2 · 2  
32 · 2 
3 3 · 7  22 · 8 

Fig.  8 shows the particle size distribution cuNe (PDC) of the generated P M 1 0  dust. 
Only very l ittle P M 1 0  dust (39.6 mg .m-3) had been produced by the salt crust of S ite 1 ,  
but a relatively large proportion of that dust, 48.2% is PM2.5 (Table 5) .  The dust 
p roduced from the salt crust on Site 1 has a d istinctly bimodal d istribution cuNe, with 
one major maximum at about 1 .5 !J.m and a second at 5 J.Lm (Fig .  8 A) . S ince there is 

no aluminosi l icate clay and very l i ttle si lt {Table 2) in the crust, most of th is dust must 
have been composed by salt particles . Also very l itt le P M 1 0  dust (81 .6 mg. m-3) was 
produced by the subcrust soi l f rom Site 1 .  About 1 /5 of that dust was PM2.s· The dust 
produced from that soi l has a nearly un i-modal d istribution,  peaking at 9 !J.m. 
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ln strong cantrast to the salt crust, the 
Takyr crust generated a very lar�e 
amount of P M 1 0  dust (579 .3 mg. m· ) ,  
about 1 4  t imes more;  The proportion of 
PM2.5 in  this d ust, however, was s imi lar to 
that in the salt crust (45 . 1  %) . The 
d istribution cu rve obtained from th is P M 1 o 
dust was d istinctly un i-modal, peaking at 
3 j.lm (Fig .  8 8) .  lt should be noted that 
the Takyr crust contains relatively large 
amounts of s i lt (Tab le 2) . 

The amount of P M 1 0  dust generated from 
the Takyr- l ike soil at S ite 3 was, with 
379.5 mg .m·3, sti l l  large but smaller than 
from the T akyr soil crust. The PM2.s 
proportion in this dust was also smaller 
than in the d ust from the Takyr soi l crust, 
34%. The P DC from this soil was also 
uni-modal ,  but displayed two bu lges, one 
in the clay sized particle range, the other 
at about 1 5  j.lm . The peak of the curve 
was at 4 IJ.m (Fig.  8 C) . 

From the Solonchak from Site 4 ,  l ittle 
PM10  dust was generated , only 1 1 5 .3 
mg .m·3 , and on ly about one-fifth of that 
dust was PM2 5 (22 .2%) . Very much larger 
(520 .5  mg.m-3) amounts of PM10  were 
produced from the Solonchak at S ite 5 ,  
and a larger p roportion (32.2%) of  that 
dust was PM2.5. The PDC curves of 
Solonchaks 4 and 5 dust were distinctly 
u ni-modal ,  with the maxima at 6 IJ.m for 
S ite 4 and 3 IJ.m for Site 5 .  

Different amounts of  P M 1 0  dust were 
generated from the Aral Sea bottom 
crusts. From one crust (Site 6), the 
amount of dust obtained was 252 .3 mg. 
m·3 , from the other crust (S ite 7) it was 
much lower, 1 1 1 .6 mg . m·3 . 
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Fig . 8: Particle size distribution curves of PM1  0 dust generated by the Lubbock dust 
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(A) S ite 2, Takyr crust; (B) S ite 1 ,  salt crust; (C) site 3, Takyr-l ike soi l ;  (D) Site 6,  
desiccated sea bottarn crust. 
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The highest amount of P M 1 0  dust was generated by the Takyr crust from S ite 2. This 
suggests that Takyr crust material potentially has a very high P M 1 0  dust generation 
capabi l ity. The PM205 dust generation of this material too is very high,  45. 1 %  of the 
PM10  dust (Table 5) . This material contains relatively large amounts of clay and s i lt, 
and is only mi ld ly sal ine and calcareous. Noteworthy is the dominant proportion of 
very fine aggregates (<7 1 1-1m) . 
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Zobeck et al .  ( 1 999) found for a !arge group of soils from Lubbock, Texas, that PM1o  
concentration by texture group varied from 35 mg. m·3 for clay soils to  500 mg.m·3 for 
sandy clay soi ls .  l n  general ,  PM10 concentration increased with i ncreasing clay 
content with the exception of the clay soil samples. 

The mean PM10 concentration for two fine sandy loam soi ls from west Texas, 
measu red by the same procedure as that in this study, was 84. 7  mg m·3 (Zobeck et 
al . ,  2000) .  For the examination of the effects of texture on dust emission, the 
techn ique of particle size determination, i .e .  d ry sieving or  d ispersed particle sizing is 
important. Chandler et al. ( 1 998) found strong trends between the soil dustiness 
index (0) and both clay and silt contents in  soils analyzed by mechanical sieves and 
aerodynamic sizing. Simi lar trends did not exist between 0 and soil texture classes 
as determined by d ispersed particle sizing. This intu itively suggests that dust 
generation of soi ls is a measure of the dust freely avai lable in  a natu ral-aggregated 
cond ition . This is confirmed by the SASB soils and sedi ments , where the highest 
PM1 o dust concentrations were generated by the Takyr soil crust material which also 
had the highest p roportion of fine aggregates (<71 IJm) (Table 3) .  
l n  contrast, PM10 dust generated by the hydromorphic Solonchak from Site 4, which 
also has a fai rly high clay and si lt content, was much lower. This should be explained 
by the fact that this material had a much lower proportion of f ine aggregates . On the 
other hand, the Solonchak from Site 5, which had low amounts of clay and si lt , but 
large amounts of fine aggregates, generated large amounts of PM10 .  The subcrust 
material from Site 1 ( 1 - 1 5  cm) , with only a very low amount of f ine aggregates, 
generated only very low concentrations of PM 10 dust. The Takyr- l ike soil from Site 3,  
with a sizeable amount of f ine aggregates, generated relatively large amounts of 
PM 10 dust. The Aral Sea bottom sediments from S ites 6 and 7,  with low amounts of 
fine aggregates ,  p roduced on ly low amounts of PM10 dust. The trends in  PM2.s dust 
production were simi lar. 

Particularly low P M10 dust emissions are from soils with high salt contents . The salt 
crust from Site 1 had the lowest PM10 dust emission.  The materials from the 
desiccated sea bottom (Sites 6 and 7) , that were covered with salt crusts , emitted 
relatively low PM 10 dust concentrations. Also the hydromorphic Solonchak from Site 
4, that contained nearly 20% salts , had a very low PM10 dust emission. 

Apparently salts dimin ish PM1 0 dust generation . The materials from the Sites with the 
highest dust generation (Sites 2, 3 ,  and 5)  had also the lowest salt contents . The 
d ifferences in dust generation between the Solonchak materials from Sites 4 and 5 
and between the desiccated sea floor materials from Sites 6 and 7 are associated 
with d ifferences in salt content. Most salt crust crystall ites are in the size group of fine 
s i lt ,  5-1 0 IJm (Singer et a l . , 200 1 ) .  This s ize-group should be susceptible to 
suspension as dust. But apparently these salt crystal l ites are aggregated into much 
larger u nits ,  which appear to be stable .  ln the salt crust from Site 1 ,  the crystall ites 
can be seen to have formed a tightly interfitti ng mosaic (Singer et al . ,  200 1 ) .  

From Table 3 ,  the salt crust materials can be  seen to  have dis integrated into a h igh 
proportion of large (>1 ,400 IJm) aggregates,  and into a low proportion of small 
( < 1 40 IJm) aggregates . in contrast, the materials with the lowest contents in salts , 
have low proportians of very large aggregates. lt must be concluded that high salt 
contents (of evaporitic origin) in surface crusts of soi ls/sediments induce the 
formation of large,  stable aggregates , that do not generate much PM10 dust. Salt 
crusts from the SASB,  examined in a wind tunnel ,  h ad very high threshold shear 
velocities (Argaman et al . ,  2002 , personal communication) . 
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Yet according to Razakov and Kosnazarov ( 1 996) , the salt crust in sandy and sandy­
loam soi ls from the exposed bed of the Aral Sea, was destroyed and removed by 
even l ight winds (velocity of 2 .5-5 .0 m .sec-1 ) .  On loam and clay soi ls ,  the salt crust 
was destroyed by winds exceed ing a velocity of 7 m.sec·1 . This suggests a high 
susceptibi l ity of the salt crusts to wind erosion. The very high salt contents in 
atmospheric dusts col lected from over the SASB also suggest salt crusts as potential 
sou rces for dust generation.  

CONCLUSIONS 

From the i r  high PM 10 dust generating capabi l ity, it can be concluded that the Takyr 
and Takyr- l ike soils from the SASS constitute the surfaces with the highest potential 
for being the source for the severe dust storms of the area. These are the fine­
grained , sl ightly to moderately sal ine Takyr soi ls (cambic gypsiorth ids) an the left and 
right hand of the Amu Darya river bed , somewhat removed from the bed (Fig. 5) . 
Their extent is over 0 .5  mi l l ion ha. Same Takyrs are in association with solonchaks 
and sands. The extent of their soil association ,  to the east and even more removed 
from the river bed, is over 600,000 ha. On the Ustu rt Plateau , to the west of the Amu 
Darya River Delta, are soi l associations that include Takyr and Takyr-l i ke soils too . 
This indicates that huge areas , of over 1 mi l l ion ha, have a prime potential for 
generating PM10 dust. l n  addition to the Takyr soi ls ,  Solonchak soi ls too have a PM1o  
dust generating capabi l ity, some d i rectly, as  shown in this study for the Solonchak 
from Site V, and others if the abrad ing action of saltating sand grains is taken into 
account .  l ncluding the Solonchak soils as potential sou rces for PM10 dust, would add 
at least 1 mi l l ion ha in the Amu Darya River Delta, as weil as a sizeable portion of the 
4 mi l l ion ha of desiccated Aral Sea bed . 

The impl ication is that left i n  their present state, large areas i n  the SASB wi l l  continue 
under the impact of prevai l ing strong winds, to generate huge amounts of dust with 
al l  its negative ecological consequences . Probably the most efficient measure to 
cou nteract th is is a massive program of phytomelioration for the conservation of the 
natural vegetation and by complementary revegetation by su itable plants (Wucherer 
and Breckle, 2001 ) . 

References 

Amante-Orozco, A. (2000) Fine particulate matter generation under control led Iabaratory and wind 
tunnel conditions. Ph.D .  Dissertation. Texas Tech . Univeristy, Lubbock,  TX 1 98 p. 

Breckle, S . ,  Scheffer A. & W ucherer, W. (2001 ) Halophytes on the dry sea floor of the Aral Sea. p. 
1 39-1 46. i n :  W. Breckle, M. Veste and W. W ucherer (Eds . )  Susta inable Land Use in Deserts. 
Springer. 

Bundy, L.G.  & Bremner, J .M .  ( 1 972) A sim ple titrimetric method for determ ination of inorganic 
carbon in soi ls .  Soil Sei. Soc. Am. Proc. 36:273-275. 

Chandler, D.G . ,  Horning,  L . ,  Stetler, L. & Saxton, E. ( 1 998) Relating em pirical parameters of a dust 
emission model to loess soil properties. p. 42-44. in :  Dust Aerosols, Loess Soils and G lobal 
Change (A. Busacca, ed . ) .  Washington State Un iversity, Publ ication No .  M ISCO 1 90. 

Egorov, N. ,  Fridland, A . ,  lvanova, I .  & Rogov, I .  ( 1 987) Classification and diagnostics of the soils of the 
USSR.  Translation from R ussian, Balkema Press, Rotterdam . 385 pp.  

FAO (1 998) W orld Reference Base for Soi l  Resources. World Soi l  Resources Reports No. 84. 



SINGER, A.:  Aral Sea 1 1 5 

Gi l l ,  T.E. ,  Zobeck, T.M . ,  Stout, J . E. & G regory, J .M .  ( 1 999) Fugitive dust generation in the laboratory. 
Proceedings of the Wind Erosion International Symposium-Workshop US DA-ARS, Wind Erosion 
Research Unit, Kansas State U niversity, Manhattan, KS 6 p. 

Gi l lette, D .A. ( 1 977) Fine particulate emissions due to wind erosion . Trans Amer. Soc. Agric. Engin . 
20(5): 890-897. 

Glantz, M .H .  ( 1 999) Sustainable development and creeping environmental problems in the Aral Sea 
region. p. 1 -25. ln :  M.H. G lantz (Ed.) Greeping Environmental Problems and Sustainable 
Development in the Aral Sea Basin. Garnbridge Un iversity Press, Gambridge. 291 pp. 

Gordian, M .E. ,  Ozkaynak, H. ,  Xue, J. Morris, S .S .  & Spengler, J .D .  ( 1 996) Particulate air pol lution and 
respiratory disease in Anchorage, Alaska. Env. Health Perspectives 1 04:290-297. 

Greeley, R .  & lversen, J .D .  ( 1 985) W ind as a Geological Process an Earth , Mars, Venus and Titan. 
Garnbridge Planetary Sei. Series No. 4 .  Garn bridge Univ. Press, Cambridge. 333 p. 

Grigoryev, A. ( 1 99 1 )  Ecological lessons of the past and present. Nauka, Len ingrad, 251 pp. Cited in: 
Orlovsky, N. ,  G lantz, M.,  Orlovsky, L. ,  2001 . I rrigation and Land Degradation in the Aral Sea Basin. 
p. 1 1 5-1 25. ln :  W.  Breckle, M .  Veste and W.  Wucherer (eds . )  Sustainable Land Use in Deserts. 
Springer Verl ag , 463 p. 

Homolya, J .  ( 1 999) Particu late matter (PM2 5) Speciation Guidance Document. Jan uary 21 , 1 999. 
DRAFT 1 31 U .S .  EPA. 

Hunser, C. & N ickl ing , W. (200 1 )  The emission and vertical flux of particu late matter <1 0 IJm from a 
disturbed c lay-crusted surface. Sedimentology 48:255-267. 

lvanov, N . ,  Ghub, E . ,  Subbotina, 0. ,  Tolkacheva, G. & Toryann ikova, R. ( 1 996) Review of the 
Scientific and Environmental lssues of the Aral Sea Basin .  p. 9-21 . l n :  The Aral Sea Basin (P. 
Mickl in amd W. Wil l iams (Eds.). Nato Asi Series 2, Environment - Val. 1 2. Springer Verlag. 1 87 pp. 

Kosnazarov, K.A. ( 1 985) Study of wind transport of dust and salt from dry bottarn of the Aral Sea. 
Report an scientific research work, SAN I I R I ,  Tashkent, p. 2-45 . 

Kovda, V.A. ( 1 973) Soi ls in relation to sal inity, i rrigation and drainage. ln :  I rrigation , Drainage and 
Sal inity - An International Source Book. FAO/UN ESCO, p. 55-79. H utch inson, London. 

M ickl in ,  P .  ( 1 988) Desiccation of the Aral Sea, a water management disaster in the Soviet Union. 
Science (4870) 241 : 1 1 70-1 1 76 .  

M ickl in ,  P .  ( 1 996) I ntroductory remarks an  the Aral issue. p. 3-8. l n :  The Aral Sea Basin (P .  M ickl in 
and W. Wi l l iams (Eds . ) ) .  Nato Asi Series 2, Environment - Val .  1 2. Springer Verlag . 1 87 pp. 

Orlovsky, N . ,  G lantz, M .  & Orlovsky, L. (2001 )  I rrigation and land degradation in the Aral Sea Bas in.  p. 
1 1 5-1 25. ln: W. Breckle, M .  Veste and W. W ucherer (Eds.) Sustainable Land Use in Deserts. 
Springer Verlag . 463 pp. 

Pope, C.A. I I I ,  Bates, D .V. & Raizenne, M.E .  ( 1 996) Health effects of particulate air pollution: time for 
reassessment? Env. Health Perspectives 1 03:472-480. 

Rafikov, A. ( 1 999) Regional desertification in the Aral Sea Basin.  ln :  M .H .  G lantz (Ed.) Greeping 
Environmental Problems and Sustainable Development in the Aral Sea Basin .  Garnbridge 
University Press, Cambridge. 29 1 pp. 

Razakov, R. & Kosnazarov, K. ( 1 991 ) The processes of salt formation and aeolian transfer in the Aral 
Sea zone. FAN , Nucus, 1 90 p. (in Russian). 

Razakov, R .  & Kosnazarov, K. ( 1 996) Dust and salt transfer from the exposed bed of the Aral Sea 
and measures to decrease its environmental impact. p. 95-1 02. l n :  The Aral Sea Basin (P. M icklin 
amd W. Wil l iams (Eds . ) .  Nato Asi Series 2, Environment - Val. 1 2. Springer Verlag. 1 87 pp. 

Semenov, 0. ( 1 990) Assessment of the amounts of salt and sand transfer from the draining area of a 
dune l n :  G idrometeorologischeskie problemy Priaralya (Hydrometeorological problems of Ural 
region).  G idrometizdat, Leningrad, pp. 200-21 6 ( in Russian) . 

Singer, M .  & Munns,  D. ( 1 999) Soi ls, an lntroduction. Fourth Edit ion. Prentice Hal l .  527 pp. 

Singer, A. ,  Ban in ,  A. ,  Poberezsky, L. & Gi lenko, M .  (200 1 )  Soi l  crusts in the Amudarya River Delta: 
Properties and formation. p. 1 03-1 1 4. n: W. Breckle, M .  Veste and W .  W ucherer (Eds.) Sustainable 
Land Use in  Deserts. Springer Verlag. 463 pp. 



1 16 SINGER, A.: Ara! Sea 

Soi l  Survey Staff. ( 1 996) Keys to Soil Taxonomy. 7'h Edition , USDA. Natural Resources Conservation 
Service, Washington. 644 pp. 

Soviet Soi l  Survey Statt (Antizatorova et al.) ( 1 969) Soi l Map of the Karakalpak Autonomaus Region. 
M in istry of lnterior, N ukus. 

Tegen , 1 . ,  Lacis , A.A. & Fung, I . ( 1 996) The inf luence an cl imate forcing of mineral aerosols from 
disturbed soi ls. N ature 380:41 9-422. 

Tolkacheva, G .A. ( 1 995) On the assessment of the possib le extent of salt transport carried along by 
wind from the dried coast and sea bottarn part and water surface of Aral Sea. Proceeding of 
SAN IGMI ,  Tashkent, p. 1 3-1 8.  

Tolkacheva, G.A . ,  Kovalevskaya, J . l . ,  Askenova, LA. ,  & Gorelkin , N . E. ( 1 995) Study of thechem ical 
composition of the Aral Sea area soils and their contribution to the processes of aerosol formation. 
Proceeding of SAN I G M I ,  Tash kent, p. 55-64. 

Tsitsasov, G . N .  (ed.) ( 1 990) Hydrometeorological problems of the Aral reg ion . G idrometeozdat. 
Leningrad. 277 pp. 

-

Tsoar, H .  & Pye, K. ( 1 987) Dust transport and the question of desert loess formation. Sedimentology 
34: 1 39�1 53. 

W ucherer, W.  & Breckle, S.W. (2001 )  Vegetation dynam ics on the dry sea floor of the Aral Sea. p. 
53-68. ln: W.  Breckle, M .  Veste and W. Wucherer (Eds.)  Sustainable Land Use in Deserts. 
Springer Verlag. 

Zobeck, T .M. ,  G i l l ,  T. & Popham , T. ( 1 999) A two-parameter Weibul l  function to describe airborne 
dust particle size d istributions. Earth Surf. Process. Landforms 24:943-955. 

Zobeck, T .M. ,  Upchurch,  D .R.  & Rhoton, F.E. (2000) Ferrihydrite influence on soil aggregate stability: 
Effect on dustiness. ASNCSSNSSSA Annual Meetings Abstracts , American Society of Agronomy, 
Madison, Wl .  p. 3 1 5 .  

Zobeck, T.M.  & Amante-Orozco, A. (2001 ) Effect of Dust Source Clay and Carbonate Content on 
Fug itive Dust Emissions. Proceedings of the 1 01h International Em ission lnventory Conference, 
Denver, CO. 

Acknowledgements. This research was supported in part under Grant No.CA1 6-0 1 3  
US- Israel Cooperative Development Research Program , Economic G rowth , US 
Agency for I nternational Development. Mr. Dean Holder from the USDA-Agricultu ral 
Research Service is thanked for his devoted sample and data processing work. 




