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Executive Summary

Many years of excessive irrigation and massive exploitation of local water resources in til<
Akdalinsky sand dune terrain of the lIy river basin have caused considerable deterioration of soil
and water in the area. Extensive flood irrigation over sandy soils. lcading to lcachmg of nutrients
from the root zone. soil swamping. alkalization and secondary salinization. have resulted in
pollution ofsurface and underground water, associated with significant decreases in crop yield and
quality of life of the local population. This project allowed quanlllati, e characterization of til<
complex hydrological and hydrochemical features in the Akdalinsky agricultural land. Based on
this characterization. recommendations were drawn up to decrease the negatiw impacts of
anthropogenic activities on the soil and water environment in the cultivated sand dunes area. The
approach used for this study was based on analyses and integration of field data. and d<."tailed
numerical simulations of different agricultural production and water management strategJeS.

The innovative aspects of the project lie in further development of the methodology to
detennine appropriate ecological water demand for irrigation in dry lands. We demonstrate that
crop pattern changes will reduce the water consumption for irrigation and return flow of dr.llnage
water to the lIy River. Results indicate that increasing the area of rice fields will furtil<r kad to
land swamping and deteriorating hydro-ecological conditions. leachate of polluted water from til<
irrigated area rerurns into the lIy River Via seepage and surface dramage. affecting til< water
quality of the lIy delta. Alternatively. decreasing the proportion of rice fields in the area will lead
to lowering of the groundwater levcl to 3-5 m below surface and sccoodary salinization of a
significant part of this land. Application of models to simulate different watet' management
seenarios enabled us to find the optimal relation berween areas of rice and OIher crops. For
example. keeping an area of 4200-4500 ha for rice fields out of 15.200 ha in til< Ba1:hbakhry
region is the moo;r rational solution for this region.

The results of this research have been used for planning water and agricultural aai,iues in
the region in the framework of a project for reconstructing irrigation and drainage systems
Specifically. the GIS-based database and developed model of hydrological and hydrochetmcaI
conditions are being included as part of the automated information sy:ilem for monitormg
ecological conditions in the study area. The Kazakhstan Institute of Hydrogeology and
Hydrophysics (IHHI panicipates in transfer of the developed tcchnology and muning of water
authority professionals. The model will enable estimation of the efficiency of planned acti'it;':';
regarding reconstructIon of the Akdahnsky irrigation system. in order to predict their effect on
conditions in the study area for different crop rOlation seenanos

As a result of this project. the computing facilities in the labo13tory of \lodehng and
Hydrodynamics of the IHH "ere strengthened. The Kazakh researchers were trained in usmg the
Groundwater Modeling System. geo-information system \laplnfo and database managemenl
system FOXPRO.
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Researcb Objectives

In many parts of the world. significant portions of irrigated land are subject to degradation.
salinization and contamination. making irrigation unsustainable (Scherr and Yadav. I<)% I Due to
excessive irrigation and consequenl rising groundwater levels. the installation of expensi\ e
drainage systems is required. increasing the cost of crop production. This also induces the problem
of disposal of drainage effluent. which is usually loaded with salts and. when thrown into the river.
contaminates the river dO\\nstream. The problem is Iherefore how to use water more effiCiently In

order 10 prevent environmental damage and 10 gel a bener return for the cost of supplied waler tD.
Hillel. in "Fresh Waler resources in Arid Lands~. 1997l.

The conditions of water and soil resources in Kazakhstan are in many ways determin.:d by
the influence of past water-related tcchnological development and agricultural activities. During
the Soviet period. Kazakhstan implemented many poorly designed and construCled land
reclamation projects. associated ",ith Ihe diversion of water from far basins. The p~o;es of
environmental deterioration can be observed in the fly-Balkhash region. '" here a big industnal
agricultural complex was established over sand dune terrain based on water dhersion from the Ily
river. A total area of 30.000 ha were irrigated for gro\l ing rice. wheat. com. tobacco. sugar beel
vegetables and fruil. Previous research TC\ealed Ihat many years of excessi\e ImgaliOfl and
unsustainable exploitation of local water resources in the Akdalinsky land of the IIy Rl\er basin
caused considerable deterioration of soil and water. including leaching of nutnenlS from the root
zone. soil swamping. alkalization and secondary salinization. and pollution of surface and
underground water (Vesselov et £11.. 1996a.b). Observations show significant le\els of pesticIdes
and biogenic contaminanls in drainage water. The Ianer is recharged back inlo the IIy and Karatal
Rivers. which. despite their poor water quality. are used by the local dov\nstream population for
domestic purposes. A decrease in discharge of the rivers in the basin wa.< detected. together with a
lowering of the water level in the Balkhash Lake. Desertification features ha\e bet:n observed
during the last 15 years over the entire area. associated \I ith qualitative and quantitatl\e changes in
groundwater. which is the central component of the ecological system. Therefore. an assessment of
rational strategies for exploitation of water resources and prevention of contaminalion of the soil
and water environment is a primary task. Investigation of these problems can be done by
developing a physical and hydrochemical database and by applying mathematical model analyses
For example. applying a global water and food analysis modeltCai. :!0041 demonstrated that there
is Iinle hope of resolving the conflict between agricultural water demand and ecologK:al \\ater
demand in the Yellow River Basin.

The aim of this research was quantitative elaboration of a complex ofhvdrological features
in order to decrease the negative effects of anthropogenic activities on the 5011 and water
environment in the agricultural area of the II} River basin. This is based on: II Ao;se,;.sing the
extent of pollution and salinization of surface and underground water; :!) Adapting and
implementing models for prediCling the path and rates of pollutant migration and for simulatmg
scenarios under \'arious types of water resources exploitation: ~ I Analyzing the results of
hydrological simulations 10 determine measures for decreasing the nsks of en\'ironmelllal
pollution; 4) Assessing suitable scenarios for sustainable development of water resources in the
study area.

The innovative aspeClS of the project involve further development of the methodology to
determine appropriate ecological water demand for irrigation in dry' lands. The aim \\ as to examrne
how changes in crop panern will affect the water consumption for imgation and return 11,)\\ of
drainage water to the lIy River. The results of simulations for dilTefl.'Tlt agricultural and \later
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application scenarios will help planners in protecting lhe local en,'ironmenl and establishing
sustainable cultivation in this area, The "Jetisuss" hydrogeological-reclamation expedition by the
Kazakhstan Ministry of Agriculture has slarted using lhe results oflhis research, This organlZalion
is responsible for water managemenl in lhe area. participating in act;,'itles concerning re-design
and reconstruction of the Akdalinsky irrigation system The staff of this expedition help<'d In

organiLing field tnps by Kazakhstan and Israeli investigators [0 lhe research Slle. and supphed data
from field observalions.
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Methods and Results

The approach used for this study is based on analysis and integration of field dala. and
delailed numerical simulations of different agricultural production and waler managemenl
strategies.

Hydrogeocloemical conditions

The study area is sand dune terrain located in lhe soulheaslern pan of Kazakhstan (Figure
Ia). It is a flat closed depression resulting from intensive defonnalion during the Alpine lime. and
filled by alluvial-prolluvial sediments. The aquifers in lhe plain pan of the basin. in the lake
alluvial deposits and the recent deposits of \1iddle and Upper Qualemaf) age. are composed of
sand. loamy sand, and loam. Their thickness is 50-70 m near Lake Balkhash and up to :!-to m 10 the
deepesl pan of the depression near Bakanass. The depth of groundwater is 5-7 m along ri ver
valleys and between sand ridges and 15-1 II m on lhe sand ridge area,. Groundwater chemical
composition is predominantly of bicarbonate calcium and sodium ,ulfate type: TDS varies !Tom
0.5 to 1.6 g I. Aquifers ofth", upper horizon are interconnected hydraulically: the general dinxlion
of groundwaler flow is from the south-easllO lhe north-wesllowards Lake Balkhash. Ground\\ater
in sand massifs is recharged by infiltralion of surface waler Imainly rivers I. ,urface infiltr3l1oo in
periods of precipilalion and underground inflow from mountain regions. In the fOOlhil\;. of the
northern Balkhash zone. to lhe north of the Balkhash Lake. groundwaler is recharged mamly from
infillralion of winter and spring precipitalion. Climate in lhe Lake Balkhash ba.sm is conlinencal.
characterized by large daily and annual variations of air temperature. and high levels of solar
radialion. Mean annual temperature is about 2 to 5 'C in the plains and -5 10 -10 '( on the
foothills. Mean air lemperature during the coldesl month Oanuaf) 1 is -16 'C in the northern pan
and -5 'C in lhe souchem pan of the plain territory. \1ean air temperarure during lhe honesl monch
(July) is about 20-25 'c. Distribution of pn:cipitalion owr the ba.sin is very variable: about 150
mm falls on the coast of Lake Balkhash and 200-:!50 mm in lhe soulhern and nonhern BaJl<bash
zones.

The central pan oflhis area is lhe Akdalinsky irrigalion sy'Slem. located on !he righl side of
the By River (Figure lb) between the Taukum and Saf)'-lshikOlrau Sands. II includes lhe imgaced
lands of Bakhbakhty. Tasmuran and Bakana.-;s. wilh a total surface an:a of 30.000 ha In the past
most of these lands were used for rice growing (45-54%1. Crop rotalion also include" alfalfa. com.
barley and wheat. Actual irrigalion norm" for rice in 2001 were 53.000 m' ha. Waler from lhe lIy
River with a TDS of 02-0.7 g L is tran"ported through the Tasmuran and Bakan~ main canals
and used for irrigation. Shallo\\ (0.5-1.0 m deep) open drains connected to the open on-fann
collectors 12-3 m deep) represent the drainage system. Drainage \\ ater from lhe irrigated lands IS

dumped into lhe lIy River through Main (olleetors. This \\ atel ha.s a high coneentration of sulfale
(190-210 mg L). nilTale (0.5-2.\ mg Il. ammOOla (UP to 0.25 mg 1) and nitrile IUP to O.O~ mg U.

To assess hydrogeochemical conditions in the slUdy area we collected hydrogeological and
hydrochemical information on the area from previous invesligations. This includt.-d meteorologIcal
data. lithological profiles for different cros"-$Cclions (o:! wcll log"t. ground"ater level
observations and geochemical information (1% \\ell,,). Dala on waler leve" and chemical
composition of surface water (including the lIy River. irrigation channcb. and draint'<.l VI aler 10

collectors) was collected.
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major lithological units). well locations, and maps of irrigation and drainage systems were all
stored,

To complete the existing database with hydrochemical information concernmg
environmental tracers and stable isotopes. additional waler samples "ere collected In \lay (65
samples) and August 2003 (56 samples). Localion of sampling boreholes in Bakhbakty and
Bakanass areas is presented in Figures IA and 2A (Appendix II. respecti\ely. The samples were
analyzed for their pH. EC. TDS. concentrations of Ihe major clements: CI. SO•. Br. '0,. HCO,.
Na. K, Ca. \1g. PO•. stable isotopes (Tables IA. 2A in Appendix 21. and trace element, such as:
AI. B. Ba. Cd. Co. Cr. Cu, Fe. \In. Mo. Ni. Pb. Se. Si. Sn. Sr. Ti. \'. 7.n. Li. Ag. As. Sb. and Hg
(concentrations of trace elements arc quite small. and therefore not presented in this reportl. The
total dissolved solids (TDS) in the collected samples at the Bakhbakhty parr of the imgatlOl1
system ranged from 218 to 2028 mg 1and the mean value "as 6'15 mg 1. The IDS in the samples.
collected al the Bakanass part of the irrigation system. ranged from 166 to '16'1 mg I and the mean
value was 505 mg I. Most of the water samples were characterized by relatively high
concentrations of up to 1008 and 450 mgl sulphate; 360 and 545 mg I hydrocarbooate; and 34 and
51 mg] nitrate, in the Bakhbakhty and Bakanass regions. respc.'(:ti\ely One "ater sample collected
ITom well tJ. 5'12 in the Bakanass region exhibited very high salinity (TDS = 3124 mg]t. which IS
probably due to high contents of dissolved minerals at that location. Comparmg pre-Irrigation
(May 2203) and post-irrigation (Augusl. 2(03) water samples. we nOied a general rrcnd of
decreasing TDS. CI. Ca. \lg. PO. and HCO, concentrations in groundwater. probably due to
leaching of salts by irrigation and drainage. Concentrations of SO,. NO,. and K increased due to
application offertilizers. The content ofNa and the pH of the groundwater also increased.

ClllstO ond Principo/ Component Ano(l'St'S ofgrollndK'Qter It.vdrogrtlplu OM 1t.lvlroeJte.i5tI-y

Hydrogeological and chemical data were used to characterize the effects of irrigation on
hydrogeochemical conditions in the study area using statistical methods. SPSS cluster analySIS was
performed on the spatial distribution of hydrochemical data to specify the extent of aquifer
heterogeneity. This allowed the delineation of hydrological sub-regions "ith homogeneous
properties (water bodies) in order to assess further major flow panems. sources of groundwater
contamination and hydraulic parameters. Results are presented in Figure 2. The TDS coolXfltrarion
was Ihe major factor affecting cluster analysis. indicating a pseudo-linear correlation among all the
dissolved minerals. Water samples with low TDS (200-400 mgh and chemical compositIon close
to that of irrigation water (lly Riven belong 10 a cluster located in the irrigated fields and close to
the irrigation canals. Clusters with TDS of 600-1000 mg 1 and 1200-1800 mg] include water
samples collected in boreholes located in the peripheral parts of the irrigated land. In noo-Irrigated
areas and close to drainage collectors. We note that in Ihe pre-irrigation period (\Iay 2003, more
clusters were delineated; however. after the end of irrigation. distribution of concenrrallon b<."C1l11C
more uniform indicating a heavy irrigation efTect on groundwater chemIStry. Relati\ e ufilfonmty
of concentrations and geographical overlapping of water bodies made it Impossible to use the
original compartmental modeling approach (Adar et al.. 19R8abl for quantitative idennfication of
recharge sources and hydraulic parameters. Analy,is of the chemical data indicates that In the
study area. groundwater chemistry obeys quasi-steady Slate conditions. In OIher word,. introducing
lIy water into irrigation channels and starting intensive irrigation in mld-\Iay significantly changed
groundwater levels and chcrnistry. \-Iassive infiltration from rice field, and un-paved imgallon
channels leaches salts. fertilizers and herbicides into the shallo" ground" aler. part of which is
drained into collectors flowing back into Ihe lIy Ri\er (Figure Ibl.
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Elevated groundwater. due to massive irrigation during the hot summer season. induces
evaporation. which increases topsoil salinization in the surrounding area. After hanesting crops in
September-October. hydrological and hydrochemical conditions return to a state close 10 that
observed before irrigation. producing a so-called seasonal oscillating pattern. However. the general
hydrological conditions prevail all year long in elevated groundwater.

Principal Component Analysis (PCA). which is commonly used to reveal panems in data
sets (Moon et al.. 2004 Winter et al.. 2000). provided insights into the characteristics of
groundwater in the Akdalinsky agricultural land of the lIy RIVer basin. In this study 41 obsenation
wells were classified into hydrograph types with similar variations. Wells exhibitmg similar water
table fluctuation characteristics were clustered. and the characteristic fluctuation cunes. whICh are
component scores for each PC (pc I and PC2 I. were determined as representatives of each type.
Varimax rotation using the Kaiser normalization method (Kaiser. 19S8) was applied to classify
tOlal variables (i.e. groundwater fluctuation cun'cs) into groups that shmved similar characteristics.
The procedure maximizes the factor loading variance in each vector. under the COOSlramt that the
factors remain orthogonal. Table 3A (Appendix 2) shows the factor loading values of wells tor
each component. The patterns of water table fluctuations in the Akdalinsky region refln"'1 the land
use pattern for agricultural crop production. The factor loading in Table 3A indicates that
groundwater wells from irrigated croplands were mostly associated with PC I. The factor loading
values emphasized in bold indicate associated loading groups. About 60°0 of the total observed
wells were associated with PC I. Around 80% of the groundwater wells a..;,sociated with PCI were
from irrigated cropland. Among the irrigated cropland. rice and alfalfa were the major contnbutors
in the PC I factor loading: rice accounted for 36°·'0. alfalfa for 20% and unspecified crops for the
rest of the loading. 40% of the total obsened wells were associated with the PC2 factor loadmg.
More than 40% of the factor loading associated with PC2 came from land that is not used for crop
production. Among the cropland associated with PC2. alfalfa accounted for approximately 30".
and unspecified crops for anolher 30% of the total factor loading. The results indicate that the
dominant mode of variation in the groundwater water table is a panern of irrigation efle.."'l. which IS

mostly described by the excessive water demand of the rice irrigation system.
Time series analysis of component scores indicated that most component functions can be

best described with the rising and falling pattern of the groundwater hydrographs. The component
scores and ground water table fluctuations associaled with PC 1 (1999-20021 for C-126 and C-S9-t
are plotted in Figure 3. The loading of the variable for station W126 wa.s the hIghest onto PC I
(0.925). followed by C-594 (0.9021. As principal component loading lx'Comes closer to I. the
shape of the pair of principal component scores and waler table fluctuations becomes Similar. The
groundwater hydrographs and PC scores for the two representative wells associated V\lth PCI
illustrate a rising water table trend during the irrigation period I~lay-August I. Since no crop was
allocated for C-126. the rising water table for the well is probably described by infiltration of water
from an adjacent irrigation field. or by horizontal flow of water from the influence of poor
drainage network. C-594 comes from the rice field. \\ hich is one of the l"l>presentative wells of the
PCI factor loading (0.902). Similarly. Figure 4 shows principal component scores and
groundwater table fluctuations (I9'l9-2002) for C-60 (0.888) and C-129 108031. ib.sociated With
PC2. The groundwater hydrographs and PC scores for the two reprCS<.'fltative wells associated with
PC2 illustrate a falling of the water table for the years 2001 and 2002 during the irrigation period
(May-August). C-60 (0.8881 comes from an alfalfa field. whereas no crop was allocated for C-129
(0.8071. Seasonal (irrigation etTect) groundwater fluctuations for the years 2001 and 2002 were
decreased compared to 1999 and 2000. \\ hich can be de>cribed by a decrease in irrigated afl~a.< and
a changing crop pattern.
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In 2002, the area occupied by rice fields in the Bakhbakhty pan of the Akdalinsk region
was 4165 ha compared 10 7202 ha in 1988 (Vesselov et al.. 2(05). Results from the \fODFLOW
simulations indicate that decreasing this area will lead to a lowering of the groundwater le\ el.
Temporal structure analysis of water table fluctuations along with PC factor loadmg indicates that
rising groundwater in the area is mainly associated with excess irrigation water

The groundwater geochemistry data were also subjected to c\ alualion via PC analysis to
investigate agricultural impact on groundwater. The analy,is generated 4 factors, which togetlk.-r
account for -90% and -86% of the lotal variances for Ihe pre- and post-irrigation peno<l,
respecti\ely.

For the pre-irrigation period, the first factor loading accounts for -50". of variation and is
characterized by high positive loading for EC, CL SO,. Na. Ca and \fg. The St.>cond factor.
accounting for -20% of the total variance, is mainly associaled with \e~ high positi\c Ioadmg of
HCO, and CaCO,. Perfect correlation was also observed between HCO, and caCo,. The Ihird
factor. accounting for -10.5°'0 of total variance. is a"ociatcd wilh PO, and K. The founh factor
accounts for -9.5% of the total \'ariation and is mamly associated with Ihe high loading for NO,
and negative high loading for pH.

For the post-irrigation period, the first loading factor accounts for -46~0 of variation and is
characterized by high positive loading for Ca. Mg, SO,. and moderale loading of PO, and K.
Significant correlalion over 0.6 was found between SO,. Ca. Mg, and PO,. suggestmg that these
variables are strongly influenced by fertilizers. Thc second faclOr. accounting for -19.5°. of the
total variance, is mainly associated with very high positive loading of Na. Cl. EC and moderatc
loading of SO, High correlation was also obset\ed among Na CL and EC, The third factor.
accounting for -11% of lotal variance. is associatcd with high loading of HCO, and caCo,
Significant correlation was also obset\ed between HCO, and CaCO,. Previous research shows that
Ihe concentration of bicarbonale and calcium is practically constanl along the Kaskelen Rl\er
(Vesselo\ et aI., 1996a), which is a main source tributary of the lIy Ri\er The founh factor
accounts for -9% of total variation. and is mainly associated with high loading for NO, and
negative moderate loading for pH. Factor 4 is mostly associated" ith nitrogen fenilizer>. Smce
large amounts of fenilizer such as urea and commercial composites ha\ e been applied for a l...'l(Ig
time under oxic conditions. the main componenl of fertilizers. NH, is oxidized to NO, by
nitrification. When an NH,- ion changes to NO,' Ihrough thc nitrification process. H- IS produced
as a by-product. Therefore. NO, is enriched and pH is decrea.;ed in groundwater «Bohlke. 2002 •.

The isotopic composilions of collecled groundwater sample,; were used 10 funher a'iS<.";:; the
impact of agriculture on ecological conditions in the study area. The general meteonc relallonship
between oxygen-I 8 and hydrogen-2 has been described by Ihe global meteonc water hne. G\lWL
(Craig, 19611 with Ihe equation &:>=&,''0+10. In the absence ofprima~ dala on isocopcs in
precipitation over the study area we used I.-\EA. W\10 120011 dala from the 1\'0 closest stallon.,
Kabul. Afghanistan and Wulumuqi. China (Figure 5 I. The straight line Ii) -,,"rJ for the
precipitation data for Kabul is obtained by linear regn.>s,ion and is d.:St.Tibt.-d by
&:>=7.986''0+16 (Rz=0.9h while that for Wulmuqi i, described by ,'V=7186''r.)-2.13
(R'=0.99), i.e. the slopes of the regression hnes for both pn.'Cipitation dala sets are ,imilar to Ihe
GMWL. Assuming thai rains in Kabul are more representati\'e oflhe precipitation o'er the study
area, one can infer thai Ihe isolopic signature of pn.'Cipitalion is modified by evaporation b.:lc)fe
groundwater recharge.

12



.\O~-----------,

0-

-40-

-80-

-120-

o ChlnaPredpil8lion

Groundwlller Aug 03

GMWl.

-160

-25 -20 -15 -10

8'0

-5 o
o KlIbUl Preclpl8lion

Figure 5. i5D -61'0 relationships for the precipitation data from Kabul (Afganistanl.
Wulmuqui (China). and for the Bakhbakht} groundwater sampks in \lay and
A1I0U-.:t "O(H,

:I C-312

! •
e-85

~-

..--------------/-

<::l C·63
~ e-18 ••-68 •

C-63 _~
C-18

-70.
C-312

C-35Z
C'

-72

·100 -9.8 -96 -9.4 -92 -9.0 -8.8

8'0

• GrOlrnd\\1Ilcr .-W!lll~

-8.6

Figure 6. The i5D -61'0 relalionship for selected Bakhbak.hty groundwater wells in \lay
and August 2003.

13



The t5 1S0 values of the Bakhbakhty groundwater samples ranged from -8.4'1 to -11.Q9 in
\1ay 2003. and from -6.88 to -11.36 in August 2003. while the (if) \alues ranged from -68.0.~ 10

82.41 in \1ay and from -61.86 to -7'118 in August 2003. Although most of the ,)"0 and iV
samples shm\ed an evaporative enrichment of t5 values after the irrigatIon penod. the ob>crvallon
wells located within open water bodies such as irrigation canals. tlooded areas and drainage canals
were not considered" hen assessing irrigation impact on ground\\ ater. and ,,,/) -6 '0 straIght hnes
were plotted for the selected observ'ation wells located from the agricultural land IFigure 6 L For
\1ay 2003 the straight hne in Figure 6 is described by ,,,/) = 5 756',() - 1441 . and for August 2003

it is described by t5D = 2.436"0 - 44.25. The stable isotope data indicate that groundwater
collected in \1ay 2003 and in August 2003 differ not only to their values but also markedl\ in theIr
deuterium excess values. The low average 'd-excess values: --144 for \Ia~. and - -44.30 for
August. 2003: would suggest that there is significant evaporation from ralm\ater and further
evaporation from surface water (rice checks or irrigation canals l. Iea\ing the residual groundwater
with lower values of ·d-excess.

HIgh nitrate levels are associated with enriched 6 1V \alues. c1earl~ indlCatmg that
significant quantities of evaporated (isotopically enriched) irrigahon water ,"filtrate along wIIh
fertilizer nitrate 10 the groundwater system. The post-irrigation (August 200, 1 mtrate Ie\ds were
higher in all the observ'ation wells than the pre-irrigation nitrate le\cls I \Iay 20031. similarly

enriched 6''0 values were observ'ed for the post-irrigation period. The Illustrated dlfler<Tlt
,5''() - .\'0, trends suggest isotopically distinct. non-point source origins. which vary spahally and

temporall~. due to ditTerent degrees of evaporation recharge and amounts of fertlhzer apphed.
However the positive ,5 "0 - SO, relationship indicates clearly infiltration of iSOlorically

enriched. evaporated irrigation water along with tertili'er nitrate to the groundwater aquifer

Remote sensing analysis ofthe sludy area

Two LANDSAT images (Figure 2A. Appendix I i for \Ia~ 26. 19'10 and \la~ 13.2000
were processed to assess the impact of irrigation on the hydr~'Cological conditions of the
Akdalinsky irrigation system and neighboring territo!!. DIgital maps and photos oftlte "'-'ttlemrots.
water bodies. plants. agricultural fields. irrigated lands and topographic maps II :2000001 were
utihzed for decoding satellite Images. A pretreatment procedure was carried out to oblain rehable
relations between biophysical surface parameters and \ alues of brighmess: radiometric
classification. atmospheric correction. and geometric COrrectIon. A number of ground c<1Otrol
points (GePsl were sdected from the topographic maps for geometric correction and rransfortll<.'d
to the Trans\erse \·Iercator coordinate sy,tem adopted in Kazakhstan. The methodological de\ ICe
ERDAS I\IAGINE for image classification - supervised c1a."ifieallon - wa.- used for analy ling
the satellite images. The classification is a grading process (c1a."ificatioo by c1as"'"c<1 of image
elements (pixels) to produce a final number of classes on the basis of anribute values I Dl\ . dIgItal
numbers}. If a pIxel satisfies some classification conditions. it defines a cia,,, correspondmg 10

these conditions (ERDAS Field Guide: ERDAS. Inc.. Allanta. (iA 1 Small standard plOb
(signatures I and single pixels were chosen in the satellite Images corresponding to the follow 109 ~

major classes observed at the land surface: 1) agricultural fields. 2, clay desen. 31 takyr. 4. d<'Ilx
natural vegetation. 5) salty crust (Solonchaks I. 6) sand~ desert with Salsau I type of \ egetation. -,
vegetated sands. and XI \\ ater bodies and rice fields. The resu It, \\ ere tested through a,XUr3C\

assessment by calculating the error matrix that compares the relationships bet\\ccn ground-truth
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data (reference data) and classified results category-by-category. The overall accuracy of the final
maps was good (75%) in 1990. and vel") good \89%) in 2000. \laps of supen ised clas.slfication of
the study area are presented in Figures 3A-tlA (Appendix II. Digital analy sis of tlK~ results
revealed that during a period from 1990 till 2000 the area of rice fields decreased while
groundwater level still remained close to the SOil surface. Thb led to an Increa-e in SOil
salinization. a decrease in vegetation area and desertification of the irrigated area and oclghbonnll
lands. During the IO-year period 1990-2000. the area of vegetated sands decre~'\l from 39~ km'
to 3714 km'. dense natural vegetation Ibushes) decr\'ased from 545 km' to 13S km'. saltv crust
(Solonchaks) increased from 7 km' to ~7 km'. sandv desert with Saksauls increased from 66 km:
to 579 km'. and takns and clav desert decreased fro~ 80 km' to 46 km' The area of water b<.>die,;
was smaller in 2000 (83 km') ihan in 1990 (265 km:l. mainly because the nce fields were not vet
flooded by \lay 13. 2000.

The main drainage collector also significantly affects the env ironment. InsIX'dion of the
collector rehef profile revealed that the altitude of its bottom and the \\ ater level in the collector at
many locations are higher titan the ground"ater level of the surroundmg area. TheretOre. drainage
water of high salinity flows from Bakhbakltty to Bakana" and on 10 the lIy River Inliltratlon of
this water along the collector leads to salinization of the surrounding territory .

.'lfodeling ofagricultural land use and "VIler managnrtent scenarios

The above analyses of hydrogeochemical conditions prove thaI unsustainable exploltallOO
of the Akdalinsky agricultural lands has a negative impact on the environment: raISing
groundwater levels. soil degradation. salinization and desertification. This IS mamly caused by
growing rice. which requires large irrigation norms and ha., a low efficiency of irrigatlOn and
drainage systems. A rational policy for sustainable land exploitation can be a=sed by
simulations ofrelated processes with mathematical models.

We started simulatlOns for different scenarios of irrigation and waler explOitanoo with a
one-dimensional mode I of water flow and solute transport in the unsaturated-saturated zone
(numerical code WASTRJ was developed by A. Yakire\ich). The folio" 109 data "ere mtroduced
into the model: lithological profiles. hydrological and hydrochemical parameter> of dlffen.'flt
layers. crop rotalions. transpiration. evaporation. precipitation. imgation requirement and \\ater
application. initial disrribution of water contenl. solute 1TDS) concentrallon. ground\\ ater lev cis.
parameters of irrigation and drainage systems. TDS concentration In ralOfall and imgation \\ater.
Simulations were perfomled for the 8-year crop rotation period. Growing crops \\ ere n~-e. alfalfa.
beet. barley. and com. The follo\\ing scenarios of water exploitation and land use \\ere considered'

I. Rice as a major crop occupying 6~.5 0'0 of irrigated area I Sov iet era pollC} I:

2. Rice growing is reduced to 37 .5 0
0 of irrigated arca (current policy I:

3. Rice growing is terminated completely and replaced by other crops "ilh higher waM'
emciency.

The annual \"olume of \\ ater applied for irrigation depends on the type of crop and OIl the
specific climatic conditions. Mean annual irrigation norms \\ere 24.000. P.OOO and 5.Soo m' ha
for scenarios I. 2 and 3, respectively.

The results of simulations indicate that after one ycar of irrigation of nee tklds the content
of salts in the root zone is already drastically decreased and there h "nle change after that I Figure
7). TDS concentration in the root zone 10-0.7 011 after S vears of irrigation \\as O.()(I9. 0008 and
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perfonned. Good agreemenl between measured and simulated groundwater levels was =el\ ed. In
most pans of the area the error did not exceed 0.5 m.

After sol\ing the inverse problem. we performed .\fOOFLOJr simulations lOr three
scenarios of water and land resources exploilation for Ihe Bakhbakhl) pan of the Akdahnsl
irrigation system: I) rice fields with an area of 4165 ha: 2) rice t1elds with an area on202 ha and
3\ fields in which rice growing has lx-cn terminated completely. We a"umed that during the long
irrigation period Isince 1(67). the hydrological conditions ha\c reached a quasI-steady -statc.
namely: oscillatory changes in groundwater Ic\el occur with a periodicil) oj one year. Therelixe.
simulations for the first and second scenarios were carried out for a one-year period. The crop lield
distribution schemes corresponding to the years 2002 and 1988 were considered For the third
scenario. irrigation nonns were considerably smaller. This affects the groond\\ater dynamk.'S and
the quasi-steady-state conditions are no longer valid. Therefore. a forecast was made for a penod
of 20 years. This period corresponds to a time during which the groondwater moond was being
dissipated IVesselo\· et al.. 1996b). Simulation results of groondwater depth from the surf:K'C are
presented in Figures 7A-9A (Appendix II. and simulation results of total water balark.'C are
presented in Tables 4A-6A IAppendix 2). The results indicate significant mefficient Ic"lSSCS oj
water from the irrigation network and even from drainage collectors.

Propanid. Saturn. Ordram. HexaChloroCycloHexane tHCCH) and olher p<.'StlCldes have
been used in the past for weed destruction during the rice crop rotation. Concentrallons of
pesticides in the drainage water increase sharply dunng dumpmg of water lrom nce lield.s (lLsually
in the middle oj June and in the middle of July). Input oj thesc chemical, with respe...... to 1<1Iai
conlamination is relati\ely low. and the risk of direct poisonmg of the popUlatIon through dnnlmg
water nowadays is low. Ho\\e\er. some SpecIes of lish and other 10\'-1e\e1 organISm, tplanltomc
sources offish food) can die as a result of the high toxicity of these chemicals to aquatIC fauna. To
assess the possible effect of pesticide apphcation on groundwater quahty. we uS<.-..l the results of
observations made during 1980-1990 to perform simulations of pesticide transport m SOil and
groundwater.

As a first step. the mathematical model and numencal code GLEA.\fS tGroundwater
Loading Effects on Agricultural "fanagement Sy,tems. Leonard ct al.. 198~1 was apphed.
Apphcation of the following pesticides was considered for simulations: Ordram. Bolero t Saturn I.

Propanil. Benzex (Benzene hexachloride I and DDT (the use of DDT \\a, tcmllnated at the end of
the 1980s I. The model takes into account dynamics of chmatic factors. soli and hydrological
parameters and agricultural asp<.'Cts. Characteristic parameters of these p..'StICldes were tah"fl tTom
the GLEA.\fS database. Simulations indicat<-..lthat maximum concentrations oj Bolero. Ordram and
Propanil in groundwater reached 0.014. 80. and 0.2 flg L. n.'Spectl\e1y. while the computed
concentrations of Benzex and DDT in groundwater were close to zero. The obscrv~-..l

concentrations of Benzex. Bolero and DDT in groundwaler \aned in the range of 0003-0 14. 0.02
0.2 and 0.009-0.018 flgL. respecti\ely. Comparison of the ,imulated and obscned concentrations
led us to conclude that additional model cahbration regardmg pesticide parameters IS ~-..l. bul
that existing parameters are insullicient for this purpose. A conSiderable amount of the pestICIdeS
is being washed out with runoff water through open drainage canals. Simulated maXImum rerno\ al
of Bolero. Ordram. Benzex. Propanil and DDT with surface flow were up to QOO. 1400. 2~. 1/>00
and 160 g Ha. respectively. This is an extremely imponant observation becau,;e the lIy Rl\er IS nor
only the source of irrigation water but also an acceptor ofthc dISposed runoff and draInage waler.

"10re detailed simulalions were carried out wilh a 3-D local model of peslle,de transp'-m.
The local areal modeling domain is represented b\ a rectangular area located at the n"nhem pan of
Bakhbakhl)' regIOn IFigure II\.
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The finite difference grid has 86 x 84 nodes Iuniform grid increment is 20 m l in plam and
19 layers in depth (total simulated thickness was 25-27 m) The grid was coostructed such that
boundary nodes describe the configuration of irrigatcd field,; and drainage canals The bou~
nodes of the local grid coincide with the nodes of the regional model grid (Figure 12 t. The tirs!
kind of boundary condition (hydraulic heads vary ing with time I \\ a< demed from the regIOnal
model solution and prescribed at the boundary nodes of the local grid. Drains and collcctors. as
well as evaporation from groundv\3ter. were simulated by the third kmd of boundary eoodllloo
Simulations were conducted for the irrigation period from \1ay 10 to September 9 The CR>p

rotation scheme corresponded to the one employed in 1988. Only one pesticide - Sarurn I Bolero I 

was considered. The processes of pesticide adv'cctive-<lispersive transpon and degradatlOl1 \\ere
aceounted for. Temporal variation of pesticide concentration m tlooded rice field,; was 3.....sign..'d as
a boundary value for the first Ifrom the land surfaeel model layer (Figurc 131. The model was
calibrated against observed water heads and measured distributions of pestictde m groundwater
with depth. As a result. the v'alues of etlective porosity. hydraulic conductiv It, and dispersi\ Ity
were determined.l Consistent agreement bel\\een ob"ened and Simulated \alue,; of pestICIde
concentration was obtained.

-A.- ...,.. ,_~

-~.. _-----'--------'-:...

"'- /4~~;~ ~-:-~::~~~_~=%~

Figure 12. A scheme ofdrainage colk-ctors
and irrigation canals in the local model area.

Figure 13 Temporal \ ariations in pesli;:tde
concentrations in rice field \\ ater.

A calibrated model was used to <Iud) the e\olutlOn of J'<."'licide dlSmbut,Ofl in
groundwater. Results of the simulation are presented in Figure 14 for d,flercnt time mtenals. We
note that the pesticide plume reached maximum depths 01'8-10 m. After about 55 days the plume
dissipated and the concentration dropped to less than 2 ppb Ima"\imum admissible conc<'1ltralioo of
pesticide concentration for fisheries). Drains and collectors intercepted most of the J'<.'SIlCldL'S The
calculated maximum rate of pesticIde remo\ al b\ dmins reached 0.\19 g day ha I Figure 15 •.
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fields must be minimized. The application of more degradable pesticides is recommended 11le
application of pesticides of DDT type must be prohibited.

• During the last few years. starting from the post-USSR period in 1993 and owing to the
difficult financial situation Hlcing agriculture in Kazakhsran. application of pesticides in the
Akdalinsky irrigated land was practically stopped. Nowadays. economics and agriculture are
recovering fast. Therefore. an increased application of fertilizers and pestiCIdes is expected m
order to increase the agricultural yield. As a T\.'Sult. the problem of ecological saf~y of the
environment becomes more acute. Thus. additional efforts and investments must be made to
improve monitoring of soil and water quality. including further development and application of
mathematical models.

• The People's Republic of China plans to Increase its "ater intakc from the lIy Riwr in near
future. This will lead to a decrease in water discharge to Lake Balkhash and. probably.
deterioration in the ecological condition of the area. Thus. existing" ater policy in this region
will require tight regional management and cooperation. Using devdoped models. II will be
possible to simulate consequences or water management policies and to predict hydrological
and hydrochemical conditions in the Akdalinsky irrigated land. Actually. the models thaI were
developed and used in this study are a prototype tor an automated sy stem of waler resourC<.'S
regulation in the region.

Ii./ ofparticipants

Israeli team: Dr. Alexander Yakirevich - PI. Dr. Eilon Adar - co-PI. Dr. Anil \tishra 
Postdoc (Nepal). Irina Aidarov - \1Sc student. Dr Ludmila Katz - chemist. Natalia Bondarenko
technician.

Kazakhstan team: Prof Vassily Vesselov - co-PI. Dr. Yuri Panichkin - co-PI. Dr. Norma
Zakharova - senior researcher. Dr. Ludmila Trushel - senior researcher. Dr. Tamara \'mnikova 
senior researcher. \irs. Oksana \1iroshnichenko - Ph.D. student. ',,1r. VladImIr Osranin - leading
engineer. \1r. Alexandet Engels - leading engineer.
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Impact, Relevance, and Technology Transfer

The main results of this research were transferred to the Jetissus Hydrogeological
Reclamation expedition of the Water Resources Committee (under the \linistry of Agriculture of
the Kazakhstan Republic). The expeditIon has stalled using the project's findings for planmng
water and agricultural activ·ity in the region. within the framework of a project to reconstruct
irrigation and drainage systems. Specifically. the GIS-based databa,c and developed model of
hydrological and hydrochemical conditions are being included as a part of thc automated
information system for monitoring ecological conditions in the study area. The Institute of
Hydrogeology and Hydrophysics (IHH) of Kazakhstan panicipates in this technology transfcr and
training professionals of water authorities. Implementation will afford the possibility to estimate
efficiency of planned activities regarding reconstruction of thc Akdalinsky irrigation system. and
to predict thc effect of water managemcnt on conditions in the stud' area for diffcl\.'t1t crop rotation
scenarios.

As a result of this project. the computing facilities in the Laboratol} of modeling and
hydrodynamics at thc IHH wcre improved. Thc Kazakh researchcrs WeT<' trained to use the
Groundwater :vIodeling System (G\lS 4.0). geoinformation system \laplnfo and databa.;e
management system FOXPRO. In the course of lhis project. \Irs 0 \liroshnichenko ,IHH I
prepared and defended the PhD thesis "Development and identification of thc mathematIcal
models of geofiltralion using GIS-based technologies and expert approach". \lrs. I. Aidaro\
(BGU) is preparing her :vI.5c. thesis cntitled "Sustainable managcment of \\ater resources in and
lands".

The results of this investigation will be present\>d as an illustrativc example for a cycle of
lectures entitled ":vIodeling of environmental-technogcnic ,;yslcms". by Dr \'. Yu. PanlChkm of
the National Kazakh Technical Univcrsity.

It is expected that by thc end of 2005 the main results of this project will be published on
the Internet within the framework of the UNESCO project 27212604 KZH "Support and
improvement of the national informational network in Kazakhstan as of the "ater t<-;.ouru-s of
Aral and other regions with strained \\ ater balancc".

Project ActhitieslOutputs:

I) Meetings
The first meeting took place in Sede-Boqer from November 20 to December 4. 2002 Dr

Yakirevich. Prof. Adar(BGU). Prof \·esselov. and Dr. Panichkin lIHHI attended this meeting.
The second meeting took place in Kazakhstan IAlmaty and Bakhbak1\ , during \lay 8-15.

2003. Dr. Yakirevich. Prof Adar lBCiUl. Prof Vesselm. Dr. PamehkIn. Dr. Zakharo\a and \lrs
:vIiroshnichenko (IHH) attended this meeting.

The third meeting took place in Sede-Boqerduring November 11-25. 200.~. Dr. Yakire\ich.
Prof. Adar. :vIrs. Aidarov (BGU). Prof. V\'Ssclov. Dr. Panichkin. Dr. Zakharova and \Irs.
:vIiroshnichenko (IHH) attended this meeting.

The fourth meeting took place In Kazakhstan (Almat}) during April 9-13. 2005. Dr.
Yakirevich (BGU). Prof. Vesselov. Dr. Panichkin. Dr. Zakharova Dr. Trushel and \lr-;
\liroshnichenko (IHHI attended this mccting.

25



2) Training
Dr. Yu. Panichkin. Dr. N. lakharova and PhD. student O. Miroshnichenko were trained in Israel
during Nmember 11-25, 2003. The purpose of the training was to learn to woO: with the
Groundwater Modeling System ~G.\{S 4.0) and to use models of groundwater flow and solute
transport.

3) List ofpublications
Paper: Vesselov·. V.V.. Panichkin, V.Yu.. Adar, E.. Yakirevich. A.. lakharova. N.\1.
Miroshnichenko. O.L, Trushel, LYu. and Shakibaev, 1.1. 2005. Geoinformation-mathematical
modeling of hydrogeological conditions of the Akdalinsky irrigated land. Proc. of Nat.onal
Academy of Science of Kazakhstan. ser. Geology. I. 2005. S6-95.

Poster: •Assessment of agricultural impact on groundwater in the lIy River basin. Kazakhstan" was
presented at the International Conference on --Integrated Assessment of Water Resoun.....'S and
Global Change: A North-South Analysis". Bonn, Germany. 23-25 February 2005.

Project Productivity:
We believe that the project accomplished all of the propoSt.'d goals The obIained results

indicate good prospects for future applications of the developed methodology for sustamable
management of water resources in the study area.

Future \\'ork

The observed advantages obtained in this research project for the Akadalinsky cultivated
area should be expanded to other similar areas with extensive agricultural development facing
similar ecological features in Kazakhstan. It will be well worth conducting similar investigations 10

the Karatal irrigated land in order to plan activities to decrease environmental damage aln:ady
observ'ed in the local aquatic environment there. The area is located south of Balkhash Lake. and
around 150 Ian from the Akdalinsky land to the west. near Ushtobc village. Rice. onions. sugar
beet and alfalfa are grown on a total irrigated land area of 14,000 ha. Water from the Karatal RIver
is used for irrigation. An inefficient irrigation syslem in place since 1'l2<J has caused the land to be
saturated and led to the development of swamping condItions. soil sod.fication. secondary
salinization and contamination of surface and groundwater. Shallow waler ;,eepage in l'shtobc
village has been monitored. About 50% of the land area is in poor condition I "esselov t>1 aJ.
19'J6b) due to high groundwater levels and salinity. The main hazards to the em Ironmenl are an
increase in soil conlent in Ihe upper soil layers and alkalization procoS<.'S. especIally m loamy
soils. It was found that changing from rice to alfalfa led to a drastic increase in soil alkalini'). As a
result, the negative effect of soil salinity on growing plants increaSt.'d by 5-10 times. Nooc of the
existing theories can explain this phenomenon for the conditions of the irrigated lands of the fly
and Karatal rivers.
The objectives of the proposed research are as follows:
• Im'estigation of the unique (known to be ditTcrent from the Akdalinsk~ regionl processes of

soil alkalization. sodification and salinization in the study area;
• Development and use of mathematical models 10 ass~'Ss factors affectIng so,l degradation;
• Elaborating on mea.';ures to decrease deterioration of soil and \V ater en' ironmems:
• Optimization of agricultural activity for sustainable exploitation of land and \Vater resources.
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Appendix 2. Tables

Table IA. Chemical analyses ofwaler samples collected at the Bakhbakhty part of the Akdalinsky irrigation system

., .....
_ MK P04 '"0 'II

c_ _",gil mG/1 %»0 0/00

IX.OO 0.21 ··:,+r\" " '!",:,;:::.
1'1.20 0.75 "', , ,!". '" .

~ ,",..
1'1.70 0.5'1 "', (', ,.;

""c..._ I 'I. 10 11.74 ,j"

7.'11 0,.12 , .' ."

7.01> 0,24 ... , L"'.,.."",
- - ...... ... ~ - -""-"'-'- !"---.,....,,;,;,;,,.

II IX.IO 1.65
0 25.50 O.X'I I.. , .....

~- ,,"~ ..~ -
0 2X.10 1'2 -IO,5X -7.1.64
XI 4.1.f'O I.X7

....,.,_ .........'-
~) 44.'10 1>.5'1
~J 72.10 2.20 . ,.
0 4H.50 1.016

," .'Il 27.60 0.h2 :"':'"-".._,,-,
Il 22.]0 1-. 05 .1
\1 11l.70 0. 10 ' , ',: ,',i, 6.91'( 11.16 .."

Il 22.20 0.11 "

5
._.~~1-.llll_..

.....,,,.,.,,._-,,, I"··.,, ......-

Il 22.20 o. 'I I ,... " ,
. ",

I IH2O 0.015
!,(.9 I 0.17 ·1 19'1 -S2 AI

, 7 lH o 1.1 .\ 1.11> -7'1 IX
Il 12. III "'" r'" .77 Il
II ~.47 Il 24 . I 1'1.1 ."'O.\J~

SI 7i,liO

i~;r ~-~i:(.};-
. 7li ,(1.'I, liO.4', ·h l ) 'H

I 10.l~1
1--,--"...

SI ·72.\2
l~

~'~ ~:: -i~+~j-:;iH .. ·(l~,I<~

J ·h').71
Il 112S 111\ .s70 ·,,40e,..

1.1.01
50.1
15.2

122.
115.
117.
X9,{'

-12 ..1
15.2

11> ..'
IU
21<,(

Il ..
I".li

9.1

S X

IJ?

Ih,
1,

ISII
II(:
1·\7
}4'"
I , (

:1) '"

...!~-
.-"!II"!.

11>5
17.4
I (>J
1.1.'1
X.7
q

Borehole I Oo'e I pll I TDS CI I S04 NOJ
~~~lll

No K
mgll nlIVI mll"L_ mil/I. mgll mll"l

K·I> 14 MayO./ 7.41> .12.1.05 II.XO 11>.20 1.'14 2 I1>.00 .1X.XO .UX
(10) Al/I(03 7.XX 27S.40 40.01 4.2.1 1. II> IX5.00 1X.1>0 4.26

K·1>14 MtJl'II3 7.11 .IX 1.6'1 21.60 4'150 0.X4 2 I 1.00 52.50 9.6h
(20) .4111(0./ 7.5X 107.X4 17.20 tl.2~ 11.20 220.00 52.40 1I ..10

K-I> 14 M",'03 7.64 179.11 15.X4 '1.0'1 0.00 111>'<)0 25 ..10 2.44
(50) ,1111(113 7.75 140 I I> 17.70 2.t19 0.X2 '1X.I>O 26,XI) 254

K-614 M"y().~ , ,,,.'''''''''-'.,-,,-, .... , .. - ,-""--' "- ,",;" .--- .... ••••" ...... · •. e."_.·.,_•
__•____••"'-', ... ..,J

(0) Al/I(O./ I 211.I>X 200 425 S. I5 165.00 25.61 07

(,·S I I M",'O./ 7.61 4X5.42 10.52 '14.]2 0.00 240.00 .1x.4.1 6.~5

I AII}.:tH 755 .16X.00 47.20 ')X50 q4 141,.00 4174 20.92

('·125 ! l~fl1l'()3 7.1'1 11201.0.1 14,00 510.00 2.1<2 150.00 165.00 4.(11
.ll/I(O./ 7.44 1(1)(, J2 12/dl0 .11>0.00 b2.70 290,()O 15'.00 1'.10

C-122 I M""f13 7.1>7 1.\7x.2'J 14x.00 5S0.00 4.6X 21>0.00 , I X9.00 751
Al/I(O.l 7.S4 1047.04 112.00 .175.00 5.54 .110.00 117200 547

('-7'1 I Ma,'O./ 7.64 41X..!6 2'.44 47.X' 11,76 2.15.00 .11..42 299
Aug03 7.17 .H.1.MI .\6,20 .12. .10 2XAO I SO.OO 4SAO 5.91

('-.\70 I A-!1Il'O} 7,71> 211<.29 2'1.72 I 1.64 000 1.1O.IXI I 27./,0 2. 1.1,
AlIg(J,1 7.5S 11>.1.20 IXAO l~(, 5. 1.1 120.IXI .1:\.1 S 1.J'

('- I X5 I .\flldH 7.X7 .ISH'I 2s.lS I Us 000 2'S.IXI 4.1.10 :'.2.\
"'''gfU 7,67 .105.2X 1020 I 4.97 ~66 2.!O.OO ,2.10 7,61

1'·25.1 i ,\fudU 7.75 I .lX7 ..10 q~.60 I 'S.'o O.'s 125.00 1>1.02 7. I2,
AII).:fJ,i 7.S' 297.60 4 1..10 I 2<i,IW .11, 1SO.OO '4. '0 6.42

('.::!4i4 I M"dJ3 7 71, I 29(',7K 411.7X i 11.10 11.74 1",(10 ",K.hll IH,90
,

AIIK/H 790 .~,'X,OX I , '10 1 ]2 2A(I I \)~,OO '0 ..'0 I X.50

('.:.~ li : A!aI'O.4 7.11 )\"'02 ,10')4 2 t)~ II 00 1.10011 ~7.10 "',1'(1

Au~rJ3 7..10 I S7 '2 1(1,\0 ~117 .: li46 120 (HI .15'.\ 11.'10

( ··17V j \f1l\'O} 6, ,~ 1\.\1).40 lUI. ~O "'2 C\ ,00 1"':'0 -I I ," 9li liO )(,20

.411).:0,4 6,92 IJIIISX ·11'0 7.IlI .00 I 2 so 1~1 ..1'J Xli,tln " )'"

I' ,\,14 I .\fm'O{ 7, lit) 1'I~qO -I', 10 1'190.00 O.IXI II S.OO 'n.1O ? I XO,
Au/-:O,l 7 S, I IXJ40 , 1.711 117li 011 4 14 {,o. \9 S'.ISI }OOli

( '. , I , I .lfllrOl (I X2 41',.1)2 fd 40 I 72 ~O 0011 2111(~11 'I' ..\() I 1 .111,
Au):fJ,l 7'1 14412 JJ so I 71>.S.1 I ,il') II,"~I 71'0 4 4(,

.lS



Hor,

c

c-

c·

c

c

c·

('

c-

('.

(

(,·1

(

( '-

c

1\

lIy

M

,hoi. O.t. pJl TOS ('I I S04 Nm Jlcm N. K'- -("';. ... --!VIa P04 '"0, 'II
mg/l mllil mg/l m&!L .nlJlll mllil mllil nIJl/L.. 'tIJIIl. mK/~.. °;',0 %0

M",'03 7..19 700,~1> 49,~0 151.00 7..10 125.00 52,50 ~,II> 5150 55,1>() 11,21>"/." '''',
611 Aog03 745 901.711 .15.~O 11I5.lm 1.~9 5~O.00 95,~0 14.911 II~,~O _(,~IIO 1.05 -7.57 -11241
I 5 M",,1I3 7.~9 549,95 04,10 32..10- 0.1>0 2'1~.OO 127.00 .1.00 10.75 14.20 0.1>2 I" i" l.L: ._,.
II. Aog03 ~.70 44~.OO 110.50 14,311 I.I>~ 210,00 1.15.00 .1.24 .l57 .I.~II 112~ .9.0~ -1>7,~4

1117 Mo,,113 743 402.1 I 2950 112jO ,L26 205.00 21>40 4.15 .~(,,5n II>.~O UO'i!', V,·'\':.
Aogll3 7.3~ .1'1300 211.42 3.111 0,92 110.00 2'1.~' 5.79 'O..I~ 23.07 0,14" I·"'iii'

,12 Ma,,113 7,1l! 112271> 54 ..10 .17,00 20jl ,111000 36,50 7.95 75jO 31.00 0.17
Aog03 7,73 211~,~O 17j() .11'.75 2UO 1115.00 119.~O 7,211 '1jO 6.43 0.35·...::.",••

'1 M",,03 7.03 1'113.1.1 .10500 100~.OO 4,25 39,611 ,1'0.00 12.9' ·1~~ii.lKI· -110,50 2,~3 -~.7~ -69.13
•. AoglJ.l 11,75 I ~24.(~) .10',00 ~~O.()O 15.110 K2 ..1' 445,00 17AII 1I~.5I)_ ~2.,O 3.15 .~.74 .67.44
17~ M",'03 6,12 55',.17 1.10.00 I 229.00 IUlO 24.40 44.40 4.74 q'.70 25.40 1.73'"

Aog03 7,14 I"X,~~ X540 IXX,OO 154 174.00 74.50 9.51 62.50 42.'10 0,95, .
111 .11,wr13 7,97 .140.45 2X.50 29jO 0.47 192.00124..10 4.46 ,16.20 19.40 5.62 -'US ·119.46

. AoglJ.l 7.95 2.111.111 19.21 ~.1I2 2..1.l 1115,00 SUS 7.75 11>.02 4.04 O,5X .X.~,1 .117,17
1 Ma"l13 x.7.1 44' ..\9 2570 7250 O,5X 190.00 111.110 10.XO 1140 .14.22 0,79 .X.49 ·04.25
60 Au/o:'J.4 'U(6 V)\hX 22.60 1~~.Otl 0.77 I~O.OO 69.25 1.'.:'6 llJI 29..15 0.:'5 ---,-':'~:~Tr-""'-"~':

16' .Ila,,113 7.2x ~07.711 11111,20 14.1,00 OAII .II>lUlO '2.1>1I 27.90 I02,IXI ",110 25.1} " . ,'i'i.'
.• .logll3 7..1~ 712,91> .12.75 42.X7 1.'10 4~O.OO 4~ ..10 '1.4.\ 70.10 47.'10 1.1>5 'iii"

Madl3 742 40112 I \f'.50 WIO 4.4X 21S.00 5(jO 404 1750 21.20 0.'19 -'1'1 ·1>'1.44
,IX A"g1l3 7j7 .1IIUK) 4450 10.20 2,'1~ 225.00 ,1240 1>,11 ·15.1>l1 22,.10 IU5 -9:15 .1,7,111
'1' "1,,\'03 7.77 4.111,1~ .14.50 112.00 ojX II,~,OO 47 ..10 11.72 I~.III 27.110 1.12 "}i,'i',,
'.. I A"g03 x.05 27U6 .11.01 [IIX xo 0,91> 1211,00 112,50 '1'14 '1,55 '1,01 O.lq'ii'",
-Iq I ,llal'l13 x.22 I l'Ojl 2150 211.40 0.74 194,00 25jO 5.1>0 .1111>0 2040 057 I':"".+]U":' ..

, I Aug03 779 :'16J2 ::!4.tIO 2~4\ {Ij2 16~JI JK.~O (j.~4 12.JO 11.20 n,IO -h.XX .1,1.1'(6
,xc; \.ItH·II,~ 7(,1'(] ,:'jo( M~ 2Ci.20 I )CiOO 7.52 ~25.00 2.l,60 KJO MI.<iO J,~.hH I,\}(,--+-- .1(5.1 ~MUU

. 1 ,-r"g(}3 7.6.' I ~67,2" 2~.42 124.00 1'(.0.1 2~O.OO ~~.:!o II<.XO 4h,~0 21<,40 0,6.1 .1(94 -6~.4Ci

• 7X I .\I'/I'11,j 71>7 4217.1 .HI!>O '4111 I 14 22'11I) 47 ,,) ,1.94 .1440 21./,11 111'".••_,_1:",__
- I AI/gill 7.XO 224.110 111.11 I' '15 .1 OX IXO,1I11 /,1.20 '76 '.~~ 'm 1111'1 "".'155
l~' \Iad},~ 701 1)(4 ~4 I ;7 (,0 I ~2 20 IM( .') W 00 16 ~o 1<,9,1 ,\,1,.4. ~ 22,'J2 1.26 -9,.9l}· ::n·:~\'(I~
•.. l/l).:n.l 77)( 2~hh4 114\ 24W \1<1 19~O(J 4\20 I~~O 12~h U.CiO 0,1l) .97,1 .(17,.14

..1K M(~yO.i ~:~~~~ ·ivU_6,a;iliJ ~~_~~!,~l~ .. J~ ·I:::;(:IL-',':/:: '- ..!.-~~ -r,·;·,·; 1 ....
·IIlXO.l 7t(7 1~C,O ."0(\0) 74~0 16"\007110 :'JI 4920 IIt,lm f),~7·I02t( .7:'6(,1

I Mm'(U 7.72 VJ\,~ 2'1.40 t(900 1,1t( Ph,OO 2(\4 :?~ ~2,9 17.4 0 ,HI "·~fli·,t;-r-r-:-i;-f\4'"'-
(,vct i , .. , .... ".,.".... - --- ..

AUIlO.i ~!!',' i" 1 'Ii; ~,~t'I!lI'ill!k'll',jl'lr"Xim~", 'i"'~~i1T7:il·.·n ~i'::in!r;> ;;".!;:(! r 4: .; "",_. ",

J(' ! ,\!,,,·tn 7 'HI IO'~\I) 7'~O 41·100 0,7M. ;/1;,00 11C,,40 (171 I)"(HI "xon I.U, ·'J,It( ./IC),J)

I J -fIlJt((I 7 'Ill I 110"\,21< h710 "'OtH) 0,00 2"400 J7) 00 17"\ 9'}.4C, "\o"W 142 j .)(1(\ '(14.70

!\ MK Alcl"hnsk MUlIl ( 'unill. M1)( , Millll J)nuulllotC ( "nllr(,:toJ

1(,



\ (

I ril I (

~:. It I 1, ~I J t

KoJl! l[ 'OJ

(.:. " III "'''I
{,HI I

• 11'-'

• _7'1

l. .~ II"

I '-(,ll;

-
( -:olIO\!

( ~(,:: I , I , I
r

('(117,\ I ,..... ". I ~...~ I ~! -, r, '"0 •

I ~I' "'-1 ''': "I I ...... t H1H ,1111 II
J'I,.1iI

W""
1\ ,

,'.:-; I" ,. ... ,.. 'I '.'" 1 ".. I

H;·l:l~~~ t ;;.,~.; ""11" i 1'0',11 .1 I til 'iii IIU

,hl..t!:( 7,n '\ 1(, U '1~,/l1I 1~1 "Ill 7\\ 'IJ II
IIJI.,liru.·, r \/'lIIU 7'1-r _d~ 1..';,2 ~u I I~IIJ l 000 r IH{I m, ""'17i111 ~ ~lJ ';1, III

\!.1I11 I 'ill.d

.~1



Table 3A. PeA component loading for the groundwater monitoring stallons

Number Wells PCl PC2 Land use ReQion
1 C-I26 0.925 0.238 No crop Bakhbakhtv i

2 C-594 0.902 0332 Rice Bakanass !
3 C-608 0.889 0.280 Rice 8akanass j

4 C-370 0.837 ! 0412 Rice Tasmuran ,
i

I Bakanass I5 t C-607 0.824 ,
0.438 Hice

6 C-49 , 0.817 0432 Affa-Affa -~khbakhtv i

11 'I C-376 0.778 0.410 Rice Bakhbakhry
12 IK614(20)! 0.769 0437 Other crop Tasmuran
13 I C-819 , 0.769 0557 Other crop Bakanass
14 C-617 0.765 0534 Rice Bakanass
15 C-8lO 0.742 0593 Other crop Bakanass
16 C-600 0.732 0581 Rice Bakanass
17 K602 0.730 0288 Other crop Bakanass
18 K614(50) 0.718 0586 Other crop Tasmuran
19 C-308 0.708 0592 Affa-Affa Tasmuran
20 C-659 0.702 0617 Other crop Bakanass
21 C-606 0.702 0.560 No crop Bakanass

25 ! K614(70) I 0.663 0.500 Other crop Tasmuran
26 'C-829 i 0.659 0.713 No crop Bakanass
27 C-647 0.651 0.733 Affa-Affa Bakanass
28 C-362 0.641 0573 Affa-AffaBakhbakhtL
29 C-815 0.605 0.724 No crop Bakanas
30 C-21 0604 0.768 Rice Tasmuran
31 C-828 0.603 0.734 No crop Bakanass
32 C-332 0601 0.630 No crop Bakhbakhty
33 C-P78 0587 0.743 Affa-Affa Bakhbakhty
34 C-352 0569 0.720 Affa-Affa Bakhbakhty
35 C-603 0.551 0.657 Other crop Bakanass
36 C-100 0.547 0.787 No crop Bakhbakhty
37 C-797 0.539 0.764 No crop Bakanass
38 C-I29 0500 0.807 No crop Bakhbakhty
39 C-598 0279 0.803 Other crop Bakanass
40 C-357 0.253 0.905 Other crop Bakhbakhty
41 C-60 0 111 0.888 Affa-Affa Bakhbakhty

Extraction method: Principal component anal} SIS. Rotation method: \ -arima.\ u~mg Kal.s.er nonnahz.auon.
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Table 4A. Groundwater balance components (m"' day) in the Bakhbakhl) pan of the Akdalinsk
irril(ation system. Simulation scenario I: area of rice fidds is 4165 ha.

Water balance componenls Stead~- Transient conditions
stale

Date: 1%7 15 05 ~002 15072002 O'l O'l ~oo~ I 20 01 '~003 I 03052003
Rainfall infiltration 1600 9100 15300 b.~O() . 6300 6300

~ Infiltration of melted snow 4noo 42700 4~7oo 1 ·C700 ·C"OO ·C"OO;:;
Irriszalion canal losses i5 bl300 1883462 1216278 i Q~~407 -

"- In nitration trom rice fields 1710500 819860 I 760760 :
E · ·
B Decrease of storage · I . - i . 6106-1 ~2?30

~ losses trom collectors · 128980 128000 79290
" · ·
~ Inllow along boundaries 30590 948700 490000 322950 I 8708-1 '1900

Sum 136190 4714342 2712138 21~7 '-4t,15 :' 543n30
uroundwater evaporation '14880 323266 411268 ·$3"""5OQ . ~O~898 ~60504

f Discharge to collectors · b51900 903520 Iffi3.240 2q"''''~() Il>\"ll>-It)
;:;

D.scharge to irrigation canals 1~510 I~OOO
~ · I~OOO · -

E Ioulllow to 11\ n\er 2492 .100 830 1318 I 'w 1560

" Increase of storage J~bI748 102b4M ~06P3" · - -

~ Outllow along boundaries 38804 337400 223460 2Qi~32 1408-10 II~

.=: Sum 136176 4719124 ~70954~ 2160072 "!4-W2S qll~

~

Imblllllnc~ (0 0 ) 0.01 I -0.101 0.0'l' O.~O 0.36 .).1'

Table 5A. Groundwater balance components (m' day) in the Bakhbakhl) pan of the Akdalinsk
. S' I 7 I' fi Id -70 7 hIml(at,on s\stem. Imu atlon scenano ~: area 0 nee Ie SIS '- - a.

\liater balance componenrs Sleady- Transient ("oodnk.)fls
slate

Date: 1%7 1505 1988 150" 1988 I O'l O'l 198812001 198910305 198'1

Rainfall infiltration 1600 9100 1:'300 I fljOO I (\}.oo
.

t'- .'-4....",

'" Intiltration of melted snow 42700 .$2700 ! ·C700 ! ·C"'OO I 4:-00 "~"I'M)cg Irrigation canal losses 61300 1870780 11981t>! "'''oNO i · ·
~ Infiltrallon trom rice fields · 1603:!OO 14,1800 13'::1100 · ·E ,
0 Decrease of slorage I 6,,10i'9 ,

4S5~5"!" - . . - ,
~ Losses trom collector, - 111690 102570 70S,,7 · ·0

<::
Inllow along boundaries 305'lO 873480 -l-lt>300 30.'440 St'~5-t 509~-=
Sum 136190 , 5501850 3~3083-4 :!681.s~-: iC~~y : 5851--

Groundwater evaporation 94880 .'62:\05 45%]0 4:'\+.W:' ! ~2'::~5t- '::~3~_~~
.

I~

Discharge to coliectors 'lO-l780 13"-'010 J:'~-o~o ~:' 2:'0 I ~(l-,,(\C
,

" 13S2:!O 1365611 141540
.-

c: Discharge to irrigallon canals · ·
"
~ Outflow to Ih river 2492 6"4 1157 1552 1691 I"""
~ ncrease of storage 37.U4.5~1 10.\1073 I<'ll'O - ·

~ Puttlow along boundarIes 388().l 356046 2';:'3.33 33 t:.$~ 15<>949 1:9444

Sum 13bl76 5510876 323h~5t) 2(-1S3O():, K~M-6 5~541~

~

mblllilnu (0 0 I 11.11 I ·0 I" 0.OH2 ~l(t5' .flll1 t" ...1().ll



m the Bakhbakhl) pan of the Akdalinsk
fi Id

Table 6A. Groundwater balance components (m'dayl
S· I· . ~,mgatlOn svstem. Imu atIOn scenano . : no nee Ie s.

Water balance components Tran~icnt condllions

Date: 2004 2006 I 200& I 2013 I :!O~}

Rainfall infiltration 6300 b300 , 0300 i b300 'j ~300,
3 --+

Int1ltratton of melted snow 42700 4~"OO
,

~.:!jOO ·C-OO 4:-00
ii .__._-

~
Irrigation canal losses - - ! - i -
(nliltration from rice fields l I:: - - - - -

;:; Decrease of storage .:!.:!6882 I 368:!b , 104700 ~I~~~ -'0:1>4
~ Losses from collectors I - - - -~

<::
Inflow along boundanes 34801 34801 34801 -'0101 -'0<-(>::: :

Sum I 310683 22'0027 1RS"O: I~039~
, 1i....~1

liroundwater evaporation 187385 12'·N2 1«('-b.' "'4~n3 , t-I ~-t-

;!; Discharge to collectors 5~3W 25:'12 202.:'""' I 15":':'0 HI:':::: ,

~ Discharge to imgation canals - - - - -
"- Outflow to 11\ river 1568 153~ 1500 J"~- l·e_~€
;:; Increase of storage - - -
~ Outllow along boundaries ~Q773 69773 69713 "28~"'! 3NX>
~

Sum 313106 224311 1922"'9 I.:Q5Q- I !4"'SI--
1111balJlllu (00) -<J.77 -1.66 -2.0 ' " -15--~-_..:.
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