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Executive Summary

Many years of excessive imigation and massive exploitation of local water resources in the
Akdalinsky sand dune terrain of the Uy niver basin have caused considerable deterioration of soil
and water in the area. Extensive flood urmigation over sandy soils. leading to leaching of nutments
from the root zone, soil swamping, alkalization and secondany salimization. have resulted in
pollution of surface and underground water, associated with significant decreases in crop viekd and
quality of life of the local population. This project allowed quantitative characterization of the
complex hydrological and hydrochemical features in the Akdalinsky agricultural land. Based on
this characterization. recommendations were drawn up to decrease the negamve impacts of
anthropogenic activities on the soil and water environment in the cultivated sand dunes arca. The
approach used for this study was based on analyses and integration of field data. and detailed
numerical simuiations of different agricultural production and water management strategies.

The innovative aspects of the project lie in further development of the methodology to
determine appropniate ecological water demand for irmgation in dnylands. We demonstrate that
crop pattern changes will reduce the water consumption for irrigation and retumn flow of drainage
water to the fly River. Results indicate that increasing the area of rice fields will further lead to
land swamping and deteriorating hydro-ecoiogical conditions. {_eachate of polluted water from the
imigated area returns into the {lv River via seepage and surface dramnage. affecting the water
quality of the Ily delta. Alternatively. decreasing the proportion of nce fields m the area wiil lead
to lowering of the groundwater level to 3-5 m below surface and secondan salintzation of a
significant part of this land. Application of models to simulate different water management
scenanos enabled us to find the optimal relation between arcas of nce and other crops. For
example, keeping an area of 4200-4500 ha for rice fields out of 15200 ha in the Bakhbakhty
region is the most rational solution for this region.

The results of this research have been used for planning water and agncultural activities in
the region in the framework of a project for reconstructing wmgation and drainage systems.
Specifically, the GIS-based database and developed model of hyvdrological and hvdrochemical
conditions are being inclided as part of the automated information svstem for monitoring
ecological conditions in the study arca. The Kazakhstan Institute of Hydrogeology and
Hydrophysics (IHH) participates in transfer of the developed technology and tramning of water
authonity professionals. The model will enable estimation of the efficiency of planned actin itwes
regarding reconstruction of the Akdalinsky irrigation system. in order to predict their effect on
conditions in the study area for different crop rotation scenanos.

As a result of this project, the computing factlities in the Laboratory of Modeling and
Hydrodynamics of the IHH were strengthened. The Kazakh researchers were trained in using the
Groundwater Modeling System, geo-information syvstem Mapinfo and database management
system FOXPRO.



Research Objectives

In many parts of the world. significant portions of irmigated Jand are subject 1o degradation,
satinization and contamination. making irrigation unsustainable (Scherr and Yadav. 1996). Due to
excessive irmgation and consequent nsing groundwater levels, the installation of expensne
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 niver,
contaminates the river downstream. The problem is therefore how to use water more efficiently in
order to prevent environmental damage and to get a better retum for the cost of supplied water (D.
Hillel. i “Fresh Water resources in Arid Lands™. 1997y,

The conditions of water and soil resources in Kazakhstan are in many wavs determined by
the influence of past water-related technological development and agricultural activines. During
the Soviet period, Kazakhstan implemented many poorly designed and constructed land
reclamation projects, assoctated with the diversion of water from far basins. The processes of
environmental deterioration can be observed in the lly-Balkhash region. where a big industnal-
agricultural complex was established over sand dune terrain based on water diversion from the v
river. A total area of 30.000 ha were imigated for growing rice. wheat. com. tobacco. sugar beet.
vegetables and fruit. Previous research revealed that many vears of excessnve imgation and
unsustainable exploitation of local water resources in the Akdalinsky land of the Iy River basin
caused considerable deterioration of soil and water. including leaching of nutrients from the root
zone. soil swamping. alkalization and secondary salimzauion. and pollution of surface and
underground water (Vesselov et al, 1996a.b). Observations show sigmficant levels of pesticides
and biogenic contaminants in dramage water. The latter is recharged back into the Hyv and Karatal
Rivers, which, despite their poor water quality. are used by the local downstream population for
domestic purposes. A decrease in discharge of the nivers in the basin was detected. together with a
lowering of the water level in the Balkhash Lake. Desertification features have been obsened
during the last 13 years over the entire area. associated with qualitative and quantitative changes in
groundwater, which is the central component of the ecological svstem. Therefore. an assessment of
rational strategies for exploitation of water resources and prevention of contammation of the soil
and water environment is a primary task. Investigation of these problems can be done by
developing a physical and hydrochemicai database and by applving mathematcal model analyses.
For example, applying a global water and food analysis model (Cai. 2004) demonsirated that there
is little hope of resclving the conflict between agncultural water demand and ecological water
demand in the Yellow River Basin.

The aim of this research was quantitative elaboration of a complkex of hyvdrological features
in order to decrease the negative effects of anthropogenic activities on the sol and water
environment in the agricuftural area of the ily River basin. This is based on: 1) Assessing the
extent of pollution and salinization of surface and underground water; 2) Adapting and
implementing models for predicting the path and rates of pollutant migration and for simulating
scenarios under various types of water resources exploitation: 3) Analvzing the results of
hvdrological simulations to determine measures for decrcasing the nsks of environmental
pollution: 4) Assessing suitable scenanos for sustainable development of water resources in the
study area.

The innovative aspects of the project invoive further development of the methodology to
determine appropriate ecological water demand for imgation in drylands. The aim was to examine
how changes in crop pattern will affect the water consumption for wrrigation and retum flow of
drainage water to the Ity River. The resuits of simulations for different agncultural and water



application scenarios will help planners in protecting the local environment and establishing
sustainable cultivation in this area. The "Jetisuss” hydrogeological-reclamation expedition by the
Kazakhstan Ministry of Agniculture has started using the resubts of this research. This organization
is responsible for water management in the arca. participating in activihes concerning re-design
and reconstruction of the Akdalinsky irrigation system. The staff of this expedition helped in
organizing field trips by Kazakhstan and Israeli investigators to the research site, and supphed data
from field observations.



Methods and Results

The approach used for this study is based on analvsis and integration of ficld data. and
detailed numerical simulations of different agricultural production and water management
strategies.

Hydrogeochemical conditions

The study area is sand dune terrain located in the southeastern pan of Kazakhstan (Figure
la). It 1s a flat closed depression resulting from intensive deformation during the Alpine time. and
filled by alluvial-proiluvial sediments. The aquifers in the plain pant of the basin. in the lake-
alluvial deposits and the recent deposits of Middle and Upper Quateman age. are composed of
sand, loamy sand, and loam. Their thickness is 50-70 m near Lake Balkhash and up to 240 m in the
deepest part of the depression near Bakanass. The depth of groundwater s 3-7 m along nver
valleys and between sand ridges and 15-18 m on the sand ndge arcas. Groundwater chemical
composition 1s predominantly of bicarbonate calcium and sodium sulfate tvpe: TDS vanes from
0.5 to 1.6 g'l. Aquifers of the upper honzon are interconnected hyvdraulically; the general direction
of groundwater flow is from the south-east to the north-west towards Lake Balkhash. Groundw ater
in sand massifs is recharged by infiltration of surface water (mainly nversi. surface mfiltration in
periods of precipitation and underground inflow from mountain regions. In the foothills of the
northem Balkhash zone, to the north of the Balkhash Lake. groundwater is recharged mainh from
infiltration of winter and spring precipitation. Climate in the Lake Balkhash basin is continental.
characterized by large daily and annual vanations of air temperature. and high levels of solar
radiation. Mean annual temperature is about 2 to 5 °C in the plains and -5 10 -10 °C on the
foothills. Mean air temperature duning the coldest month (Januany) is -16 “C in the northem pant
and -5 *C in the southemn part of the plain terntory. Mean air temperature during the hottest month
(July) 1s about 20-25 °C. Distnbution of precipitation over the basin 1s very vanable: about 130
mm falls on the coast of Lake Balkhash and 200-250 mm in the southermn and northern Balkhash
zones.

The central part of this area is the Akdalinsky irrigation system. located on the right side of
the Ily River (Figure ib) between the Taukum and Sary-Ishikotrau Sands. It includes the imgated
lands of Bakhbakhty, Tasmuran and Bakanass. with a total surface arca of 30.000 ha. In the past,
most of these lands were used for rice growing (45-54%). Crop rotation also includes alfalfa. com,
barley and wheat. Actual irrigation norms for rice in 2001 were 53,000 m’ ha. Water from the Ih
River with a TDS of 0.2-0.7 ¢ L is transported through the Tasmuran and Bakanass mamn canaks
and used for irmgation. Shallow (0.5-1.0 m deep) open dramns connected to the open on-farm
collectors (2-3 m deep) represent the drainage system. Drainage water from the imgated lands 1s
dumped into the Ily River through Main Collectors. This water has a high concentration of sulfate
(190-210 mg'L), nitrate (0.5-2.1 mg ). ammonia (up to .25 mg 1) and nitrite iup 10 0.0" mg L.

To assess hydrogeochemical conditions in the study arca we collected hyvdrogeological and
hydrochemical information on the area from previous investigations. This included meteorological
data, lithological profiles for different cross-sections {62 well logs). groundwater level
observations and geochemical information (296 wells). Data on water levels and chemical
composition of surface water (including the Hv River, wmigation channels, and drained water in
collectors) was collected.






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

To complete the existing database with hydrochemical information concerning
environmental tracers and stable isotopes. additional water samples were collected in May (63
samples) and August 2003 (56 samples). Location of sampling boreholes in Bakhbakty and
Bakanass areas is presented in Figures | A and 2A (Appendix 1). respectivehh. The samples were
analyzed for their pH. EC. TDS. concentrations of the major ¢lements: Cl. SO.. Br, NO:. HCO:.
Na. K, Ca, Mg, PO.. stable 1sotopes (Tables 1A. 2A in Appendix 2). and trace elements such as:
Al, B, Ba, Cd, Co, Cr. Cu, Fe, Mn. Mo. Ni, Pb, Se. Si. Sn, Sr. Ti. V. Zn, Li. Ag. As. Sb. and Hg
(concentrations of trace elements are quite small, and therefore not presented in this reporty. The
total dissolved solids (TDS) in the collected samples at the Bakhbakhty pan of the imgation
system ranged from 218 to 2028 mg 1 and the mean value was 695 mg1. The TDS in the samples.
coliected at the Bakanass part of the irmigation system, ranged from 166 to 969 mg | and the mean
value was 505 mgl Most of the water samples were characterized by relatively  high
concentrations of up to 1008 and 450 mg'1 sulphate; 360 and 545 mg | hvdrocarbonate; and 34 and
51 mg1nitrate, in the Bakhbakhty and Bakanass regions. respectively. One water sample collected
from well # 592 in the Bakanass region exhibited very high salinity (TDS = 3124 mg 1. which s
probably due to high contents of dissolved minerals at that location. Companng pre-imgation
{May 2203) and post-imigation (August. 2003) water samples. we noted a gencral trend of
decreasing TDS. Cl. Ca, Mg. POy and HCO: concentrations in groundwater. probably due to
leaching of salts by irmigation and drainage. Concentrations of SOy, NO:. and K increased due to
application of fertilizers. The content of Na and the pH of the groundwater also increased.

Cluster and Principal Component Analyses of groundwater hydrographs and hydrochemistry

Hydrogeological and chemical data were used to characterize the effects of imgation on
hvdrogeochemical conditions in the study area using statistical methods. SPSS cluster analysis was
performed on the spatial distribution of hydrochemical data 10 specify the extent of aquifer
heterogeneity. This allowed the delineation of hvdrological sub-regions with homogeneous
properties (water bodies) in order to assess further major flow patterns. sources of groundwater
contamination and hydraulic parameters. Results are presented in Figure 2. The TDS concentration
was the major factor affecting cluster analysis. indicating a pseudo-linear correlation among all the
dissolved minerals. Water samples with low TDS (200-400 mg §) and chemical composition close
to that of imgation water (lly River) belong to a cluster located in the imigated fields and close to
the imgation canals. Clusters with TDS of 600-1000 mg1 and 1200-1800 mg 1 include water
samples collected in boreholes located in the peripheral pans of the imgated land. 1n non-1mgated
areas and close to drainage collectors. We note that in the pre-imigation period ( May 20031 more
clusters were delineated; however, after the end of imigation. distnbution of concentration became
more uniform indicating a heavy irmgation effect on groundwater chemistry. Relative uniformity
of concentrations and geographical overlapping of water bodies made 1t impossible to use the
original compartmental modeling approach (Adar et al.. 1988a.b) for quantitative wdennfication of
recharge sources and hydraulic parameters. Analysis of the chemical data indicates that in the
study area. groundwater chemistry obeys quasi-steady state conditions. In other words. mtroducing
[ly water into irrigation channels and starting intensive irrigation in mid-May significantly changed
groundwater levels and chemistry. Massive infiltration from nce fields and un-paved imgation
channels leaches salts. fertilizers and herbicides into the shallow groundwater. part of which is
drained into collectors flowing back into the Hy River (Figure 1b).






Elevated groundwater. due to massive imgation 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 retum to a state close to that
observed before irrigation, producing a so-called seasonal oscillating pattern. However. the general
hvdrological conditions prevail all year long in elevated groundwater.

Principal Component Analysis (PCA). which 1s commonly used to reveal patterns in data
sets (Moon et al, 2004 Winter et al. 2000). provided insights into the charactenistics of
groundwater in the Akdalinsky agricultural land of the iy River basin. in this study 41 obsenation
wells were classified into hydrograph tvpes with similar vanations. Wells exhibiting similar water
table fluctuation characteristics were clustered. and the charactenstic fluctuation cunves. which are
component scores for each PC (PC1 and PC2). were determined as representatives of each type.
Varimax rotation using the Kaiser normalization method {Kaiser, 1958) was apphied 1o classify
total variables (i.e. groundwater fluctuation curves) into groups that showed similar charactenistics.
The procedure maximizes the factor loading vanance in each vector. under the constraint that the
factors remain orthogonal. Table 3A (Appendix 2) shows the factor loading values of wells for
each component. The patterns of water table fluctuations in the Akdalinsky region reflect the land
use pattern for agricultural crop production. The factor loading in Table 3A indicates that
groundwater wells from wrrigated croplands were mostly associated with PC1H. The factor loading
values emphasized in bold indicate associated loading groups. About 60% of the total obsened
wells were associated with PC1. Around 80% of the groundwater wells associated with PC1 were
from immigated cropland. Among the irrigated cropland. rice and alfaifa were the major contnbutors
in the PC1 factor loading: rice accounted for 36%. alfalfa for 20% and unspecified crops for the
rest of the loading. 40% of the total observed wells were associated with the PC2 factor loading.
More than 40% of the factor loading associated with PC2 came from land that 15 not used for crop
production. Among the cropland associated with PC2, alfalfa accounted for approximatehy 30%
and unspecified crops for another 30% of the total factor loading. The resuits indicate that the
dominant mode of variation in the groundwater water table is a pattem of imgation effect. which 1s
mostly descnibed by the excessive water demand of the rice irngation system.

Time series analyvsis of component scores indicated that most component functions can be
best described with the rising and falling pattern of the groundw ater hyvdrographs. The component
scores and ground water table fluctuations associated with PC1 (1999-2002) for C-126 and C-394
are plotted in Figure 3. The loading of the vanable for station W26 was the highest onto PC1
10.925). foliowed by C-594 (0.902). As principal component loading becomes closer 10 1. the
shape of the pair of principal component scores and water table fluctuations becomes sumilar. The
groundwater hydrographs and PC scores for the two representative wells associated with PCI
illustrate a rising water table trend during the imigation period { Mayv-August). Since no crop was
atlocated for C-126. the rising water table for the well is probably described by infiltration of water
from an adjacent irrigation fiekd. or by horizontal flow of water from the influence of poor
drainage network. C-594 comes from the nice field. which is one of the representative wells of the
PC1 factor loading (0.902). Similarly, Figure 4 shows pnncipal component scores and
groundwater table fluctuations (1999-2002) for C-60 (0.888) and C-129 (0.803). associated with
PC2. The groundwater hydrographs and PC scores for the two representative wells associated with
PC2 illustrate a falling of the water table for the years 2001 and 2002 dunng the imgation peniod
(May-August). C-60 (0.888) comes from an alfalfa field. whereas no crop was allocated for C-129
(0.807). Seasonal (irrigation effect) groundwater fluctuations for the years 2001 and 2002 were
decreased compared to 1999 and 2000. w hich can be described by a decrease in imigated arcas and
a changing crop pattem.
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In 2002, the area occupied by rice ficlds in the Bakhbakhty pan of the Akdalinsk region
was 4165 ha compared to 7202 ha in 1988 (Vesselov et al.. 2005). Results from the MODFLOW
simulations indicate that decreasing this area will lead to a lowering of the groundwater level
Temporal structure analysis of water table fluctuations along with PC factor loading indicates that
nsing groundwater in the area is mainly associated with excess imgation water

The groundwater geochemistry data were also subjected to cvaluation via PC analvsis to
investigate agricultural impact on groundwater. The analysis generated 4 factors. which together
account for ~90% and ~86% of the total vanances for the pre- and post-irngation period.
respectively.

For the pre-irrigation period. the first factor loading accounts for ~50% of vanation and is
characterized by high positive loading for EC, Cl, SO, Na. Ca and Mg The second factor.
accounting for ~20% of the total vaniance, is mainly associated with very high positive loading of
HCO; and CaCO:s. Perfect correlation was also observed between HCO: and CaCO:. The third
factor. accounting for ~10.5% of total variance, is associated with PO, and K. The fourth factor
accounts for ~9.5% of the total variation and s mainly associated with the high loading for NO:
and negative high loading for pH.

For the post-irrigation period, the first loading factor accounts for —46% of vanation and is
characterized by high positive loading for Ca. Mg. SO,. and moderate loading of PO, and K.
Significant correlation over 0.6 was found between SO; Ca. Mg, and PO,. suggesting that these
variables are strongly influenced by fertilizers. The second factor. accounting for ~19.3% of the
total vanance, is mainly assoctated with very high positive loading of Na. Cl. EC and moderate
loading of SO, High correlation was also observed among Na. Cl. and EC. The third factor.
accounting for ~11% of total vanance. is associated with high loading of HCO: and CaCO-.
Significant correlation was also observed between HCO: and CaCO:. Previous research shows that
the concentration of bicarbonate and calcium is practicallv constant along the Kaskelen River
(Vesselov et al., 1996a). which is a main source tributany of the !lv River. The fourth factor
accounts for ~9% of total vanation. and is mainly associated with high loading for NO: and
negative moderate loading for pH. Factor 4 is mostly associated with nitrogen fertilizers. Smee
large amounts of fertilizer such as urea and commercial composites have been apphed for a long
time under oxic conditions, the main component of femlizers. NH, is oxidized to NO: by
nitrification. When an NH;™ ion changes to NO; through the nitnfication process. H™ 1s produced
as a by-product. Therefore, NO: is enriched and pH is decreased in groundwater (Bohlke. 2002).

The isotopic compositions of collected groundwater samples were used to further assess the
impact of agricuiture on ecological conditions in the studv arca. The general meteonc relationship
between oxyvgen-18 and hydrogen-2 has been descnbed by the global meteonic water hine, GMWL
(Craig, 1961) with the equation dD =830 +10. In the absence of primany data on isotopes in
precipitation over the study area we used IAEA. WMO (2001) data from the two closest stations:
Kabul. Afghanistan and Wulumuqi. China (Figure 5). The straight line aD-o0'0 for the
precipitation data for Kabul s obtained by linear regression and is descmbed by
3D =7.985"0+16 {R*=0.97). while that for Wulmugi is described by aD = 718570 = 2.13
{R°=0.99), i.e. the slopes of the regression lines for both precipitation data sets are similar to the
GMWL. Assuming that rains in Kabul are more representative of the precipitation over the study
area, one can infer that the isotopic signature of precipitation s modified by evaporahion before
groundwater recharge.
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The "0 values of the Bakhbakhty groundwater samples ranged from —8.49 10 -11.99
May 2003. and from —6.88 to —11.36 in August 2003, while the & values ranged from -68.03 to -
82.41 in May and from -61.86 to ~79.18 in August 2003. Although most of the &0 and oD
samples showed an evaporative ennichment of & values after the imgation period. the obsenation
wells located within open water bodies such as irrigation canals. flooded areas and drainage canals
were not considered when assessing irrigation impact on groundwater. and &) -0 1) straight fines
were plotted for the selected observation wells located from the agricultural ltand (Figure 6). For
May 2003 the straight line in Figure 6 is described by o) = 57541 - 14.41. and for August 2003
it is described by aD=2433"0-4425 The stable isotope data indicate that groundwater
collected in May 2003 and in August 2003 differ not only in their values but also markediy in their
deuterium excess values. The low average "d-excess’ values: —14.4 for Mayv. and ~ <3430 for
August, 2003: would suggest that there is significant evaporation from rainwater and further
evaporation from surface water (rice checks or imgation canals), leaving the restdual groundwater
with lower values of “d-excess’.

High nitrate levels are associated with enriched 60 values. clearly indicating that
significant quantities of evaporated (isotopically enriched) imigation water mfiltrate along with
fertilizer nitrate to the groundwater system. The post-irrigation ( August 20031 nitrate kvels were
higher in all the observation wells than the pre-imgation nitrate levels (May 2003, similariy
enriched 670 values were observed for the post-irrigation period. The illustrated different
670~ NO, trends suggest isotopically distinct, non-point source origins. which van spatiallh and
temporally, due to different degrees of evaporation recharge and amounts of fertihizer apphed.
However the positive o0 - NO, relationship indicates clearly infiltration of isotopicalh
enriched. evaporated imigation water along with fertilizer mitrate to the groundw ater aquifer.

Remote sensing analysis of the study area

Two LANDSAT images (Figure 2A, Appendix 1) for May 26, 1990 and May 13, 2000
were processed to assess the impact of imigation on the hyvdro-ecological conditions of the
Akdalinsky irrigation system and neighboring temitory. Digital maps and photos of the settlements.
water bodies, plants. agricultural fields. irngated lands and topographic maps ( 1:2000007 were
utilized for decoding satellite images. A pretreatment procedure was camed out to obtain reliable
relations between biophysical surface parameters and values of bnghmess: radiometnc
classification. atmosphenic correction, and geometric correction. A number of ground control
points (GCPs) were selected from the topographic maps for geometnic correction and transtormed
to the Transverse Mercator coordinate svstem adopted in Kazakhstan. The methodological device
ERDAS IMAGINE for image classification — supervised classification - was used for analvzing
the satellite images. The classification is a grading process (classification by classes) of image
elements (pixels) to produce a final number of classes on the basis of attribute values (DN - digatal
numbers). If a pixel satisfies some classification conditions. it defines a class corresponding to
these conditions (ERDAS Field Guide: ERDAS. Inc.. Atlanta. GA) Small standard plots
tsignatures) and single pixels were chosen in the satellite images comresponding to the following 8
major classes observed at the land surface: 1) agncultural fields. 2y clay desent, 31 takar. -4 dense
natural vegetation. 3) salty crust (Solonchaks). 6} sandy desert with Sak<aul type of vegetation. ™
vegetated sands. and X} water bodies and nice fields. The results were tested through accuracy
assessment by calculating the error matrix that compares the relationships between ground-truth
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data (reference data) and classified results categony-by-category. The overall accuracy of the final
maps was good {75%) in 1990. and very good 189%) in 2000. Maps of supenvised classification of
the study area are presented in Figures 3A-6A (Appendix 1). Digital analvsis of these results
revealed that dunng a period from 1990 ull 2000 the area of rice fields decreased while
groundwater level still remained close to the soil surface. This led 10 an increase in soil
salinization, a decrease in vegetation area and desertification of the irmigated area and neighbonng
lands. During the 10-vear period 1990-2000, the arca of vegetated sands decreased from 3944 km'
to 3714 km:_. dense natural vegetation {bushes) decrcased from 543 km® 1o 138 km-. saltyv crust
(Solonchaks) increased from 7 km™ to 447 km". sandv desent with Saksauls increased from 66 km”
to 579 km". and takyts and clay desert decreased from 80 km™ to 46 km™. The area of water bodies
was smaller in 2000 (83 km") than in 1990 (265 km"). mainhy because the rice fickds were not vet
flooded by May 13, 2000.

The main drainage collector also significantly affects the environment. Inspection of the
collector relief profile revealed that the altitude of s bottom and the water kevel in the collector at
many locations are higher than the groundwater level of the surrounding arca. Therefore. drainage
water of high salinity flows from Bakhbakhty to Bakanass and on to the Ily River. Infitranon of
this water along the collector leads to salinization of the surrounding territony.

Modeling of agricultural land use and water management scenarios

The above analyses of hydrogeochemical conditions prove that unsustainabie exploitation
of the Akdalinsky agricultural lands has a negative impact on the environment: raising
groundwater levels, soil degradation. salinization and desertification. This 15 mainhy caused by
growing rice. which requires large irmgation norms and has a low efficiency of imgation and
drainage systems. A rational policy for sustainable land exploitation can be assessed by
simulations of related processes with mathematical models.

We started simulations for different scenanos of imgation and water explentation with a
one-dimensional model of water flow and solute transport in the unsaturated-saturated zone
(numerical code WASTR3 was developed by A. Yakirevich)., The following data were introduced
mto the model: lithological profiles. hvdrological and hyvdrochemical parameters of different
layers. crop rotations, transpiration, evaporation, precipitation. irnganon requirement and water
application. initial distribution of water content. solute (TDS) concentration. groundw ater levels.
parameters of irmgation and drainage systems. TDS concentration in rainfall and irngation water.
Simulations were performed for the 8-year crop rotation period. Growing crops were nce. aifalfa,
beet, barley, and com. The following scenarios of water exploitation and land use were considered:

Rice as a major crop occupying 62.5 %, of irrigated area (Soviet era policy i

Rice growmng is reduced to 37.5 %, of imnigated arca (current policy §;

Rice growing is terminated completely and replaced by other crops with higher water
efficiency.

d B

The annual volume of water applied for irrigation depends on the type of crop and on the
specific climatic conditions. Mean annual imgation norms were 24.000, 17.00¢ and 3. 800 m ha
for scenarios 1, 2 and 3, respectively.

The results of simulations indicate that after one vear of imigation of nce fields the content
of salts in the root zone 15 already drastically decreased and there ts hittle change after that «Figure
7). TDS concentration in the root zone (0-0.7 m) after & vears of imgation was 0.009, 0.008 and
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performed. Good agreement between measured and simulated groundwater levels was recenved. In
most parts of the area the error did not exceed 0.5 m.

After solving the nverse problkem. we performed MODFLOW simulations for three
scenanos of water and land resources exploitation for the Bakhbakhty part of the Akdalinsk
migation system: I) rice fields with an area of 4165 ha: 2) rice fields with an area of 7202 ha: and
3) fields in which rice growing has been terminated completely. We assumed that during the long
irnigation period (since 1967). the hyvdrological conditions have reached a quasi-steady -state,
namely: oscillatory changes in groundwater level occur with a periodicity of one vear. Therefore,
simulations for the first and second scenarios were carried out for a one-vear period. The crop field
distribution schemes corresponding to the years 2002 and 1988 were considered. For the third
scenario. irrigation norms were considerably smaller. This affects the groundwater dynamics and
the quasi-steady-state conditions are no longer valid. Thercfore. a forecast was made for a penod
of 20 vears. This penod corresponds to a time during which the groundwater mound was being
dissipated (Vesselov et al.. 1996b). Simulation results of groundwater depth from the surface are
presented in Figures 7A-9A (Appendix 1), and simulation results of total water balance are
presented in Tables 4A-6A (Appendix 2). The results indicate significant mefficient kosses of
water from the irmigation network and even from drainage collectors.

Propanid. Satumn. Ordram. HexaChloroCycloHexane tHCCH) and other pesticades have
been used in the past for weed destruction duning the rice crop rotation. Concentrations of
pesticides in the drainage water increase sharply during dumping of water from nice fiekds (usually
in the middle of June and in the middle of Julyi Input of these chemicals with respect to total
contamination is relatively low, and the nisk of direct poisoning of the population through dnnking
water nowadays is low. However. some specwes of fish and other low-kvel organisms {planktonic
sources of fish food) can die as a result of the high toxicity of these chemicals to aquatic fauna. To
assess the possible effect of pesticide apphication en groundwater quahty. we used the results of
observations made during 1980-199¢ to perform simulations of pesticide transport in soil and
groundwater.

As a first step, the mathematical model and numencal code GLEAMS iGroundwater
Loading Effects on Agricultural Management Svstems. Leonard et al. 1987y was apphed.
Application of the following pesticides was considered for simulations: Ordram. Bolero ¢Sarum).
Propanil. Benzex (Benzene hexachlonde) and DDT (the use of DDT was termunated at the end of
the 1980s). The model takes into account dynamics of climatic factors. so1l and hyvdrological
parameters and agricultural aspects. Characteristic parameters of these pesticides were taken from
the GLEAMS database. Simulations indicated that maximum concentrations of Bolero. Ordram and
Propanil in groundwater reached 0.014. 80, and 0.2 ug L. respectinely, while the computed
concentrations of Benzex and DDT in groundwater were close to zero. The obsened
concentrations of Benzex. Bolero and DDT in groundwater vanied in the range of 0.003-0.14. 0.02-
0.2 and 0.009-0.018 pg L. respectively. Companson of the simulated and obsen ed concentrations
led us to conclude that additional model calibration regarding pesticide parameters is needed. but
that existing parameters are insufficient for this purpose. A considerable amount of the pesticides
is being washed out with runoff water through open drainage canals. Simulated maximum remonal
of Bolero, Ordram. Benzex. Propanil and DDT with surface flow were up to 900, 1300, 25, 1600
and 160 g Ha. respectively. This is an extremely important obsenation because the 1y River 1s not
only the source of imgation water but also an acceptor of the disposed runoff and dramage water.

More detailed simulations were carmied out with a 3-D local model of pesticide transport.
The local arcal modeling domain 1s represented by a rectangular area located at the northem part of
Bakhbakhty region (Figure 11}
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The finite difference gnd has 86 x 84 nodes (uniform gnd increment 1s 20 m) m plain and
19 layers in depth (total simulated thickness was 25-27 m). The gnd was constructed such that
boundary nodes describe the configuration of irrigated fields and drainage canals. The boundan
nodes of the local gnd coincide with the nodes of the regional mode!l gnd (Figure 124, The first
kind of boundary condition (hydraulic heads varving with time) was derned from the regional
model solution and prescnbed at the boundary nodes of the local gnd. Drains and collectors. as
well as evaporation from groundwater, were simulated by the third kind of boundan condiion.
Simulations were conducted for the imgation peniod from May 10 to September 9. The crop
rotation scheme corresponded to the one employed in [988. Only one pesnhicide - Satum ( Bolkeroy -
was considered. The processes of pesticide advective-dispersive transport and degradation were
accounted for. Temporal variation of pesticide concentration in flooded nce fields was assigned as
a boundary value for the first {from the land surface) model laver (Figure 133 The model was
calibrated against observed water heads and measured distributions of pesticide 1n groundwater
with depth. As a result, the values of ctfective porosity, hyvdraulic conductivity and dispersivity
were determined.l Consistent agreement between observed and simulated values of pesticide
concentration was obtained.

Figure 12. A scheme of drainage collectors Figure 13. Temporal yvanations in pesticide
and irmigation canals in the local model area. concentrations m nce field water.

A calibrated model was used to study the evolution of pesticide distnbution m
groundwater. Results of the simulation are presented in Figure 14 for different time mtervais. We
note that the pesticide plume reached maximum depths of 8-10 m. After about 53 davs the plume
dissipated and the concentration dropped to less than 2 ppb tmaximum admissible concentration of
pesticide concentration for fisheries). Drains and collectors intercepted most of the pesticides. The
calculated maximum rate of pesticide removal by drains reached 0.09 g day ha (Figure 154









fields must be minimized. The application of more degradable pesticides is recommended. The
application of pesticides of DDT type must be prohibited.

e During the last few vears, starting from the post-USSR period in 1993 and owing to the
difficult financial situation facing agriculture in Kazakhstan. application of pesticides m the
Akdalinsky imgated land was practically stopped. Nowadays. economics and agriculture are
recovening fast. Therefore. an increased application of fertilizers and pesticides s expected in
order to increase the agricultural yield. As a result. the problem of ecological safety of the
environment becomes more acute. Thus, additional efforts and investments must be made o
improve monitoring of soil and water quality, including further development and apphcation of
mathematical models.

e The People’s Republic of China plans to increase its water intake from the Iy River in near
future. This will lead to a decrease in water discharge to Lake Balkhash and. probabl.
deterioration in the ecological condition of the area. Thus. existing water policy in this region
will require tight regional management and cooperation. Using developed models. 1t will be
possible to simulate consequences of water management policies and to predict hvdrological
and hydrochemical conditions in the Akdalinsky irrigated land. Actually. the models that were
developed and used in this study are a prototvpe for an automated system of water resources
regulation in the region.
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technician.

Kazakhstan team: Prof. Vassily Vesselov — co-Pl, Dr. Yun Panichkin - co-Pi. Dr. Nonna
Zakharova — senior researcher. Dr. Ludmila Trushel - senior researcher. Dr. Tamara Vinnikova —
senior researcher. Mrs. Oksana Miroshnichenko — Ph.D. student, Mr. Viadimir Ostanin - keading
engineer, Mr. Alexander Engels — leading engineer.
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Impact, Relevance, and Technology Transfer

The main results of this research were transferred to the Jetissus Hvdrogeological-
Reclamation expedition of the Water Resources Committee {under the Ministry of Agnculture of
the Kazakhstan Republic). The expedition has started using the project’s findings for planning
water and agricultural activity in the region. within the framework of a project to reconstruct
imgation and drainage systems. Specifically, the GIS-based database and developed model of
hvdrological and hydrochemical conditions are being included as a pant of the automated
information system for monitoring ecological conditions in the study area. The Institute of
Hydrogeology and Hydrophysics (IHH) of Kazakhstan participates in this technology transfer and
training professionals of water authorities. Implementation will afford the possibility 10 estimate
efficiency of planned activities regarding reconstruction of the Akdalinsky trrigation system. and
to predict the effect of water management on conditions in the study area for different crop rotation
scenarios.

As a result of this project. the computing facilities in the Laboraton of modeling and
hydrodynamics at the [HH were improved. The Kazakh researchers were trained to use the
Groundwater Modeling System (GMS 4.0), geoinformation system Mapinfo and database
management system FOXPRO. In the course of this project. Mms. O. Miroshnichenko (1HH)
prepared and defended the PhD thesis “Development and identification of the mathemaucal
models of geofiltration using GIS-based technologies and expert approach™ Mrs. . Aidaros
(BGU) is prepanng her M.Sc. thesis entitled “Sustainable management of water resources in arid
lands™.

The results of this investigation will be presented as an illustrative exampk for a cvcke of
lectures entitled “Modeling of environmental-technogenic systems™, by Dr. V. Yu. Pamchkm of
the National Kazakh Technical University.

It is expected that by the end of 20035 the main results of this project will be published on
the Intemet within the framework of the UNESCO project 27212604 KZH ~Support and
improvement of the national informational network in Kazakhstan as of the water resources of
Aral and other regions with strained water balance™.

Project Activities/Outputs:

1) Meetings

The first meeting took place in Sede-Boger from November 20 to December 4. 2002. Dr.
Yakirevich, Prof. Adar (BGU). Prof. Vesselov, and Dr. Panichkin (1HH) antended this meeting.

The second meeting took place in Kazakhstan { Almaty and Bakhbakty) during May 8-15.
2003. Dr. Yakirevich, Prof. Adar (BGU). Prof. Vesselov, Dr. Panichkmn. Dr. Zakharova and Mrs.
Miroshnichenko ({HH) attended this meeting.

The third meeting took place in Sede-Boqger during November 11-25, 2003, Dr. Yakirevich.
Prof. Adar. Mrs. Aidarov (BGU). Prof. Vesselov. Dr. Panichkin. Dr. Zakharova and M.
Miroshnichenko (IHH) attended this meeting.

The fourth meeting took place in Kazakhstan (Aimaty) during Apnl 9-13. 2003, Dr.
Yakirevich {BGU). Prof Vesselov. Dr. Panichkin, Dr. Zakharova. Dr. Trushel and Mrs.
Miroshnichenko (IHH} attended this meeting.



2) Training
Dr. Yu. Panichkin, Dr. N. Zakharova and Ph.D. student O. Miroshnichenko were trained mn [srael
during November 11-25, 2003. The purpose of the training was to leam 1o work with the
Groundwater Modeling System (GMS 4.0) and to use models of groundwater flow and solute
transport.

3) List of publications
Paper: Vesselov. V.V., Panichkin. V.Yu. Adar. E.. Yakirevich. A.. Zakharova, N. M.
Miroshaichenko, O.L, Trushel. L.Yu. and Shakibaev, LI. 2003. Geoinformation-mathematical
modeiing of hydrogeological conditions of the Akdalinsky imgated land. Proc. of National
Academy of Science of Kazakhstan. ser. Geology. I, 2005, 86-95,

Poster: "Assessment of agricultural impact on groundwater in the Hyv River basin. Kazakhstan™ was
presented at the Intemational Conference on “Integrated Assessment of Water Resources and
Globa!l Change: A North-South Analysis™. Bonn. Germany. 23-25 Februany 2005

Project Productivity:

We behieve that the project accomplished all of the proposed goals. The obtained results
indicate good prospects for future applications of the developed methodology for sustamabk
management of water resources in the study area.

Future Work

The observed advantages obtained in this research project for the Akadaimsky culinvated
area should be expanded to other similar areas with extensive agncultural development facing
simitar ecological features in Kazakhstan. It will be well worth conducting similar investigations in
the Karatal irrigated land in order to plan activities to decrease environmental damage already
observed in the local aquatic environment there. The area is located south of Balkhash Lake. and
around 150 km from the Akdalinsky land to the west. near Ushtobe village. Rice. omons. sugar
beet and alfalfa are grown on a total imigated land arca of 14.000 ha. Water from the Karatal River
is used for irrigation. An inefficient irrigation system in place since 1929 has caused the land to be
saturated and led to the development of swamping conditions. soil sodification. secondan
salinization and contamination of surface and groundwater. Shatlow water seepage in Ushtobe
vitlage has been monitored. About 50% of the land arca is in poor condition (Vesselov ef af.
1996b) due to high groundwater levels and salinity. The main hazards to the environment are an
increase in soil content in the upper soil lavers and alkalization processes. especialhy mn loamy
soils. It was found that changing from nce to alfalfa led to a drastic increase i s01] alkalinuty. As a
result, the negative effect of soil salinity on growing plants increased by 5-10 times. None of the
existing theories can explain this phenomenon for the condinons of the imgated lands of the I
and Karatal nvers.

The objectives of the proposed research are as follows:

s Investigation of the unique (known to be different from the Akdalinsky regioni processes of
soil alkalization, sodification and salinization in the study area:

e Development and use of mathematical models to assess factors affecting soi1l degradation:
Elaborating on measures to decrease deterioration of soil and water environments:
Optimization of agricultural activity for sustainable exploitation of land and water resources.
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Appendix 2. Tables

Table 1A, Chemical analyses of water samples collected at the Bakhbakhty part of the Akdalinsky irrigation system
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Table 3A. PCA component loading for the groundwater monitoring stations

. Number | wells PC1 PC2 _ |Land use [Region
‘ 1 C-126 0.925 0.238  |Nocrop Bakhbakhty

2 C-594 0.902 0.332  |Rice Bakanass

3 C-608 0.889 0.280 |Rice akanass

4 C-370 0.837 0412  Rice [Yasmuran

5 c-807 0.824 0438 Rice Bakanass

6 c-49 0.817 0432  Alfa-Affa Bakhbakhty
7 C-336 0.802 0437  Rice Tasmuran

8 C-651 0.798 0.365  Alfa-Alfa Bakanass

9 K61X100) 0.796 0436  Nocrop Bakanass
10 K613(10} 0.778 0381  Nocrop Bakanass
11 C-376 0,778 0.410 Rice Bakhbakhty
12 K614(20} 0.769 0437  Other crop ‘Tasmuran
13 C-819 0.769 0.557 Other crop .Bakanass
14 c-617 0.765 0.534 Rice ‘Bakanass
15 Cc-810 0.742 0.593  Other crop Bakanass
16 C-600 0.732 0.581 Rice Bakanass
17 | Keé02 0.730 0.288 Other crop Bakanass
18  KB614(50) 0.718 0586  Other crop Tasmuran
19  C-308 ° 0.708 0582  Alfa-ANa Tasmuran
20 C-659 0.702 0.617  .Other crop Bakanass
21 C-806 0.702 0.560  No crop Bakanass
22 | €8 0.690 0609 Rice Bakhbakhty
23 . C-367 0.674 0.679  Other crop Bakhbakhty
24 . (C-592 0.668 0453  Nocrop Bakanass
25 K614(70) 0.663 0.500 Other crop Tasmuran
26 C-829 0.659 0.713  Nocrop Bakanass
27 @ C647 0.651 0.733  Alfa-Alfa Bakanass
28 - C-362 0.641 0573  AKa-Alfa Bakhbakhty
29 C-815 0.605 0.724  Nocrop Bakanas
30 c-21 0.604 0.768 Rice Tasmuran
31 Cc-828 0.603 0.734  Nocrop Bakanass
32 C-332 0.601 0.630  Nocrop Bakhbakhty
13 C-P78 0.587 0742  Alfa-Alfa Bakhbakhly
34 C-352 0.569 0.720  AKa-Alfa Bakhbakhty
35 C-603 0.551 0.657  Other crop Bakanass
36 C-160 0.547 0.787  Nocrop Bakhbakhty
37 Cc-797 0.539 0.764 No crop Bakanass
38 C-129 0.500 0.807  Nocrop Bakhbakhty
39 C-598 0.279 0.803  Other crop Bakanass
40 C-357 0.253 0.905  Other crop Bakhbakhty
41 . C-60 0111 0.888  ANa-Alffa Bakhbakhty

Extraction method: Principal component analy sis. Rotation methad: Vanmax using Katser nomalization.




Table 4A. Groundwater balance components (m’ day) in the Bakhbakhty part of the Akdalinsk

irrigation system. Simulation scenarnio 1: area of nce fields is 4165 ha.

Water balance components | Steady- Transient conditions
state
Date:] 1967 | 15052002 | 15072002 ] 09 09 2002 | 2001 2003 | 03 05 2003
Rainfall infiltration 1600 9100 15300 6300 6300 6300
£ |infiltration of melted snow 42700 | 42700 42700 42700 12700 42700
£ |irigation canal losses 61300 | 1883462 | 1216278 | 932407 - .
£ [linfiltration from rice fields . 710500 | 819860 760760 - -
S |Decrease of storage - ! - . 610671 H2730
% [Losses from collectors . 128980 128000 79290 - -
= |Inflow along boundaries 30590 948700 490000 3229350 37084 31900
Sum 136190 4714342 | 2712138 | 216407 | 746753 343630
{Groundwater evaporation 94880 323266 411268 437509 JO3IRIR 260504
£ IDischarge to collectors - 651900 903520 1073240 297730 160640
£ [Discharge to irrigation canals - 144510 144000 144000 i -
£ [Outtlow to lly river 2492 300 530 1318 1560 1560
3 |increase of storage - 3261748 1026464 206173 - -
2 JOutflow along boundaries 38804 337400 223460 297832 140540 118440
S [Sum 136176 4719124 2709542 2160072 744008 S31 144
Imbalance (°o) 001 | -0.101 0.093 0.20 0.36 0,45

Table SA. Groundwater balance components (m’ day) in the Bakhbakhty pant of the Akdalinsk

irmigation system. Simulation scenario 2: area of nice fields 1s 7202 ha.

Water balance components | Steady- Transient conditions
state
Date)] 1967 115051988 | 1507 1988 1 09109 1985 | 2001 1989 | 03 05 1989
Rainfall infiltration 1600 9100 15300 6300 £300 £300

;é Infiitration of melted snow 42700 42700 42700 42700 42700 42700

g [migation canal losses 61300 1870780 1198164 Q3690 - -

£ |infilwation from rice fields . 2603200 1431800 1321100 . -

S IDecrease of slorage - - - - 691089 485257

H jL-osses from collectors - 111690 12570 70897 . -

Z  |inflow along boundaries 30590 | 873480 116300 303440 Soosd 090
[Sum 136190 5501830 3236834 2681427 26345 ph 5 R
{Groundwater evaporation 24880 362565 450026 4833073 322854 2TIEAN

£ lﬁischarge to collectors 4780 1363010 1367080 345280 HRULIL

£ |Discharge to irrigation canals 138220 130360 141540 - :

,% [Outflow to Iy nver 2492 694 11587 1882 1691 Iase

S [increase of storage TR 1031073 157180 - -

% tflow along boundaries 3IR804 356046 245333 331248 136949 129444

=S Sum 136176 SS10876 3236759 268005 %2476 SRS4IN
Imbalance (° o) ] -0.16 0.062 ) i LHMe 4041




Table 6A. Groundwater balance components (m'day) in the Bakhbakhty pan of the Akdalinsk

imigation system. Simulation scenario 3: no nice fields.

Water balance components

Transient conditions

Date: 2004 2006 2008 2013 2023
Rainfall infiltration 6300 6300 6300 6300 6300
Z  |Infiltration of melted snow 42700 42700 42700 42700 2700
g Irrigation canal losses - - - - -
£ {Infiliration from rice fields - - - - -
3 [Decrease of storage 226882 136826 104700 41226 30264
% Losses from collectors - - - -
% |inflow along boundaries 34801 34801 31301 30171 0576
Sum 310683 220627 TIER 130397 109%4]
roundwater evaporation 187383 127492 100763 4303 #1274
£  [Discharge to collectors 54380 28512 2023° 15930 13182
2 Discharge to irmgation canals - - - - -
% [Outflow to Ly river 1568 1334 1306 1457 1422
S lincrease of storage - . -
ES utflow along boundaries 69773 69773 69773 42827 32900
Z  [|sum 313106 234311 192279 BEE TR
Imbalance (°o) .77 -1.66 2.0 -3.22 43

40




