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Summary

Chahaertan is an irrigated area entirely dependent on groundwatsixa League, Inner
Mongolia, China. It is known locally as the Chahaertan oddig. oasis includes two distinct
irrigated areas, Chahaertan and Little Chahaertan: in timsnary, the name Chahaertan
includes both these areas. Within the oasis there is inters@asonal pumping of
groundwater from more than 150 wells over an area of less than 30 Peevious
investigations at a nearby oasis, Yao Ba, revealed ovewatish of groundwater and
deteriorating groundwater quality (Adams and Shearer 1996). As & oésbkse findings,
the sustainable management of agriculture in Chahaertan berwmef the focuses of the
Alxa League Environmental Rehabilitation and Management ProjddERMP), which is
funded by AusAID as part of their assistance to the Governmehed?eople’s Republic of
China. As part of this project AusAID commissioned the BritigolGgical Survey (BGS) to
carry out an assessment of groundwater resource sustainabififahaertan, to establish
procedures for groundwater management, and to provide relevanmgdréo water resources
staff in Alxa League.

During the groundwater investigation, the following work was edraut:

A comprehensive chemistry survey, including the collection andysisaof new

groundwater samples from 22 wells across Chahaertan and tbensling area to
provide baseline data on groundwater chemistry and residence tme proposals
for a long term groundwater quality monitoring regime.

A survey of production wells, including accurately locating 168 svelhd the
collection and updating of information on annual abstraction; and a datatbas
production well information was established with available datalbiproduction
wells, correlated to previous well inventories and elatyricsage data.

A survey of existing groundwater level monitoring wells and rieasurement of
groundwater levels; locating historical groundwater level;degtablishing a database
of historical and new groundwater level measurements; siting thea/ monitoring
wells, which have subsequently been drilled; and proposals for a tknmg
groundwater level monitoring regime.

Collating existing data and information for Chahaertan and the surrmuaduifer,
including maps, hydrogeological reports, geological logs, climate, dad electricity
usage records for production well pumps.

Developing a numerical recharge and groundwater flow model usingntuel
software ZOOM, to help establish a water balance, understandyrundwater
system and forecast future trends.

Training for counterpart staff, including on-the-job training in grouatgwsampling,
field chemistry analysis, groundwater level monitoring and grouteiwaata
management; and a formal two day training course in groundwaseuroe
investigation techniques.

A report on the status of groundwater resources at Chahaertargcanthrendations
for management strategies (this report).

The main results of the groundwater investigation are sursedkinere:

The Chahaertan oasis lies on a Quaternary fluvial aquifier avicatchment area of
about 1500 krf) which varies in thickness from less than 30 m to more than 300 m.

Vi
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Groundwater flows from south to north, and the main natural grounddiatgrarge
from the aquifer is to Jilantai salt lake, some 35 km nofrftBhahaertan. Rainfall over
the aquifer is low, less than 200 mh &ut ephemeral rivers (wadis) flowing over the
aquifer drain surface water from the Helan Mountains, wherdathis more than
400 mm &. Groundwater flow through the aquifer is slow: travel timesnfrthe
southern edge of the aquifer to Chahaertan may be in excess ol&a80and from
Chahaertan to Jilantai, another 5 000 to 10 000 years.

Interpretation of chemistry, stable isotope and CFC data ceubwith numerical
modelling suggests tha t leakage from rivers and irrigatidorme is the
dominant aquifer recharge mechanism at the main Chahaergatadiarea. Active
recharge within the past 50 years has been detected, andfithehabstracted water
may be only several hundreds of years old. This suggests thatgpdewelopment
the Chahaertan area was a major recharge area — as penxeditows spread out
across the area and infiltrated to the aquifer. The divedSiowers past Chahaertan
may be reducing the current potential for recharge.

North of the oasis towards Jilantai, there is little or nidence of active recharge in
the past 50 years. Groundwater from Little Chahaertan andalilargy have
recharged during a wetter Holocene phase, or perhaps more bketiie product of
mixing between an old end-member (more than 10 000 years old) and yauaiger
(perhaps several hundreds of years old). Overall recharge &mjtifer directly from
rainfall is likely to be low (average 15 mri)a

Groundwater levels in the aquifer at Chahaertan have falléetween 6 and 10 m in
20 years, and the available data indicates they are #irigfat up to 0.5 m per year.

Groundwater is moderately mineralised, with median total diedolsolids of
536 mg I* across the study area and an interquartile range of 459 to 69% figel
pH is slightly alkaline (median of 7.67). All samples wittine Chahaertan area are
oxygenated — only samples from the north of the area, around Jilargaieducing.
There is no evidence of arsenic or fluoride exceeding the WHdzIgue values. Iron
and manganese concentrations are also low across the aquiferidviagbemistry in
the aquifer varies from Chahaertan to Little Chahaertan alaetal. Within
Chahaertan, the cations are dominated by Ca and Mg and thiétte i&tiance in the
Ca/Mg ratio. However, towards the discharge area attdil the dominant cation is
Na, and the pH becomes more alkaline.

Groundwater abstraction from Chahaertan is currently approxin2Qatyillion cubic
metres per year (Mire’Y). This is equivalent to approximately 50% of the recharge to
the entire Quaternary aquifer, and may in time impact on ftowlse Jilantai salt lake.
Because the abstraction is focused in a small area, alwstraotceeds the local
recharge in the Chahaertan area — natural recharge fwvemflow in the vicinity of
Chahaertan is estimated at 10 R,

Detailed analysis of the chemistry data suggest thigaion returns are seriously
degrading the quality of the groundwater at Chahaertan. In wells av high
proportion of modern water (recharged since 1966) nitrate concengratiorhighly
elevated (20 to 130 mg'INO; as N) and salinity is considerably higher than in
groundwater dominated by older waters.

The indications are that the abstraction of groundwater from liada@@rtan oasis at current
rates is unsustainable, and that agricultural practices inodlses are leading to severe
degradation of groundwater quality. If abstraction continues atmurates, water levels will

vii
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continue to decline for tens of years at least, with indiviekells starting to show declining
yields within 20 to 30 years and the shallowest wells (100 m deepibjyokaving to be
abandoned within 40 years. If continued groundwater abstractionpimors irrigated
agriculture at Chahaertan is to be sustainable over a humascai®ethe groundwater
resource must be managed effectively.

The following recommendations are made for sustainable manag@mée groundwater
resource at Chahaertan:

1. There should be no further abstraction wells drilled in Chahaert&@urrent
abstraction already exceeds local natural recharge.

2. Existing wells should reduce abstraction to halt the decline in gratedevels and
minimise returns from irrigation. This is likely to requikeducing abstraction by up
to 30%.

3. Fertiliser and pesticide use should be controlled. With some wletlaing nitrate

concentrations in excess of 130 mifyMO; as N, the indications are that excess
fertiliser is being used and is being leached to the aquifernefdsas a reduction in the
volume of irrigation water, there should be a reduction in the amounitrofjen
fertiliser used, in order to minimise nitrate leaching.

4. Consideration could be given to increasing recharge from riger b the south of
Chahaertan by constructing a recharge lagoon. This would sinthateatural
predevelopment system, when the aquifer may have received cab$idenore
recharge from river leakage. The feasibility and effgetiveness of this approach,
however, would need to be examined in more detail.

5. The catchment must be treated and managed as a whole. pé&& oh abstraction
and any modifications to river channels will have an effect oditaetai salt lake and
corresponding salt works. Therefore, the impact of any meataken in Chahaertan
on the catchment as a whole must be taken into consideration.

To effectively manage the aquifer at Chahaertan it serd&l to monitor the groundwater
system. Only with this information will it be possible to tesiether the management options
are working. Water levels in the nine monitoring boreholes inh&@wdan should be
measured every month to assess the decline in water laveiss the aquifer. Nitrate
concentrations and SEC should be monitored in 10 pumping boreholes #irkeasimes per
year. Monitoring data must be stored, reviewed and communiagdidelevant institutions.
To help build confidence in any future time-variant groundwater maddéd, on daily rainfall
data and river flows across the aquifer must be collected.

viii
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1 Introduction

1.1 BACKGROUND

This report describes the results of an investigation ofgtoeindwater resources in the
irrigated oasis of Chahaertan. Chahaertan is in Left Banklga League in the Inner
Mongolia Autonomous Region of the People’s Republic of China. Thetigagen was
carried out as part of the Alxa League Environmental Reletinlit and Management Project
(ALERMP), which is funded by AusAID as part of their assis&ato the Government of the
People’s Republic of China.

The ALERMP worked towards improved sustainable resource use aedypoxduction in
Alxa League of the Inner Mongolia Autonomous Region for five yearsyeset June 2001
and June 2006. During an extension to the project, running from July 2086uary 2007,
one of the main focuses was on the sustainable managemenicoftare in the Chahaertan
oasis. This oasis is entirely dependent on groundwater for itemsgs The sustainability of
groundwater resources in Chahaertan had been identified as anfaiewing previous
investigations at a nearby oasis, Yao Ba, which revealedabstraction of groundwater and
deteriorating groundwater quality (Adams and Shearer 1996). Asfghd project extension
AusAID commissioned the British Geological Survey (BGS) twycaut an assessment of the
groundwater resource sustainability in Chahaertan, as welb &stablish procedures for
groundwater management, and to provide relevant training to weseurces staff in Alxa
League.

1.2 CHAHAERTAN OASIS

Chahaertan and Little Chahaertan are irrigated areasimgXdle Sumu (now incorporated in
Jilantai Township) in Left Banner, Alxa League, in the wesgart of the Inner Mongolia

Autonomous Region of the People’s Republic of China (Figure 1). Theotages lie

approximately 50 km north of Bayanhot, the administrative capitalxa League, between
longitude 108 37’ to 105 45’ east and latitude 394’ to 3% 29’ north (Figure 1).

The oases comprise a group of villages, or gachas, whicklevet on irrigated agriculture to
produce cash and subsistence crops, and livestock fodder. Little etiamhes a separate,
smaller oasis some 10 km to the north of Chahaertan éigur

The irrigated area in Chahaertan is 17.7 lamd in Little Chahaertan is some 10°%km

The total population of the Chahaertan oases is about 6000, most of arkich
involved in irrigated agriculture. A minority are herders, butdhey activities have
been restricted from 2004 to 2006 as a series of grazing bangwpdeenented in the
area.

The dominant crop types in the Chahaertan oases are mdieat, watermelon,
sunflower and peppers. Alxa League is a semi-arid area argdhtion, using
groundwater from wells located within the oases, is eisgdot crop production.

Previous studies have looked at aspects of groundwater resoguiCaahaertan and in the
surrounding area (e.g. Groundwater Development and Utilisation Tegaelmd Research
Office, 1984; Yan and Wu, 1996). Surveys of production wells in thesoasre carried out
in 1992 and 2002 (e.g. Left Banner Water Management and Water Begofiice 1992).
Aspects of the hydrogeology of the area are also describe@ports accompanying
hydrogeological maps of the area (People’s Liberation Army, 48d61980).



CR/06/220N

The only detailed report on the groundwater resource at Chahagatas from 1984
(Groundwater Development and Utilisation Teaching and Researate Off#84). Since this
time there has been no systematic review or assessmtm gfoundwater resource and the
impact of abstraction and agriculture. The results of a 199@stigation into groundwater
resources at another oasis in Alxa League, Yaoba, some 200 ke gouth of Chahaertan,
indicated that groundwater in Yao Ba was being overabstractethaingroundwater quality
was deteriorating (Adams and Shearer 1996). Based on this studygtioes were placed on
the further expansion of irrigated land and drilling of new productieltlsvin existing oases
across Alxa League, including Chahaertan. However, therebées little or no recent
groundwater investigation at Chahaertan, and therefore dittlerhich to base management
strategies.

Figure 1 Location of Chahaertan and Little Chatzaert

1.3 GROUNDWATER DEVELOPMENT IN CHAHAERTAN

The earliest available record of a groundwater abstractionatv€hahaertan was in 1968. By
1984, there were some 69 production wells in operation, an irrigaéedairl5 000 mu
(approximately 10 kR) and a total abstraction of 5.7 million cubic metres per gdar® a*)
(Groundwater Development and Utilisation Teaching and Researcbe (f984). These
figures relate only to Chahaertan: groundwater abstraction ecasrimg at Little Chahaertan
in 1984, but there is no available information for this time.

By 1984, groundwater levels in Chahaertan had been falling by &et@ and 0.75 m’a
(Groundwater Development and Utilisation Teaching and ResearckeOif®84). The
groundwater development report stated that the total allowabter level decline in the
Chahaertan area was 7 m, and accordingly set a design pertbd fmsis of 20 years, with a
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maximum groundwater abstraction rate of 5.5Mth However, as described above, even at
the time of the report, in 1984, this abstraction rate haddyrbeen exceeded.

Most of the expansion in the Chahaertan oasis occurred by 19@hjcht time there were
some 94 production wells and an irrigated area similar to ted#dyan estimated abstraction
of 9.5 Mn? a* (Left Banner Water Management and Water Resource Office 1992)

The current investigation (see Section 4) has shown that @hereurrently 168 production
wells in the Chahaertan oases: 119 in Chahaertan and 49tle Chiahaertan. The total
number of wells currently in operation is uncertain, but itikely that approximately

110 wells in Chahaertan and over 40 wells in Little Chahaexta in use every year. Total
abstraction from the oases is estimated at 18.5 to 23 &kr{Section 4.6.2). Abstraction is
dominantly for irrigation, with a small proportion used for drinkingter for both humans
and livestock.

A diagram illustrating the development of groundwater abstra@nd irrigated areas in the
Chahaertan oasis is presented in Figure 2.

Figure 2 Diagram illustrating the development ajigrdwater abstraction and irrigated areas in
the Chahaertan oasis between 1984 and 2006 (Msmidlion cubic metres per year).

1.4 AIMS AND PROGRAMME OF WORK

The aims of the ALERMP groundwater investigation were:

To review groundwater development in the Chahaertan oases andgto ales assist
in the implementation of a water resources monitoring prografoméhe irrigated
area with relevant water resources staff in Left Banner.
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To establish a set of procedures to manage well informatimh,t@ survey well
locations with a GPS to identify number, type and locations.

To establish an appropriate numerical groundwater model for Chaaerd to train
relevant staff in the design and operation of the model.

To provide additional advice and training in groundwater management.
To achieve these aims the following programme of work wagdeout:

Collating existing information on groundwater in the Chahaertan oasdsthe
surrounding aquifer.

Collecting water samples from 22 production wells for chemaoallysis to provide
baseline data on groundwater chemistry and residence times.

Organising a survey of all production wells (more than 150 well#henoases, and
designing a system for managing well information.

Developing a numerical groundwater model using the softwareN.OO
Designing a long term monitoring programme for groundwaterdesadl groundwater
quality.

Providing on the job training in groundwater sampling, field chemiatrglysis,
groundwater level monitoring and groundwater data management to agiepaff,
and providing a formal two day training course in groundwater resdawrestigation
to appropriate staff.

Writing a report on the sustainability of groundwater resournethe Chahaertan
oases, including recommendations for groundwater monitoring and magragem
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2 Data sources

Relevant groundwater data were obtained from maps, reportsdée collection, laboratory
analysis and discussions with relevant stakeholders. Many of pbeigeare detailed in the
reference list of this report. All of the data sources clted are also listed in Appendix 1,
with accompanying notes where relevant.

There have been a number of previous hydrogeological studies in Abgué that have
included the aquifer from which the Chahaertan wells abstRexple’s Liberation Army,
1976 and 1980; Groundwater Development and Utilisation Teaching and ¢kes¥éice,
1984; Yan and Wu, 1996). Reports of these studies provide basic amueéncases detailed
information on the wider aquifer, including aquifer geology, geométydraulic properties,
aquifer flows, climate, and historical groundwater abstractieti, yields, groundwater levels
and groundwater chemistry. This information provided an essentis# fiasthe current
assessment of groundwater resources at the Chahaertan oases.

Also of direct relevance were two previous surveys of productiorsvirelthe Chahaertan
oases, carried out in 1992 and 2002, which provided information to estfplish the
historical development of the oases.

Maps of the Chahaertan and wider aquifer areas — both topograghécgkeological — were
not readily available. Locating the required maps took considetiafde The efforts of the
GIS expert on the project were invaluable for digitising (scanaimg) georeferencing) the
required maps so that they could be used in a GIS environmentndth@nly made data
interpretation more efficient and effective, but in someesgsvhere the paper map was not
available for purchase) was the only way to ensure that a pantnarsion of the map was
available to the project.
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3  Setting

3.1 TOPOGRAPHY

The Chahaertan oases lie at between 1100 and 1200 m elevation iont@ ghi@ northwest of
the Helan Mountains, approximately 23 km from the foothills ofmtloeintains at the closest
point (Figure 1). The Helan Mountains reach over 3000 m elevatitimegthighest point.
They extend for over 150 km from southwest to northeast, but are onlyxapately 40 km
wide. The foothills of the Helan Mountains on their northwestéta e at approximately
1500 m elevation, and from here the land slopes towards the north riimdesd at a gentle
angle of less than 1.3%. To the west is the Tengere desect) generally lies at more than
1200 m elevation. The lowest point in the area lies to the mwér@hahaertan at Jilantai, at
approximately 1000 m elevation.

3.2 CLIMATE

The climate in the study area is semi arid to arid. fRkiis highest over the Helan Mountains
(approximately 410 mm™3 and lowest at Jilantai (approximately 110 mi), aand varies
significantly from year to year (Figure 3). Most rainfalcacs between June and September
as short lived, intense events (Appendix 2). Most precipitatibs & rain, with a small
amount of snowfall in winter. Daily rainfall measurements made at Bayanhot and Jilantai,
but were only available for short periods between 2003 and 2005, andpéetmyear of
measured daily data was not available. A limited datdseaity rainfall for Chahaertan for
summer 2006 was also available (Appendix 2). The data indicate disatdays are rain free,
but that rainfall events of more than 25 mih can occur in Jilantai. Using these datasets,
combined with the long term average monthly rainfall, syntheiifall series were created
for Jilantai, Bayanhot and the Helan Mountains. This process ¢sisgisd in detail in
Appendix 4 when the development of the groundwater model is dedcri

Figure 3 Annual rainfall for the Helan Mountaingadtai and Bayanhot. Rainfall at
Chahaertan is similar to Bayanhot (Appendix 2) @AMeteorological Office; Yan and Wu, 1996;
ALERMP data).
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Potential evapotranspiration is significantly higher than rainfallis highest at Jilantai
(3000 mm &) and lowest in the Helan Mountains (1400 to 1700 m (&igure 4), and
everywhere is highest between May and August (Appendix 2). Evapotrdiaspira

Chahaertan exceeds 8 miid June and July (Jerie 2006) (Appendix 2).

Figure 4 Monthly average evapotranspiration ah@flieand Bayanhot (Alxa Meteorological
Data). Evapotranspiration at Chahaertan is genydoaliveen these two.

3.3 SURFACE WATER DRAINAGE

There is no permanent surface water drainage in the study3udace water drainage is
dominated by ephemeral river beds (wadis) that flow from the Hétamtains towards the
salt lake at Jilantai, which forms the discharge point in thisrnal drainage system
(Figure 5). Higher rainfall and lower evapotranspiration in ringuntains, combined with
steep slopes, mean that most river flow is derived from thentains, with runoff to rivers
from the Quaternary aquifer comprising only a small proportion ofr rilew (see
Appendix 4).

Two main river systems flow over the aquifer (Figure 5). &sternmost system is smaller,
with just one river channel that disappears before it resaditentai lake. The larger system
comprises at least four tributary channels that merge tedih of Chahaertan to form one
main channel. Before the development of the Chahaertan oasisnaim channel flowed
through the middle of what is now Chahaertan oasis, and probably tieel development of
the slightly loamier soils that now exist in the oasis {{8act.6). It has since been channelled
away from the centre of the oasis and now flows past the southemtdides of the irrigated
area (Figure 5).

In the Helan Mountains, the river channels are typically 5 m witle coarse fluvial deposits
that indicate large and high energy river flows (Figure 6).r@ve Quaternary aquifer, the
river channels are typically 20 to 30 m wide. At Chahaertasmmain channel is often quite
deeply incised below the surrounding land, but the tributary channelsetsauth are
normally shallower (Figure 6). In the Chahaertan area,itke channel has been engineered
to minimise flood risks, with embankments and reinforced thamks along many stretches.
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River flows are not monitored anywhere in the study area, bld &bservations and
anecdotal information from staff at the Comprehensive Extensaiio® and from farmers at
Chahaertan has been used to build up an impression oflawectiaracteristics.

The river at Chahaertan flows three to four times each f#aw. in the river only reaches as
far as the lake at Jilantai once or twice each year, dtidargest rainfall events. During
these events, the river at Chahaertan flows for up to 10 houasmaximum depth of 1 m.
During slightly smaller rainfall events, the river atabaertan flows for 3 to 4 hours, and flow
dies out about 20 km north of Chahaertan, halfway between theaodsidantai lake. During
most rainfall events, the river at Chahaertan does not fl@all. dh the absence of river flow
monitoring data, an estimate of river flows was made usinwithely used Manning equation
for open channel flow. Assuming an average flow depth of 0.5 rhemtain channel at
Chahaertan, the calculated river flow is between 20 and>3gedf, depending on the
roughness coefficient selected.

The fact that flow in the rivers usually dies out before &@ches Jilantai indicates that
infiltration of river water to the underlying aquifer is iamportant process (see Section 4.3).

Figure 5 Satellite imagery (left) and map (righitttee study area, showing the Chahaertan
oases and ephemeral river beds that run from thenHédountains in the southeast to Jilantai lake in
the north. Note that there is no evidence fromligaténagery that the eastern-most river reaches
Jilantai. (Satellite imagery from Google Earth).
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Figure 6 Dry river beds. (i) In Helan Mountains,exmd coarse grained deposits, including
boulders, indicate large, high energy river flogi$.Tributary channel south of Chahaertan wheee th
channel is not incised. (iii) Main channel nextCbahaertan where the channel is deeply incised.

3.4 GEOLOGY

The geology of the aquifer was interpreted from hydrogeologiegisnand reports and from
geological logs. Geological logs for 49 wells in Chahaertan werde available. A simplified
geological map of the study area is shown in Figure 7.

The aquifer beneath Chahaertan and the surrounding area consistsesh&yatediments,
dominantly fluvial, which were laid down in a faulted basin. Hugifer is underlain and
bounded to the west, south and north by low permeability Tertiary and s#dementary
rocks that are effectively non-aquifers. The maximum thickiéghis Quaternary aquifer is
thought to be in the Chahaertan area and to be more than 200 m (Peibgleiton Army,
1980).

The faults that bound the aquifer to the west, south and eastt@t® in Figure 7. A major
fault system called the Helanshan or Haidan fault fornes @hstern aquifer boundary,
separating the aquifer from the Tertiary sandstones, conglomeaate limestones of the
Helan Mountains. This system consists of several associatallepdaults that run from
southwest to northeast and dip at between 60 ahdo8érds the west. The western aquifer
boundary is formed by the Bayanhot fault, which runs from south to andflips to the east
at approximately 60 It separates the aquifer from Tertiary sandstones to ¢is& which lie

at a slightly higher elevation than the plain formed by the Q@uate aquifer, and are locally
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termed the Tableland (Yan and Wu 1996). The southern aquifer boundamnisdf by a
separate fault that runs from east to west joining the Hedanand Bayanhot faults, and
separates the aquifer from Tertiary sandstones to the scathafd Wu 1996).

Movement on these faults during the late Tertiary or early Quaxte created a basin that
varied in depth from less than 30 m near the Helan Mountains to meone200 m around
Chahaertan. The basin was infilled mainly by sediments erodedtfrerilelan Mountains
and carried down into the basin by high energy rivers. These sedimemdinly sand, gravel
and silt — form the Quaternary aquifer which exists today (¥#ad Wu 1996). Some
sediment, mainly in the west of the aquifer basin near #yaihot fault, was eroded from the
Tableland to the west and also carried into the basirnvbysti

The Quaternary aquifer therefore comprises mainly fluvial degposhich on a broad scale
grade from coarser-grained nearer to the mountains, to fiagregr further from the
mountains. There are also minor aeolian and lacustrine (lake) tepdse deposits vary
significantly over small areas and with depth, as shown bgvh#able geological logs from
wells in Chahaertan. Most of the sequence consists of fioeatse grained sand and gravel,
but there are also thin beds of silt and clay at different depgthree of which may be
lacustrine deposits. The silt and clay beds typically do nohéxager large areas, and do not
form persistent layers across the aquifer. Some beds oeagage! occur, mainly at depth in
the aquifer and near the aquifer boundary faults, close &etliment source.

Figure 7 Simplified geological map showing the extent of thet€pnary deposits. Grey
shading indicates outside the study area.

10
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The main lithological features of the Quaternary sequencélastated in Figure 8, and a
schematic cross section of the geology across the agugaoign in Figure 9. Photographs
showing examples of the Quaternary sediments are preserfaglire 10.

3.5 SOILS

The only information on soil types in the study area is from eque ALERMP study which
looked at fields in one area of Chahaertan (Jerie 2006). Hexesoils were generally free
draining with no indication of water perching in any soil layer dowh.8m, and comprised
largely a uniform silty loam with small proportions of clay dm# sand (generally less than
10%). All the soil profiles investigated also had at leastlaper of fine to medium-grained
sand.

Qs Q. — aeolian deposits, largely
light yellow, fine to medium
grained, blown sand.

Q4" — mostly found west of
Chahaertan near river, comprising
gravel, pebbles and some clay.

Qs Fluvial and lacustrine deposits.
Gravel, sandy-gravel and coarse
to fine sand, with some very thin
clay layers

Q2 Qz' — sandy clay, fine-medium
sand; in some areas coarse sand.
An impersistant calcrete layer
between this and Q.”.

Q2" - green-yellow or pale yellow,
clay-sand, sand-gravel. Increases
in thickness from SE to NW.

Q. Q.' - 10 — 20 m thick, orange-
yellow or green-yellow, silty sand
with some sandy clay.

Q" - Lowest unit is largely gravel
with clayey sandy, 7.2 - 7.9 m
thick. Upper parts are sand or
sandy clay. Grain size becomes
finer from east to west.

Figure 8 Schematic representation of the Quatersegimentary sequence in the Chahaertan
area and wider aquifer, based on information freports and geological logs.

11
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Figure 9 Schematic cross section showing the Quaatgisedimentary basin along the line
shown in Figure 7.

Figure 10 Examples of Quaternary sediments in theh@ertan aquifer. (i) fine grained sand and
(i) coarse grained sand from a newly drilled bateh(iii) uniform fine to medium grained cross-
bedded sand and (iv) pebble layer in fine to medjuaned sand, both exposed in river bank.

12
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4  Hydrogeology

The overall conceptual model of the hydrogeological systensizitded in this section. Some
of the detail given here was derived from numerical groundwauedelling, which is
described in Section 6 and Appendix 3.

41 AQUIFER GEOMETRY

The Quaternary aquifer on which Chahaertan lies extends from éhen HMountains
northwards to Jilantai and beyond (Figures 7 and 11). The aquifes ¥lamne less than 30 m
thick at its southeastern limit near the Helan Mountainsnooe than 200 m thick around
Chahaertan (Figure 9). The aquifer is bounded to the south and miehezst and west by
low permeability Tertiary rocks that are effectively non-aensf

Without detailed groundwater level measurements across th&eraguis not possible to
exactly define the groundwater catchment, but it is likely t@jeroximately equal to the
surface water catchment, which has been defined on the badise ofround surface
topograrLT[%)hy (taken from the DEM) (Figure 11). The approximate sudiaa of the aquifer is
1500 knf.

Figure 11 Schematic of hydrogeological system shgwpproximate surface water and
groundwater catchment areas, simplified geologyramals. Grey shading indicates outside the study
area.

13
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4.2 AQUIFER PROPERTIES

Some information on the aquifer properties of the Quaternary sewirobthe basin and the
adjacent Tertiary rocks is available from aquifer teatsied out during the 1970s and 1980s
(Groundwater Development and Utilisation Teaching and Researcte Off84; Yan and
Wu, 1996).

There are various data available on hydraulic conductivity (elgmvado permeability),
transmissivity and specific capacity from production wellee data are summarised in
Table 1. There is more information on horizontal hydraulic condtictivan on other aquifer
properties. There is no information on aquifer storage coaftis.

The properties of the Quaternary aquifer are strongly infliebgehe grain size variation of
the sediment, which ranges from coarser-grained neareetmtiuntains, to finer-grained
further away, including the Chahaertan area. The coarserwregdraleposits typically have
higher hydraulic conductivity and transmissivity.

Table 1 Range in aquifer properties for diffenextks in the study area
Aquifer Data sources Southern part of Northern Tertiary Tertiary Tertiary
Property Quaternary part of rocks of the rocks of the rocks below
aquifer Quaternary Helan Tableland Quaternary
aquifer Mountains aquifer

10 individual data

Horizontal points for 0.01-0.3 (up
) 2 .

hydraulic Quaternary- 5 _30 2-10 to5in 03-12 0.01—15
conductivity unknown number carbonate
(mdb) of points for rocks)

Tertiary*?
Vertical
hydraulic Unknown number 2_3
conductivity of data points
(m d?)
Transmissivity 10 individual data
(m o) points™? 600 — 1200 200 - 510
Specific unknown number
capacity of data point$ 105 7 28 7
(m*dtm?)

! Groundwater Development and Utilisation Teachind Research Office, 1984
2Yan and Wu, 1996
3 Hydrogeological map J-48-[10] (Appendix 1)

4.3 GROUNDWATER CHEMISTRY

4.3.1 Introduction

Twenty two wells in the Quaternary aquifer were sampled tsaggeundwater chemistry.
Most of the samples were taken from pumping irrigation wetisthe period 5 to

13 September 2006. The location of the sample sites is sholigure 12. Sixteen sites
were in Chahaertan oasis, two sites in Little Chahaettansites at or near Jilantai, and one
site in the herding area to the east of Chahaertan. pl&amvere taken for major and minor
ion analysis, stable isotopes’fl and '®0) and CFC analysis. Field measurements were

14
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made of pH, dissolved oxygen (DO), redox potential (Eh), water tetyperand specific
electrical conductance (SEC).

Details of the sampling sites and the methods used for analysiselected analysis results
for individual samples, are presented in Appendix 3. Full analgsidts are presented on the
accompanying CD-ROM.

Figure 12 Locations of chemistry samples (samphabars as given in Appendix 3).

4.3.2 Major and minor ions

Table 2 summarises the chemistry data for the 22 sitesmrNaj data are summarised on a
Piper diagram (Figure 14). Maps showing the distribution of B SEC are presented in
Figure 13. The main points are discussed below.

Groundwater is moderately mineralised, with median totaloblisd solids of
536 mg ' across the area and an interquartile range of 459 to 693.miGhle pH is
slightly alkaline (median across area of 7.67). The teatper of the groundwater is
16.2 C with an interquartile range of 15.7 to 17 C. All samsplvithin the
Chahaertan area are oxygenated — only samples from the nahth afea at Jilantai
are reducing.

Major ion chemistry in the aquifer is different in Chahaertattle Chahaertan and at
Jilantai (Figure 14). Within Chahaertan, the cations are doednay calcium (Ca)

15
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and magnesium (Mg) and there is little variance in the Carddwp. However,
towards the discharge area at Jilantai, the dominant catiéa, iand the pH becomes
more alkaline. There is no evidence that the groundwater lesconore saline
towards the lake — the high concentrations of salt in the lakewtfilantai are caused
by evaporation of discharging groundwater.

There is a group of wells within the Chahaertan oasis that élavated nitrate. These
boreholes also have increased salinity, with elevated raagng calcium, chloride
(Cl) and sulphate (S (Figure 15). All these wells are within the irrigateda and
may indicate significant degradation of the groundwater from eXeesliser leached
in irrigation returns.

It is possible that the highest nitrate (and related chlprdacentrations may be
related to additional nitrogen loading from point sources, spdtfite@m animal
waste and/or human sanitation. However, the overall amount of entlogding from
human sanitation and animal waste sources is thought to be amelyproportion
(probably less than 1%) of the nitrogen loading from fertiliser.

There is no evidence of arsenic (As) or fluoride (F) exceedingMH® guideline
values. Iron (Fe) and manganese (Mn) concentrations arealscitoss the aquifer.

Table 2 A summary of groundwater chemistry datalie Chahaertan oasis. More
information is presented in Appendix 3.
All data (22 samples) Chahaertan (16 samples)

Parameter Units min 25%ile median 75%ile max min 25%ile median 75%ile = max
Temperature °C 150 157 162 170 216 15.0 15.7 16.0 16.4 178
SEC zgogml @ 462 675 823 992 2800 656 765 861 1274 2800
DO mg 00 81 8.8 9.8 11.8 6.2 8.5 2.4 103 118
pH 739 7.60 7.67 7.80  8.63 7.39 7.59 765 7.69 7.98
TDS mgl 328 459 536 695 1925 447 524 560 802 1925
Cl mgl* 438 922 108 158 369 65.1 103 111 192 369
SO, mgl 348 802 938 122 314 69.0 898 103 137 314
HCO, mgl 102 124 131 137 148 102 126 131 138 148
NO;-N mg I 12 50 8.0 20.6 137 3.6 7.4 9.8 235 137
Ca mgl* 133 650 763 99.7 281 64.7 71.0 839 120 281
Mg mgl 107 194 233 298 921 17.9 221 241 382 921
Na mgl* 356 469 512 70.7 149 356 476 513 705 149
K mgl 220 291 3.00 331 517 2.63 298 303 334 517
Si mgl* 403 632 6.45 6.69  6.87 6.28 6.40 647  6.72  6.87
Fe gl* 540 6.25 7.90 14.4 140 540  6.25 6.90 115 189
Mn glt 0.14 0.34 0.49 0.97 12.1 015 035 043 0.89 3.70
As glt 0.60 0.93 1.15 178  3.30 0.60 090 110 1.60  2.80
F glt 148 230 249 299 596 148 227 242 262 370
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0] (i)

Figure 13 SEC (i) and NiToncentrations (ii) in samples from the aquifer
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Figure 14 Piper diagram summarising major ion clsamirom the aquifer.

Figure 15 Nitrate concentrations plotted againstl tdissolved solids.

4.3.3 Stable isotopes and groundwater residence time

Identifying the age of groundwater in an aquifer can be a gie@@ understanding the rate of
recharge. For groundwaters, ‘age’ basically means thedimater has spent underground.
There is no single way of dating water, but a range of technprebe used to give a better
idea of the likely age. In this project, chlorofluorocarbd®BEs) and the stable isotopési
and 'O were used — these are relatively inexpensive methods aultisrean be gained
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quickly. Concentrations of chlorofluorocarbons (CFCs) have built up iatthesphere since
1945 and measuring their concentrations in groundwater provides a wayewhidetg the
age or proportion of ‘young’ groundwaters. Oxygen and hydrogen stablepitsot
composition are measured by mass spectrometry. These willlyusraw, albeit
gualitatively, whether the water was recharged at a diffeemperature or altitude.

Stable isotopes2H and 180 were taken for all sites, and samples for chlorofluorocarbon
(CFC-11, CFC-12) at 13 sites. The data are given in the appamndi the stable isotope data
are plotted in Figure X relative to meteoric line for Yioan (106 7' 48" E, 38 17’ 24" N:

’H = 7.22 80 + 5.5) fttp://isohis.iaea.ordy/ The data are shown in Table 3.

The CFC data indicate detectable concentrations in all Ctiahasamples, but below
detection values in Little Chahaertan. Towards Jilantai,sangple is also below detection,
but the sample taken from the borehole below the lake has actmmgibnent — possibly as a
result of mixing between groundwater and the lake water.

Therefore, active recharge within the past 50 years is ooguimi Chahaertan. However,
there is little or no evidence of active recharge in thé $@&years further northward towards
Jilantai.

Table 3 Stable isotope and CFC data for Chahaertan
Conc”' (p mol) Modern Fraction Year of Recharge
ID 180 %o 2H% CFC-12 CFC-11 CFC-12 CFC-11 CFC-12 CFC-11
1 -11.18 -76.7 0.4: 0.21 0.2z 0.0€ 196¢ 1963
2  -11.46 -82.1
3 -11.02 -80.8 0.2¢ 0.4z 0.14 0.12 196¢ 1966
4 -11.04 -78.9 0.7¢ 0.4¢ 0.3¢ 0.15 197¢ 1967
5 -11.55 -82.1
6 -10.72 -81.2 0.1t 0.1: 0.0¢ 0.04 1961 196(
7 -10.94 -78.9
8 -11.03 -78.1 0.1t 0.14 0.0¢ 0.04 1962 196(
9 -10.94 -75.0 0.1t 0.1¢ 0.0¢ 0.0t 1962 1961
1C  -11.08 -77.2
11 -10.84 -77.4
12 -11.24 -74.1 0.87 1.31 0.4t 0.3¢ 197¢ 1974
12 -10.91 -79.3 0.21 0.0¢ 0.11 0.0¢ 1964 1957
14 -10.82 -76.9
15 -11.25 -77.6 0.3¢ 0.2¢ 0.17% 0.0¢ 1967 1964
1€ -10.99 -78.9
17 -11.10 -80.5 0.2¢ 0.3¢ 0.1% 0.1C 196¢ 1964
1& -12.60 -87.1
1¢  -12.02 -83.0 0.0c 0.0c 0.0C 0.0C <1948 <194§
2C -13.09 -89.9 0.0C 0.0 0.0C 0.0C <1948 <194¢
21 -11.94 -82.5 0.3¢ 0.37 0.1¢ 0.11 196¢ 1964
22 -10.88 -79.6
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The stable isotope data indicate several samples whicigmiéicantly depleted in?H and
80 (Figure 16). These correspond to the samples with no measurBBleinCLittle
Chahaertan and Jilantai. In relation to the local meteore dt Yinchuan, many of the
Chahaertan waters show signs of minor evaporative enrichmentsteahsvith an origin
from river infiltration. By comparison, the values fromtlet Chahaertan and Jilantai may
signify waters recharged during a wetter Holocene phase, loaggemore likely, the product
of mixing between an old end-member (> 10 000 years old) and younger (patkaps
several hundreds of years old). (In the Mingin Basin of tbbi ®esert, Edmunds et al.
(2006) noted a depletion of around 4 %. 1O for Pleistocene palaeowaters). The alternative
explanation for isotopic depletion (increase in recharge altituae)d require a recharge
source around 1000 m higher than the groundwater at Chahaertan, ahdretore be ruled
out.

Further examination of the CFC and stable isotope data with thetenand major ion
chemistry indicates some interesting trends, particularbakén with the other studies on
irrigation returns (Jerie 2006, Williams 2006a,b).

Samples with elevated nitrate also show elevated TDS ahdal CFC bulk ages of
younger than 1966. These bulk ages do not necessarily indicathdhatter was
recharged in 1966. More likely is that bulk age indicates a corntmbatore modern
water mixing with water that was recharged prior to 1950, or pereame resetting
of the CFC “clock” due to re-infiltration of irrigation wex. The main sources of
nitrate in Chahaertan groundwaters is fertiliser applicaéisnndicated from irrigation
studies by Jerie (2006), and estimates of nitrogen loading froifiséri{Williams
2006a). There may also be small point source inputs from aninsi \@ad human
sanitation, but these are not likely to be significant contbtoehe nitrogen loading
from fertiliser. The increase in concentration of other majos is likely to be largely
due to the leaching of salts from the soil zone during the floodhiiwiyg, although
point source inputs of chloride may have a small effdot. overall indication is that
irrigation in Chahaertan is degrading groundwater quality in the basin, and that
other wells will be affected in the future as the poorgquality recharge from
irrigation reaches the groundwater.

Wells that currently show no evidence of contamination from tiogareturns are
isotopically similar to those that do show evidence of irrggateturns. They are not
dominated by palaeowater, as seems to be the case at Jladhthittle Chahaertan.
This implies that much of the water in Chahaertan is relately young (up to
perhaps several hundreds of years old) and therefore has eescharged under
modern conditions. The most likely mechanism is from bkage from river flow.
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Figure 16 Stable isotope data for the aquifer. st depleted waters are from Little

Chahaertan and Jilantai.

4.4 RECHARGE

4.4.1 Introduction

Knowledge of the nature, volume and distribution of recharge adiuwssaquifer is
fundamental to understanding the groundwater system. Field observatitmes Chahaertan
area, the results of the chemistry survey carried out @s gbathis investigation, and
comparisons with similar groundwater systems in other aricsamd arid areas indicate that
there are likely to be three mechanisms of rechargeetQttaternary aquifer (Figure 17):

Direct rainfall recharge, which occurs over the whole of the aquifer outcrop;

River leakage where water flowing in ephemeral river channels (maintwedd from
rainfall in the Helan Mountains) infiltrates through theeribeds into the aquifer; and

Irrigation returns , which occur in the Chahaertan area.

The volume of recharge from each of these sources has b@erated (see below and
Appendix 5). The estimates are based on very sparse availaéd|esulaported and tested by
groundwater modelling.
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Figure 17 lllustration of different recharge ty@esoss the aquifer.

4.4.2 Direct rainfall recharge

Direct rainfall recharge to the aquifer is small, controllsdlow annual rainfall and high
evapotranspiration rates. The extent of evapotranspiration frormaldy sparse, shrubby
vegetation, interspersed with significant amounts of bare grosimdciear. Rainfall occurs as
short lived, intense events: during the largest and longedalta@vents, rain can exceed
evapotranspiration for a few hours, and recharge will occur.

Soils developed over the Quaternary aquifer are typically sandyare have high infiltration
capacities, and therefore little runoff. Areas of lowernpability soil do exist, possibly
where thin hard crusts have developed, or where clay layensresent at or near the ground
surface. These are evident as areas of surface water poftdingaen. However, these areas
are small and are not likely to limit the available reghasignificantly across the aquifer.

Using daily rainfall data and assuming a wetting threshold of 10 (then average daily
evapotranspiration in the rainfall months), and little runoff &aege model was developed
(Appendix 5 and Section 5). This indicates that rainfall rechart¢fge aquifer accounts for an
average of 15 mmaacross the aquifer, or a total of 20 M&t across the aquifer outcrop.
Rainfall recharge is greatest in the south where thisfaighest.

4.4.3 River leakage

River flow infiltrating through the base of river channelsumsimportant source of focussed
local recharge to the aquifer. River flow is fed maibyyrunoff from the Helan Mountains,
where rainfall is highest, with only a small amount of infisam runoff over the Quaternary
aquifer (Section 3.3 and Appendix 5).
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Leakage from the river channels to the Quaternary aquifer oalourg the length of the river

channels wherever they directly overlie the aquifer. Twanefttibutary channels of the main
river system flow over Tertiary rocks for long stretchagiyfe 11). Thin Quaternary deposits
overlie the Tertiary rocks along much of these stretches,irigrehallow local aquifers, and

there will be some leakage from the rivers to these aguibei it is likely to be low compared
to leakage to the main Quaternary aquifer. Leakage fawters estimated using the
infiltration capacity of the soils and the dimensions eftikiers.

Groundwater modelling indicates that much of the leakage fromivbes happens over a
short stretch of the main river channel adjacent to Chahaefitais is immediately north of
where the tributary channels join and the main channel flows ontQuia¢ernary aquifer
from the Tertiary rocks (Figure 11 and Appendix 5). Recharge freenleakage accounts for
the largest proportion of recharge in the Chahaertan(8eztion 5 and Appendix 5).

There is other evidence to suggest the historical importanteeoieakage to groundwater in
the Chaheartan area. Before the river was diverted, muthie cChahaertan area used to
flood. Hence a greater proportion of silt in the soil anddheelopment of agriculature. The
stable isotope data described above also seems to indicatgeapl@portion of water
recharged in the past few hundred years, compared to furthed®wkantai where the water
may be more than 10 000 years old.

Groundwater modelling indicates that river leakage providesdsetv20 and 650 mm'a
locally, depending on the maximum river flow, or a total of 14 M#h across the aquifer
(Appendix 5 and Section 5).

4.4.4 Irrigation returns

Irrigation in Chahaertan is by means of flood irrigationmast cases applied directly from
the production well to fields by means of PVC low-pressure pipesrmrete-lined ditches.
In a very few cases (thought to be less than 10), water ipguifinom the well to a pond,
which then feeds drainage ditches. In most cases, thergBsmission losses between well
and field are likely to be minimal. In those cases where vimttored in ponds, there is likely
to be some infiltration through the base of the pond, but because themohsuch cases is
small, the total infiltration is likely to be low.

Flood irrigation is inefficient in terms of water use — in mmsth methods, only some 40% of
applied water is used by crops (e.g. Wolff and Stein 1999). Inaéistig carried out as part
of the ALERMP have showed that in Chahaertan the efficienayigétion is slightly higher
— approximately 50% of applied water drains below the root zone, \aitdr infiltration rates
through the soil estimated at about 30 mm fiterie 2006). Lateral flow of this infiltrating
water to the river is likely to be minimal, and so virtualy of this water will move down
through the unsaturated zone to the water table to recterd@uaternary aquifer.

The total volume of groundwater abstracted for irrigation in @aehn and Little Chahaertan
has been estimated at between 18.5 and 2% #nfSection 4.5.2). Groundwater modelling
indicates that recharge from irrigation returns in the Chédmaeases is 350 mni aor a total
volume of 10 Mm a* (Appendix 5 and Section 5).

4.5 DISCHARGE

4.5.1 Natural discharge

The main natural discharge point for groundwater in the Chahaertdar@arg aquifer is to
the lake at Jilantai. Groundwater discharge is likely to béatigest input of water to the lake,
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because river flows only reach the lake during the largesati@fents, probably only once
or twice each year (Section 3.3). Discharge from the Chmaeaquifer is not the only
groundwater inflow to the lake — there will also be flowsf other groundwater catchments.
An estimate of evaporation from Jilantai lake, assuming annuabotranspiration of
3000 mm and a lake area of 40 %nis 120 Mni a’. This is the only available data
constraining the volume of discharge from the Chahaertan aquifeich must be
significantly lower than 120 Mfa™.

4 5.2 Groundwater abstraction from wells

Groundwater is abstracted from wells across the aquifer, buh#iin centre of abstraction is
in the Chahaertan and Little Chahaertan oases. Away frore ilnggmted areas, there are an
unknown number of low yielding wells, mainly used by herders. A nuibiiese are likely
to have become disused since 2005 when a grazing ban was estallisisedaage parts of
the aquifer. Even taken together, they are likely to represesty small proportion of the
total groundwater abstraction from the aquifer.

As described in Section 1.3, there are currently 168 productitk® weéhe Chahaertan oases:
119 in Chahaertan and 49 in Little Chahaertan (Figure 18). Thé riatmber of wells
currently in operation is uncertain, but it is likely that approxatyal10 wells in Chahaertan
and over 40 wells in Little Chahaertan are in use eyeay.

Current groundwater abstraction from Chahaertan and Littled@&inzm was estimated as part
of the study. Four different methods were used, in order to incogaielence in the result.
The details of the calculations are presented in Appendix 4l alostraction from the oases is
estimated at 18.5 to 21 Mha™: 16 Mn? a' in Chahaertan and 2.5 to 5 Mra* in Little
Chahaertan (Appendix 4).

Most of the production wells are used for irrigation and the annual pgnmegime is similar
for all of them. The wells are typically pumped at ratédetween 60 and 80 *hir? for
between 12 and 20 hours each day, for a period of one to two weeks im ddakpril, and
then for at least 25 days each month from early May to late Aumud into early September
in dry years. A few wells pump for only 15 to 20 days each montmgltinis period. Most
are also pumped for a period of approximately one week in Decembéaw Avells —
probably less than 15 — are used for drinking water, typically fouraber of different
households, and are pumped daily (typically for five to seven hounsdegg at low rates all
year round.
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Figure 18 Location of production wells in the Chaftan oases

46 GROUNDWATER FLOW

The dominant groundwater flow direction in the aquifer is from stwttorth, as indicated by
the available groundwater level measurements (Section 4.4hanegults of groundwater
flow modelling (Section 5 and Appendix 5). Flow is towards the mataral discharge point
for the aquifer at Jilantai salt lake.

The rate of groundwater flow through the aquifer has been estimatepdRercy’s Law at
between 0.015 and 0.03 rit.dThis assumes an average hydraulic gradient of 0.003 (Yan and
Wu 1996) and an average hydraulic conductivity of 5'mAt these flow rates, it would take
groundwater between 3 000 and 6 000 years to flow from the southern etigeagiifer to
Chahaertan, and more than 10 000 years to flow from the southerrofettge aquifer to
Jilantai. However, as discussed above, leakage from fiwer dllows modern recharge to
move much more rapidly in the northern part of the aquifer.

Groundwater movement through the unsaturated zone is likely to bepsay, due to the
presence of low permeability clay and silt bands (Section @Mich despite not forming
persistent layers, are likely to cause vertical groundwider paths to be tortuous and
elongated. Although no direct data are available, interpretatiatheofivailable hydraulic

25



CR/06/220N

properties and chemistry data indicates that vertical unsadugabundwater movement may
be as slow as 2 myrFor example there are some wells where elevated rématd DS have
not been measured, despite parts of Chahaertan havingliéesoped for 40 years.

4.7 GROUNDWATER LEVELS

Very few data on groundwater levels in the Quaternary aqaiferavailable outside of
Chahaertan. One measurement from a well in the southeaisé @fquifer near the Helan
Mountains is available on the hydrogeological map (J-48-[10]; Aprehdhppendix 5). An
artesian well in the north of the aquifer 9 km south of Jilantasga second data point
(Appendix 5). For most of the aquifer, there is no information to skbether groundwater
levels have changed over time.

The only known long term groundwater level data for the aquifieoiis monitoring wells in
Chahaertan, which have been in use since before 1984. The @Ghahgeoundwater
development report stated that by 1984, groundwater levels in tlevear® declining at a
rate of 0.17 to 0.76 m’a(Groundwater Development and Utilisation Teaching and Research
Office, 1984).

Water level data from seven monitoring wells in the Chahaestesis, taken by the now-
defunct Water Management Station, are available for 1984 to 1@84rding to reports from
ex-Water Management Station staff, water level monitorioppstd after 1994. In 2004,
responsibility for groundwater level monitoring in Alxa League edg® the newly-formed
Hydrology and Water Resource Survey Bureau. According to verbal réortshis Bureau,

water levels have been measured four times per year e@e tir the monitoring wells in
Chahaertan since 2004, but none of these data were maldblaviai the current study.

Six of the monitoring wells still exist and water levelsthese wells were measured during
the current study in September 2006. The locations of these arellshown in Figure 19.
Available groundwater levels in these six wells, as elevatimve ground level, are shown in
Figure 20. The depth of groundwater level below ground level (niEgpbmes less from
south to north in the oasis, as ground surface elevation falls iditbesion. The groundwater
level in the southernmost monitoring well is 77 mbgl (ground surfiesgton is 1202 m); in
the northernmost monitoring well (at the north of Chahaertais)46 mbgl (ground surface
elevation is 1163 m), and in Little Chahaertan groundwater leneggoduction wells on
drilling were reported by well owners to be 20 to 25 mbgl (grounthseirelevation 1090 to
1105 m).

Groundwater levels respond to pumping in the oasis: they fall Aprit to July or August,
which is the main period of pumping, and recover from Septetobktarch, during which
time there is little pumping. Groundwater levels also fallryithe short winter irrigation in
December (e.g. Mu Cao Chang Monitoring Well). Mu Cao Chang MamitdVell is in one
of the most intensively pumped parts of the oasis, and it shovargjest seasonal water level
fluctuation. The monitoring well furthest from the main agfapumping in the oasis is
Outside the Fence Monitoring Well, and this well shows the sstafleasonal water level
fluctuations, indicating that it is least affected by pumping.

Water levels in the monitoring wells dropped by between four and gbesnieetween 1984
and 1994, and by a total of between six and ten metres over the 22ogéaeen 1984 and
2006. This is an annual average decline over the 22 years addret27 and 0.45 m. The
regular and continuous decline in water levels indicates thataatisn from the oasis is
greater than recharge.
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During the current study, three new monitoring wells were site@hahaertan and Little
Chahaertan, in areas where there is a gap in watdritdgemation (Figure 19). Data from
these new wells will complement information from the existivgjls and allow accurate
assessment of groundwater level behaviour in the oases.

Figure 19 Location of existing and proposed new itooing wells in the Chahaertan oases
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Figure 20 Groundwater levels in six monitoring weil Chahaertan oasis, 1984 to 1994, with a
single measurement in September 2006.
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5 Groundwater modelling

The development of the groundwater model for the Chahaertan aiguifescribed in detail
in Appendix 5. This section summarises the results of the limzde

5.1 RECHARGE MODEL

5.1.1 Introduction

Distributed recharge models are now often constructed for usegneundwater models.

They allow the identification and quantification of recharge pse®sBoth direct (i.e. soil-

based) and indirect (e.g. runoff recharge) processes can be igdanBther recharge

mechanisms, such as urban losses from water mains and semgig;igation returns, can

also be included. The main issue with recharge models isaligaton of the amount of

recharge estimated by the model. Since recharge is difiiconeasure directly, the reliability
of a recharge model must be tested by comparing the restiita wetailed water balance or
by comparing time series of recharge with groundwater lexaographs.

5.1.2 Results

The recharge model simulated recharge from three sourcestlydirem rainfall, from river
leakage and from irrigation returns.

The total volume of recharge to the aquifer is low, at 44N but river leakage and
irrigation returns provide significant local recharge. Althougly thiely occur in small areas
(Figure 22), together they make up more than half the total vobfrmecharge across the
whole aquifer.

Recharge from rainfall 20 Mha*
Recharge from river leakage 14 Met
Recharge from irrigation returns 10 Ma*

Over most of the aquifer the only available recharge is fraimfall, and annual recharge
averages less than 20 mm (Figure 22). This is in the rangeclofrge estimates from other
semi arid and arid areas in China and elsewhere (Edmundf608).Scanlon et al. 2006). In
the irrigated oases of Chahaertan and Little Chahaegahnarge from irrigation returns is far
larger, at 350 mm™a Along the river channels, river leakage increases rgehar between
20 and 650 mm™4 depending on the maximum river flow (Figure 21). The highestaht
recharge from river leakage is to the immediate southarebialong the western edge of the
Chahaertan oases, just downstream of the point where the meege and the river flows are
highest.

It is difficult to quantify exactly local recharge to theasround Chahaertan, largely because
of uncertainty in defining the size of this area. However |ldlcal recharge is likely to be less
than 18 Mni a*. This includes all of the recharge from irrigation returh® Mnt a?),
approximately 6 Mma* from river leakage, and less than 2 Riat from rainfall recharge.
Significantly, even the higher end of this estimate is Idéss tcalculated groundwater
abstraction from the oasis.

The importance of local recharge, from river leakage amghtion returns, is supported by
the groundwater chemistry. The CFC and stable isotope datatmditat active recharge
(within the past 50 years) is occurring in Chahaertan, butfiintter north towards Jilantai,
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where river flows are smaller and less frequent, thditlésor no evidence of active recharge
in the past 50 years.

Figure 21 Spatial distribution of modelled rechaageoss the aquifer

5.2 GROUNDWATER FLOW MODEL

5.2.1 Introduction

The main output from the modelling element of this project has lzeesteady state
groundwater flow model, which uses average recharge andditmstrénat do not change over
time. A groundwater flow model allows the water balandeetdested against measurements
of groundwater head. A steady state model allows a redistiglation of the groundwater
system to be developed and tested, including parameters such #&sr dhickness,
permeability and recharge inputs.

A dynamic balance model was also developed for the Chahaeytiier. This is a precursor
to a time variant model, and uses recharge and abstractiothdatery throughout a single
year, but do not change from year to year. A dynamic balance nsodstd to test whether
the steady state model provides a reasonable simulation of hogrdahedwater system
behaves with time.
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A time variant model was not produced during this study, becaese #ne not sufficient
available data to warrant its development. A time variantleh needs long term historical
data series, including recharge (i.e. requiring long term thiaxfia evapotranspiration time
series), abstraction and natural groundwater discharge, whichar available for the
Chahaertan aquifer.

5.2.2 Results

The steady state groundwater flow model has improved our understandiregg©hahaertan
groundwater system, confirming that the available permeahititl aquifer thickness data are
broadly correct, and just as importantly, constraining the rgefrandel.

The model was refined so that the modelled groundwater head distrilfitdé as closely as
possible the available groundwater level data for the aquifersél data are mainly available
in the Chahaertan area, with rare data from elsewherealDtree data give a reasonably good
fit, to within 10 m in the north of the model and within 15 m at thersofiChahaertan — or
within 8 to 12% of the observed head variation across the modeinfléwes and outflows to
the model balance well, increasing confidence in the medelts.

The dynamic balance model simulated the typical annual variatigroundwater level in the
Chahaertan oasis well, confirming that the steady state miedel reasonably good
representation of the Chahaertan aquifer system (Appendix 5).

5.3 WATER BALANCE

The modelled water balance has helped to increase confidenbe necharge model and
highlighted some significant aspects of the Chahaertan groundsysezm. It should be
recognised that all the elements of the water balamcestimated, based on varying amounts
of data, and that there may be a large margin of errordh ehthe estimates, so that the
overall potential margin of error is large. The overall miedeater balance is summarised
in Table 4. This indicates that recharge to the groundwateersyst low, as would be
expected in an arid to semi arid area. Modelled dischargéatdai lake, which is the main
natural discharge from the groundwater system, is not much hiplaer groundwater
abstraction from Chahaertan, indicating that abstraction igrafisant output from the
system. The modelled figures suggest that abstraction at €tehanay have reduced the
volume of flow to the lake.

Table 4 Summary of modelled steady state wat@mioal
Parameter Value
Total recharge (Mrha®) 44.26
Total boundary inflow (Mma?) 0
Total boundary outflow (Mrha) 0
Total abstraction (Mrha) 18.40
Total natural discharge (Mha?) 25.81

The significance of groundwater abstraction as a large proportidotadfoutput from the
groundwater system is supported by the available data on groundsvesist which indicate
that groundwater abstraction in Chahaertan is greater thalrémbharge (Section 4.7).
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6

6.1

Groundwater management

INTRODUCTION

The reason for studying and modelling the groundwater system in the&tan oasis was to
identify how sustainable the groundwater abstraction is, and to langifdegradation of the
groundwater. In this section we highlight the issues that hawe ¢o light during this study
and suggest options for managing the aquifer.

6.2

GROUNDWATER ISSUES

The main issues in Chahaertan are the following:

6.3

Water levels are declining across the irrigated areppitoximately 0.3 to 0.5 m per
year. The reason for this is that locally groundwater atigira (approximately
20 MnT a') exceeds the local recharge (natural recharge from fiver in the
vicinity is less than 10 Mfa). If water levels continue to decline at this ratenyna
wells will be unusable within 30 to 50 years.

The amount of water used for irrigation in Chahaertan ance l@tlahaertan may be
equivalent to 50% of the current annual recharge to the entireeiQagy aquifer.
Abstraction for irrigation may in time reduce flows to thiantai salt lake.

The diversion of the river channel to protect the Chahaentgated area is likely to
have reduced natural recharge to the aquifer at this point.

Diffuse contamination from excess fertiliser leached into dhaifer in irrigation
returns is seriously degrading the quality of the groundwater dta@han. In wells
with a high proportion of modern water (recharged since 1966), ndoatentrations
are highly elevated (20 to 130 miNO; as N), and salinity (i.e. TDS) has increased.

Point source contamination from animal waste or human sanitatgrcantribute to
nitrogen loading in some areas. However, the overall nitrogen irgratthese sources
is likely to be very small compared to the input fromiliedr.

There is no evidence for direct contamination of production wells tgrwi@rtiliser
or sanitation waste leaking down the casing of poorly constructdid. wdl the
production wells seen during this study appeared to be suitably cdedtmwith low
vulnerability to direct contamination.

Given the nature of the Quaternary aquifer, in which groundwat@vement is
relatively slow, there is a lag time between cause #edte Therefore, there is likely
to be poor quality water within the unsaturated zone, which asdhesahe water
table, will continue to degrade water quality in the aquetens of years.

MONITORING

To effectively manage the aquifer at Chahaertan it isr¢isd to monitor the groundwater
system. Only with this information will it be possible to tebkiether the management options
are working.

1.

As part of ALERMP, six monitoring boreholes have been repairedttzneeg new
boreholes drilled in key locations. Water levels in these boremolest be measured
every month to assess the decline in water levels aitresgjuifer.
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The variation in nitrate concentrations and salinity in Chahaegaa cause for
concern. To truly understand aquifer behaviour, both these paranstould be
monitored three times a year: at the first irrigation of year, midway through
irrigation, and at the last irrigation. We suggest that adtl&0 wells are monitored
and are chosen from the 22 sampled for this study. They must be pumibiadime
of sampling. Five high nitrate, high salinity wells shoulddb®sen, and five low
salinity, low nitrate wells. A reliable indication of watsalinity (or total dissolved
solids) can be obtained easily by measuring the SEC (Figure 22).

To help build confidence in any future time-variant groundwater mddéy; rainfall
data and river flows are needed for the study area. Eailfall data may exist for the
area, but were not accessible during the project. River ftmukl be measured by
spot gauging flows at several locations along the course ofueduring rainfall
events.

Monitoring data must be stored, reviewed and communicated toekdlant
institutions. There are complicated institutional issues aboutwalutd take on such a
role, but in the past, groundwater monitoring in Chahaertanmvess effective when
undertaken at a local level and the results communicatedrdpwo regional level.
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Figure 22 There is a direct positive relationdtepwveen total dissolved solids (i.e. salinity) and
SEC in groundwater in Chahaertan. Salinity canefioee be monitored by measuring SEC.

6.4 MANAGEMENT OPTIONS

As discussed above, monitoring of groundwater levels and water qualdythe regular
review of this information, is fundamental to any options for mamagjroundwater in
Chahaertan. The following are required to protect groundwatswsurces from further
degradation:

1.

There should be no further abstraction wells drilled in Chahaebarrent abstraction
already exceeds local natural recharge.

Abstraction from existing wells should be reduced to halt therdeet groundwater
levels and minimise returns from irrigation. Irrigation retudegrade the quality of
the groundwater in the aquifer. Work by Jerie (2006) indicatesatisraction should
be reduced by 30% to minimise drainage of excess irrigation wiztée. (2006) and
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Williams (2006) indicate that a reduction in water and fertilisge may not have a
significant impact on crop yield, and may in fact inceeggss margins.

3. Fertiliser and pesticide use should be controlled. With somés whbwing nitrate
concentrations in excess of 130 my NO; as N, the indications are that excess
fertiliser is being used and is being leached to the agéi$ewell as a reduction in the
volume of irrigation water, there should be a reduction in the amafunitrogen
fertiliser used, in order to minimise nitrate leaching.

4. Consideration could be given to increasing recharge from rioer to the south of
Chahaertan by constructing a recharge lagoon. This would similatendtural
predevelopment system, when the aquifer may have receivedde@idy more
recharge from river leakage. This however, may invotresitlerable engineering and
may not be cost-effective.

5. The catchment must be treated and managed as a whole. Thedfrglagtraction and
any modifications to river channels will have an effect onJifentai salt lake and
corresponding salt works. Therefore, the impact of any meatsikexs in Chahaertan
on the catchment as a whole must be taken into consideration.
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Appendix 1Data sources

The following data sources were consulted as part of the grotedingestigation. Where
relevant, notes on the sources are provided.

Reports:

ALERMP. 2002. Ground and Surface Water Resources Report. ACIL/NB&mber 2002.
Project report on water resources across Alxa League. No speriformation on
Chahaertan.

People’s Liberation Army. 1976. Regional Hydrogeological Survey RémoSheet J-48-[4]:
Ji Lan Tai.Sheet description for hydrogeological map. Information on aquifer properties,
groundwater levels, well yields, groundwater chemistry.

People’s Liberation Army. 1980. Regional Hydrogeological Survey RdporSheet J-48-
[10]: Alxa, Left Banner.Sheet description for hydrogeological map. Information on aquifer
properties, groundwater levels, well yields, groundwater chemistry.

Groundwater Development and Utilisation Teaching and Research eOffl©84.
Hydrogeology Survey Report on Chahaertan Irrigation Area, LaftnBr: Water Resource
Assessment and Systematic Analysis. Produced within the ukgral and Animal
Husbandry, Water Conservancy and Engineering School of the Inner MoAgpicultural
and Animal Husbandry College, December 19&toundwater development report on
Chahaertan oasis.

Yan Lianju and Wu Shengxhang. 1996. Groundwater Systems in Arid AreasteiV
Helanshan Groundwater Systems Research. Geography Publishirsg.Hydrogeological
study of the whole of the western Helanshan area, including Chahaert

Jerie P. 2006. Improving the Management of Water and NitrogeitiZzeerfor Agricultural
Profitability and Groundwater Quality in Alxa. Preliminary ALEIR Report, June 2006.
Internal ALERMP/AuUsAID report.

Maps:
People’s Liberation Army. 1976. Hydrogeology map of Sheet J-48H4hn Tai. 1:200 000.

People’s Liberation Army. 1980. Hydrogeology map of Sheet J-48-[1@f, A eft Banner.
1:200 000.

Topographical maps at 1:200 000 scale for Ji Lan Tai and AlxaBlasiter (Bayanhot) sheet
areas. Paper and GIS. Source unknown.

Quickbird image of Chahaertan oasdetailed satellite image, captured expressly for the
ALERMP project. Not available for Little Chahaertan.

Digital Elevation Model (DEM) at 90 m resolution, from NASRAreely available via the
Internet.

Records:

Alxa League Left Banner. 2002. Water Resource Repatile of results from an incomplete
well survey in Chahaertan and Little Chahaertan.

Left Banner Water Management and Water Resource Office.. M¥@gr Supply Project
(Supply Amount) Yield Statistics Summary Table. Alxa, LeftnBar, Inner Mongolia,
December 1992Table of results from a survey of production wells in Chahaertan arid Litt
Chahaertan.
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Well records for 49 wells in Chahaertan drilled between 1977 and ¥@86records for all
the production wells in the Chahaertan oases were not seen during thisgatrest It is not
known if they are available or not.

Example of Water Abstraction Licence for an irrigation boreh@lell Number 95-004.

Alxa Meteorological Data. Published data for different station8Ixa. Long term average
and monthly average rainfall and evapotranspiration for 1954 to 1980; also incompléte dai
rainfall for 2003 to 2005.

Comprehensive Extension Station. Daily rainfall data for samg006.Partial, informal
record of daily rainfall from June to August 2006.
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Appendix 2Climatic data

Figure 23 Monthly average rainfall for Jilantagygnhot and Chahaertan, 1954 to 1980 (Alxa
Meteorological Office).

Figure 24 Limited series of daily rainfall data fohahaertan (Comprehensive Extension Unit,
supplemented by data from raingauge managed byefarm
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Figure 25 Limited series of daily evapotranspinatitata for Chahaertan, averaged over 10-day
periods (Jerie 2006).
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Appendix 3Groundwater chemistry sampling and results

SAMPLING PROCEDURE

Most of the boreholes investigated had been pumped regularly fewhweeks leading up to
sampling, and were pumping at the time of sampling. Where bosalele not pumping on
arrival, they were pumped for at least 20 minutes to allewtrehole to be purged.

At each sample site, field measurements were made otligehlved oxygen (DO), redox

potential (Eh), water temperature and specific electricatiactance (SEC). Where possible,
pH, DO and Eh were measured in an in-line flow cell to mirénaignospheric contamination

and parameters were monitored (typically for 10 to 15 minutes) statile readings were

obtained. Where not possible, measurements of water dioacttfre pump outlet were made
in a bucket within one to two minutes of abstraction.

Water samples were collected from each site for subsequenttory analysis. Samples for
major- and trace-element analysis were filtered through Gm5filters and collected in
polyethylene bottles rinsed with sample water before colleckounr filtered aliquots were
collected at each site: two were acidified to 1% v/v witistar HNQ;, one for analysis of
major cations, total sulphur and Si by ICP-OES (inductively couplesma-optical emission
spectroscopy), and the other for a large range of trace derbgnCP-MS (inductively
coupled plasma-mass spectrometry). A third aliquot was aciddiééb v/v with Aristar HCI
for analysis of As by AFS (atomic fluorescence spectrometith hydride generation. A
fourth aliquot was left unacidified for analysis of anions by ibromatography (NN, Br,
F); automated colorimetry (Cl, NEN, NH;-N) and HCQ.

Additional samples were collected in glass bottles for stablepic analyses {H and %0).

At 13 of the sites, a sample was also collected for CFG/sinah a glass bottle, submerged
under flowing groundwater to prevent atmospheric contamination. dadgses were carried

out at the BGS laboratories in Wallingford, except for ICP-&h&lysis which was carried out
by ACME laboratories, Vancouver, Canada.

Analyses of total sulphur are hereafter expressed asaB@alkalinity as HC® Nitrate is
expressed N®N. Analyses of ?H, %0 are expressed as per mil deviations relative to
VSMOW (Vienna Standard Mean Ocean Water)

39



CR/06/220N

Table 5 Summary of wells sampled during chemistvestigation
ID Well name Location Easting Northing Altitude (m)  Well depth (m)
1 Zhang Zhong's Well, Nowgan Gacha Chahaertan 1083508 39.2910000 1195 120
2 ghen Qngiai & S Chunyuan's Well. — cranaertan  105.7216380  39.2826667 1205 120
3 Sumuto No. 3 Well Chahaertan 105.7157500 39.3006389 1200 120
4 Power Station Pumping Well Chahaertan 105.7373056 9.3180000 1191 >100
5 2ong FengNo. 2Well, Chahaersala  cpanaertan  105.7078333  39.3020556 1103 120
6 Wang Guoyao's Well Chahaertan 105.7047500 39.240888 1226 132
7 Klvjvtv‘;ra“:%”uargzrge:;hsataﬂon well Chahaertan 1057073333  39.2596667 1228 120
g onang Yuchang Well NowganBUIG2  cpanaertan  105.7043056  39.2817500 1227 110
9 ZiLeishui Well Chahaertan ~ 105.7188333  39.3204722 1851 105
10 Hu He Xing No. 4 Well Chahaertan 105.7151944 3956867 1191 110
11 Hu He Xing No. 2 Well Chahaertan 105.7144722 39357 1182 95
12 uDaMuNo. 20 Well, WuDaMuTad crangertan 1057156111 39.3473611 1175 100
13 Wu Da Mu No. 15 Well Chahaertan 1057199722  39.8626 1168 100
14 Wu Da Mu No. 2 Well Chahaertan ~ 105.7268056  39.38333 1169 105
15 Wu Da Mu No. 7 Well Chahaertan  105.7159167  39.32852 1187 110
16 Nowgan Tone No. 2 well Chahaertan 105.7248333 39322 1185 100
17 Yu Chang well, Shilingola Sumu Chahaertan 105.72872 39.3600556 1171 60
1g Dinking water well, Little Chahaertan | e chanaertan 105.6464722  39.4705556 1094 >90
19 Eﬁi‘ggrgﬂ ggéﬁa\’ve”* Little Little Chahaertan 105.6495000  39.4607500 1096 100
20 Lu Xing Jun Homestay Well Jilantai 105.6761667 39@000 1046 70
21 Salt Mine Factory, Ji Lan Tai Jilantai 105.7462222 39.7427778 1012 > 50
22 Xilingaole Naoertao Gacha No. 3 Well Grazing landsl05.7956944 39.3662500 1186 145
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Table 6 Selected chemical analysis results fonmplavater samples from the Chahaertan aquifer.afallysis results are presented on the
accompanying CD-ROM.
SEC pH
ID T°C gen@a2e DO ~Cl SO, HCO3; NOyN Ca K Mg Na Si F Fe  Mn Sr Zn As  TDS
oc (pH units)

1 16.1 822 8.50 7.7C 111.0 95.4 139.7 9.76 78.€ 292 246 46.2 6.77 0.2720 < 0.005 0.00015 0.840 0.0068 0.0006 549.3
2 16.5 888 831 7.4€ 1270 1120 1416 743 86 294 241 557 679 02300 <0005 000019  0.847 00073 0.0007  $90.7
3 15.9 1768 939  7.3¢ 1920 1660 1188  7170169. 4.05 485 758 6.45 02110 0006 0.00029 1620 0.0097 0.0008  1097.9
4 16.2 679 1150 7.61  65.1 89.8  147.9 357 647 263 179 356 685 02310 0.007 0.0035 0646 0.0064 0.0006  447.1
5 17.0 893 968  7.5¢  109.0 69.0 1258 2890 83¢ 301 242 535 687 02690 <O0.005 000037 0870 0.0070 0.0014 03.6
6 15.9 861 9.85 7.5¢8 121.0 104.0 129.5 8.47 84.z 331 240 49.4 6.44 0.2440 0.016 0.00370 0.854 0.0083 0.0010 560.2
7 16.4 840 8.50 7.9¢ 97.7 103.0 139.8 6.58 71.C 299 225 50.5 6.31 0.3700 0.005 0.00089 0.711 0.0070 0.0011 523.8
8 17.0 823 9.10 7.6C 108.0 99.4 131.2 10.20 78.¢ 3.24 227 47.6 6.40 0.2620 < 0.005 0.00033 0.815 0.0073 0.0009 543.4
9 15.7 765 9.18 7.6t 107.0 91.9 133.1 9.09 73¢ 299 221 49.7 6.54 0.2270 0.007 0.00099 0.774 0.0080 0.0010 528.2
10 15.8 745 9.49 7.6€ 102.0 74.8 132 6.55 66.£ 290 19.8 46.7 6.72 0.2430 0.006 0.00074 0.697 0.0069 0.0011 481.1
11 17.8 1802 620 7.6 2850 2180 1154  51.30184( 398 547 911 647 02070 0012 0.00192 1760 0.0099 0.0018 1186.4
12 15.2 2800 10.32 7.41 369.0 3140 1021 137.00281( 517 921 149 628 01480 <0.005 000043  2.890 0.0110 0.0023 19245
13 15.7 705 1149  7.6¢  103.0 831 1324 744 672 303 210 513 660 02530 <O0.005 000043 0748 00067 00012 5014
14 15.0 1330 8.04 7.68 248.0 154.0 125.6 23.50 150.C 3.39 413 68.3 6.33 0.2250 0.008 0.00075 1.420 0.0094 0.0018 02.0
15 16.0 1025 1175 7.6 1680 1250 1303  19.30104( 313 315 705 659 02370 0011 0.00054  1.040 0.0083 0.0016  725.2
16 16.3 656 11.30 7.8C 90.4 79.2 137.9 484 65¢ 298 193 42.4 6.42 0.3050 0.019 0.00107 0.679 0.0067 0.0011 466.8
17 15.7 1274 854 7.6¢ 2150 1370 1177  21.00120( 334 382 708 6.33 02420 0007 0.00042  1.370 0.0089  0.0017 02.4
18 21.6 527 6.50 8.04 43.8 34.8 138 3.28 23 250 124 51 6.26 0.5960 0.006 0.00057 0.409< 0.00¢ 0.0024 327,

19 15.6 462 640 80: 505 395 1345 3.87 285 269 154 433 622 05640 0013 000032 0511 0.0043 0.0016 38.7
20 18.2 606 178 82z  64.9 90.0  124.6 171 18E& 220 107 927 551 05810 <O0.005 0.00014  0.629<0.00: 0.0033 417

21 19.1 662 0.00 86%  89.9 921 1233 116 13 330 125 111 403 05580 0140 001011  0.614 <0.004 0.0019 55.9
22 17.4 673 8.34 7.7C 100.0 67.9 124.1 555 584 288 239 38.8 6.74 0.2810 0.110 0.01214 0.802 0.0092 0.0006 48.4
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Appendix 4Groundwater abstraction calculations

CALCULATION METHODS

Four methods were used to estimate total groundwater abstractioiCrahaertan and Little
Chahaertan:

Average pumping rate per well multiplied by average lengttof time each well is
pumped over one year for every pumping wellThis is likely to be the least accurate
method, because it relies on estimating three separasbbearithat are likely to vary
significantly. Pumping rates and the length of time each weaduimped are likely to
vary both for individual wells throughout the year and between diffavelis, so it is
difficult to choose accurate ‘average’ values. The number opmgwells is easier to
constrain, but still may vary from month to month and yeasetr.

Area irrigated multiplied by average volume of irrigation water applied. The
average volume of irrigation water applied per mu was esiniom a number of
different sources, including reports from farmers across dodea for different crop
types, and previous ALERMP studies (Jerie 2006).

Electricity usage multiplied by a factor relating volume of wate pumped per
kilowatt hour used by the pump. The electricity usage for each well pump is well
constrained, because electricity records for each pump meBrahaertan and Little
Chahaertan were obtained from the electricity supplier. Aofadescribing the
relationship between the volume of water pumped and the elgctrsgt by the pump
was obtained from field investigations during this investigaaod from previous
studies in Chahaertan by government water resources staff.

Electricity usage multiplied by the cost of electricity r kilowatt hour multiplied

by the volume of water pumped per unit cost.The electricity usage is well
constrained (se previous bullet point). The cost of electricitykgewatt hour is
accurately constrained because it is quoted by the elecpi@vider. The volume of
water pumped per unit cost was obtained from values quoted by faimers
Chahaertan.

ESTIMATING GROUNDWATER ABSTRACTION FROM CHAHAERTAN

1.
2.
3.
4.

Flow rate & pumping time: 70 m3/hour x 2880 hours for 95 wells = WB8 a*
Area irrigated: mu x 600 #= 16.0 Mn? a*

Electricity records: KWH x 1.6 = 16.0 Mha*

Electricity records: KWH x 0.33 CNY x 0.23% 16.3 Mnf a*

Approximate total groundwater abstraction = 16Mm?® a*

ESTIMATING GROUNDWATER ABSTRACTION FROM LITTLE CHAHA  ERTAN

1.
2.
3.
4.

Electricity records: KWH x 1.6 = 2.5 Mia*

Electricity records: KWH x 0.33 CNY x 0.2 m3 =2.8 Mai*

Area irrigated: mu x 600 m3 = 5.3 Mra*

Flow rate & pumping time: 70 m3/hour x 2880 hours for 49 wells 8 a'

Approximate total groundwater abstraction = 2.5 — 5 Mni/year
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Appendix 5Groundwater modelling: technical detalils,
development and detailed outputs

INTRODUCTION

The groundwater recharge and flow modelling described here wastakeh to aid the

understanding of the groundwater system in and around the Chahaedanfoateady state

groundwater recharge and flow model was developed and refinedaie a representation of
the groundwater system under long term average climatic comgltind current groundwater
abstraction. A dynamic balance groundwater flow model wadettda simulate seasonal
groundwater level variations under average climatic and cugenindwater abstraction
conditions, and to further test the steady state model représentaie flow models allowed

the recharge model and a water balance for the groundwatiemsys be tested and
constrained.

The model used is ZOOM, which is a collection of objeattted groundwater models. The
object-oriented approach has been adopted to facilitate locatefmegment, which allows
groundwater flow to be modelled at different scales using any nuoflggids placed within
each other. The current suite of models includes a distributé@drgec model, ZOODRM
(Mansour and Hughes, 2004) and a groundwater flow model, ZOOMQ3D (Jackdon a
Spink, 2004).

CALIBRATION DATA

Any model must be calibrated against real-world data, and thlafzlry and quality of these
data is the main control on the degree of model refinemenistipassible and the reliability
of the final model. The few available calibration data@hahaertan are:

Groundwater levels:

0 detailed time series of groundwater level data for six monitokimls in
Chahaertan from 1984 to 1994 (Section 4.4);

0 basic groundwater level data for a number of production wells ing@ni@m and
Little Chahaertan, which are usually anecdotal and for unknown daées
Chahaertan_2006_Well_Survey.xIs on attached CD);

o0 available groundwater level data for elsewhere in the Quatelquifer are rare
and comprise only a single value for a well in the southeabkedquifer near the
Helan Mountains (at 105 52’ 48” east, 39 6’ 33” north) and an arteselh w
between Chahaertan and Jilantai (at 105 40’ 37” east, 39 3Y01@h).

River flow:

0 anecdotal data on the magnitude and duration of river flows at Clahaert
(Section 3.3);

o limited and qualitative observations of river channel charisties in the Helan
Mountains and over the Chahaertan aquifer (Section 3.3);

o0 an empirical estimate of river flows based on the Manning equatiogfen
channel flow (Section 3.3) — 20 to 3¢ sec’.

Groundwater discharge:
o Estimate of evaporation from Jilantai lake (Section 46130 Mn? a™.
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MODEL CONSTRUCTION

Boundaries and their justification

The model boundaries are defined, where possible, by physicaldealf the system. Model
boundaries are ideally chosen to be far from the main area aésntep that they will have
little impact on the model simulations. However, the larabf the Chahaertan oases is very
close to a physical boundary — the western edge of the Quatewnafgréasin against
upfaulted Tertiary rocks — and so in this case the model boundaly not be moved further.

Two model boundaries have been used: one for the recharge mutlebna for the
groundwater flow model (Figure 26).

The recharge model boundary is the larger, and covers the whdle surface water
catchment including the northwestern flank of the Helan Mountains;hwigceives the
highest rainfall of the catchment. Runoff from the mountainghigrgortant component of
recharge to the Quaternary aquifer. The boundary is therefegwhere a catchment
boundary.

The groundwater flow model boundary covers the outcrop of the Quateraifer within
the catchment area. To the southeast, south and most of thd Westrmdel, the boundary is
the contact between the Quaternary aquifer basin and the adjoeritayy rocks. To the east,
north and northwest, the boundary is the catchment boundary and, in thelitenthj lake
which is the main natural groundwater discharge point for the afjairsystem. All the
boundaries are represented as no-flow, with the exception ofgbalitantai lake, which are
represented as leakage nodes.

Layering

The groundwater system is modelled as a single layer. AlththeglQuaternary sediments
vary with depth in the aquifer, there are no persistent low gegoitity layers preventing
downward groundwater flow (Section 3.4), and therefore the depositbkely to act as a
single aquifer layer.

Rivers and lakes

The model represents the main river system flowing acrosadhiéer. River water can
infiltrate into the aquifer through the river bed. Becausgtbandwater level in the aquifer is
below river level almost everywhere (groundwater level hi@yabove river level close to
Jilantai, but there are no available data to confirm tigigjundwater does not discharge to
rivers. The rivers are therefore only represented in the ngelmodel, as there is no known
interaction between saturated groundwater flow and rivers.

The model represents the lake at Jilantai by means of keakates, which allow groundwater
to discharge from or to recharge to the aquifer depending on the grdendhead. Because
the modelled groundwater head is always above the lake levisg(@sie groundwater level
is), groundwater always discharges to the lake in the motiel.|lake is the only natural
discharge point for groundwater in the model.

Grid

The base grid for both recharge and flow model has a 1000 m squelieand is illustrated
in Figure 26.
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Figure 26 Recharge and groundwater flow model barasg and model grid

RECHARGE MODEL

Introduction

The recharge model represents the recharge processesrisedeis Section 4.3. The model
calculates distributed recharge over the aquifer to reprepatial and seasonal variation in
recharge. It uses a wetting threshold method to calculaet dgcharge from rainfall, which
is more appropriate for arid and semi-arid regions than the satum@ibalance method that
is conventionally used for humid regions. In the wetting threshold metafidctive
precipitation is first calculated as the difference betweérfall and potential evaporation. If
effective precipitation is greater than a wetting thresholdfinett as thenaximum amount of
water that will be absorbed by the soil before ampoff is generated — then the remainder of the
effective precipitation over and above the wettimgshold is available for runoff and recharge. A
proportion of the remainder is partitioned off cbme runoff, controlled by a runoff coefficient,
which varies according to slope steepness andatmagability of the underlying geological unit.
Runoff is routed downhill to adjacent model nodetere it may become available again for
recharge. Any runoff that does not become rechigrgeentually routed to the nearest river node.
What is left after runoff is partitioned becomesharge.
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As well as direct recharge, the model also calculatédration through river beds and
recharge from irrigation returns, where appropriate. Infiiratthrough river beds is
controlled by a river loss coefficient, which varies accordingthe permeability of the
geological unit over which the river is flowing. In irrigate@as, a proportion of the applied
water representing the transmission losses is first paeiti off to become recharge. The
remaining water is split into two parts: the first become®ff which is routed as above; and
a soil moisture balance method is applied to the second paittdate the amount of water
that infiltrates to the unsaturated zone and becomes rechdigeel€vant model parameters
are summarised in Table 7.

A steady state recharge model was developed, simulatihgroee over a single year. The
recharge model is broadly representative of average conditi@engte period 1955 to 1980
(the period for which most climatic data are availablehaaigh rainfall data from the period
2003 to 2005 were also used. The use of a steady state model is iapp@apthere are not
enough data (specifically long term daily rainfall series)stipport estimates of transient
recharge over more than one year.

Table 7 Recharge model parameters
Parameter Quaternary aquifer Tertiary rocks
Wetting threshold 10 mm 3 mm
Runoff coefficient 0.1 0.5
River loss coefficient 0.075 0.01

Rainfall and evapotranspiration

To produce a detailed recharge estimation, daily rainfath da@e needed. Daily rainfall
measurements are made at Bayanhot and Jilantai, but weravatlgble for short periods
between 2003 and 2005. A complete year of measured daily dateotvagilable. A limited
dataset of daily rainfall for Chahaertan for summer 2006 wasa&ksitable (Section 3.2 and
Appendix 2). In the absence of measured data, a synthetic dafblirseries for a single year
was created for Jilantai, Bayanhot and the Helan Mountains.

The daily rainfall series were created by taking the long #verage monthly rainfall at each
station and disaggregating each months rainfall into a numbeipafage rain events, most
occurring over a single day but occasionally over two days. iEkeo$ each rain event and
the number of rain events per month was determined by referetieedwvailable actual daily
rainfall measurements and on the total long term averagaltaméach month. For example,
at Jilantai measured rainfall events in August varied ffofnto 16.2 mm d and the long
term average August rainfall is 37 mm, or 32% of the long t&verage annual rainfall of 116
mm. In August 2003 there are data for four rainfall eventslamtdi and in August 2004 for
three events. Based on this information, the synthetic daihfalaseries for August for
Jilantai has three rainfall events, of 8, 9 and 19 rmimmdich together add up to 36 mm or
31% of the long term average annual rainfall. For the Helan Mositwhere no daily or
long term average monthly rainfall data are availablgnéhstic long term average monthly
rainfall series was first disaggregated from the avadladlue for long term average annual
rainfall, based on the same proportional relationship as the Baydatatand the daily
rainfall series then produced as described here. The syntladiicainfall series are provided
on the accompanying CD-ROM.

Monthly evaporation data are needed for the model, which weilaldeafor stations at
Bayanhot and Jilantai (Section 3.2 and Appendix 2). These seriedsarprovided on the
accompanying CD-ROM.
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The recharge model distributes rainfall and evaporation frond#te series at individual
points (i.e. at meteorological stations) by reference to stdntlaeissen polygons and the
spatial distribution of long term average rainfall and evapepiation. Because long term
rainfall and evapotranspiration data are only available for thoeets in the model area
(Jilantai, Bayanhot and the Helan Mountains), a synthetic sghsi@ibution was produced
with rainfall and evapotranspiration varying according to dlemgFigure 27).

0] (i)
Figure 27 Spatial distribution of long term averagi@fall (i) and evapotranspiration (ii)
produced for the recharge model

Recharge model refinement

The recharge model was constrained by the maximum estimaiaddgrater discharge to
Jilantai (Section 4.6.1 and Appendix 4) and by refinement of the graiedfow model.
Recharge must be significantly lower than the maximum estihetaporation from Jilantai
of 120 Mn? a*. In the flow model, for a realistic transmissivity distrion, the recharge
volume and distribution needed to reproduce realistic groundwatds lagaoss the aquifer
was quite closely defined.

GROUNDWATER FLOW MODEL

Introduction

A steady state groundwater flow model was developed. The asstefdy state model allows
rapid assessment of whether the choice of boundary conditions, trairggnigpermeability

and aquifer thickness) and other parameters, and the rechacgéateal by the recharge
model, result in an adequate representation of the groundwaems in particular the
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groundwater head distribution. The model used steady state averelgarge from the
recharge model.

A dynamic balance model was subsequently developed to furthehéestput parameters,
including aquifer storage, and the simulation of typical annual grourdwaad variations.
The model used monthly varying recharge from the recharge model.

A time variant model was not produced during this study, becaese #ne not sufficient
available data to warrant its development. A time variantlehneeds long term historical
data series, including recharge (i.e. requiring long term thiaxfia evapotranspiration time
series), abstraction and natural groundwater discharge, whichar available for the
Chahaertan aquifer.

In this and subsequent sections, the tgroundwater heads used to mean the groundwater
level calculated at a point (i.e. a node) in the model. Simeanodel is a representation of
reality, the modelled groundwater head is unlikely to correspond lextxtthe true
groundwater level in the aquifer. For the Quaternary aqubermodelled groundwater head
is an approximation to the water table.

Development of transmissivity distribution

One of the key factors controlling groundwater flow is the distiobudf transmissivity in the
aquifer. Transmissivity is equivalent to permeability mukiglby aquifer saturated thickness.
A map of transmissivity across the aquifer was developed basealvailable data from
reports and hydrogeological maps and an interpretation of the perityeaid thickness of
the Quaternary deposits. This was translated into the inputfdr the model. The
transmissivity variation was refined during model developmemd, the final distribution is
shown in Figure 28. A key model development was to determine thatuhiable
transmissivity values for the northern part of the Quaternarfeaqincluding the Chahaertan
area (Table 1; Groundwater Development and Utilisation TeachdgResearch Office,
1984; Yan and Wu, 1996) are probably lower than the average transiyiasioss the area.
Available values are between 200 and 510 dh but the final values developed during
modelling are between 1000 and 150bdh depending on aquifer thickness.

Aquifer storage

Aquifer (specific) storage was only used for the dynamicricaglamodel. Storage is not a
component of a steady state model. No storage data werebsvéiliathe Chahaertan aquifer,
and a specific yield of 0.1 was used based on data from similderQagy aquifers in other
areas.

Groundwater abstraction

Groundwater abstraction from the Chahaertan oases was reprodudsdil. A total of 150
production wells at accurate locations were modelled, withah abstraction of 18.4 Miret
(Appendix 4). For the steady state model, the wells were puntpiéne same average rate
every day of the year. For the dynamic balance model, thés wedre pumped at
representative pumping rates that varied from zero during therwiranths to 1600 fro™ in
the peak irrigation months of July and August.
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Figure 28 Transmissivity distribution across modeansmissivity is lowest in the south where
the aquifer is thinnest.

RECHARGE MODEL RESULTS

River flow

The river flows reproduced by the recharge model were refméitdas closely as possible the
river flows estimated by the Manning calculation (a targetximum flow of 20 to

30 nt sec?), and the pattern of river flow observed across the aquifergétition and Section
3.3). The maximum modelled river flow, which occurs following theyest rainfall event
(41 mm d" in the Helan Mountains) is 13.3°ree¢". This is slightly less than the estimated
river flows of 20 to 30 msed, but is well within an order of magnitude and the margin of
error in the estimation. Closer refinement of river flomsuld only be possible if river flow
monitoring data were available.

The pattern of modelled river flows shows that little wadelost as the rivers flow over the
non-aquifer Tertiary rocks, but that as the rivers flow over Quaternary aquifer water
infiltrates steadily. All the tributaries of the main riv@rstem converge just to the south of
Chahaertan, so that the largest river flows are seenamer along the edge of the Chahaertan
oases (Figure 29).
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() (ii)
Figure 29 River flows reproduced by the rechargdehtor (i) a large rainfall event (41 mrit d
in the Helan Mountains) and (i) a small rainfaleat (16 mm @ in the Helan Mountains).

Recharge

Total modelled long term average recharge to the Chahaeytiifierais 44 Mni a*. Of this,
nearly half is derived directly from rainfall, almost arthfrom river leakage and almost a
quarter from irrigation returns (Table 8). The spatial distrdsutdf recharge is shown in
Figure 30. Recharge across most of the aquifer is low at 15 mreflecting the low rainfall
and high evapotranspiration. Recharge from irrigation returns iah&rtan and Little
Chahaertan is 350 mm*aRecharge from river leakage occurs along the whole lengtieof
modelled river system, varying from 20 mn @ 650 mm & depending on the maximum
river flow in that stretch. The highest river rechargéishe immediate southwest and along
the western edge of the Chahaertan oases.

Table 8 Recharge volumes from different sources
Total recharge volume over aquifer (Mat) 44
Recharge from river leakage (Mra?) 14
Recharge from irrigation returns (Mre?) 10
Direct rainfall recharge (Mfa™) 20
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Figure 30 Spatial distribution of modelled rechaageoss the aquifer

GROUNDWATER FLOW MODEL RESULTS

Steady state groundwater head contours

The steady state groundwater flow model was refined sdhtbahodelled groundwater head
distribution fit as closely as possible the available groundweter data for the aquifer.
These data are mainly available in the Chahaertan arbarare data from elsewhere (see
above). Overall the data give a reasonably good fit, to nvitBi m in the north of the model
and within 15 m at the south of Chahaertan — or within 8 to 12%eofobserved head
variation across the model (Figure 31). The modelled contours stmwdyvater flow is
dominantly from south to north.
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Figure 31 Modelled steady state groundwater heatbaos

Dynamic balance model

The dynamic balance model produced a relatively good simulation ofypiealt annual
variation in groundwater level in the Chahaertan oasis, witlo@elled head variation of 0.3
m per year (Figure 32). This is lower than the average of der year seen in the Power
Station Monitoring Well in Chahaertan (the monitoring well tiegt from the main area of
abstraction, and therefore least affected by pumping impadtis).isT probably partly due to
the fact that even the Power Station Monitoring Well is aéiédty pumping — there is a
pumping well within 50 m — so that the annual head variation in theisvéikely to be
amplified. In the model, the effects of abstraction are @eefaover the model grid cells
which are 1000 m square, so that the impacts on groundwateateeatiuced.
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0] (i)
Figure 32 (i) Actual groundwater levels at the Po®tion Monitoring Well; and (ii) typical
groundwater head variation output from dynamic egagroundwater flow model.

Water balance

The steady state water balance is presented in Table @f Mle inflow (44.26 Mm a*)
derives from recharge, because the model boundaries werewndiikes. Total modelled
abstraction is 18.4 Mina® and total leakage out of the aquifer at Jilantai is 25.8% &m
The total increase in storage over the aquifer is negligilgll and the global flow imbalance
is also small at less than 0.00006 R/

Table 9 Summary of steady state water balance
Parameter Value
Total recharge (Mrha?) 44.26
Total boundary inflow (Mma?) 0
Total boundary outflow (Mrha) 0
Total abstraction (Mrha?) 18.40
Total leakage out (Mia™) 25.81
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Appendix 6Databases

A number of databases have been set up and populated to hold datal @olié collected
during this investigation. These are provided on the CD-ROM acaoyiny this report, and
are listed and briefly described here.

Chahaertan_2006_Well _Survey.xls — production well locations and detdédsted
during a survey as part of this investigation.

Chahaertan_1992 Well Survey.xls — production well details (no locatioliefted
as part of a survey in 1992.

Chahaertan_Chemistry_Data.xls — chemical analyses of 23 growndsainples
collected from production wells during this investigation, includimgrganic major
and trace ions, stable isotopes and CFCs.

Chahaertan_Electricity Data.xls — electricity usage by prooluetell pumps.

Chahaertan_Monitoring_Well_Data.xls — groundwater levels measumonitoring
wells in Chahaertan from 1984 — 1994, plus a single measuramfeaptember 2006.

Chahaertan_Climate_Data.xlIs — rainfall and evapotranspiratiarfatathe study area
from various sources.

54



CR/06/220N

Appendix 7Project workshop presentation

Preliminary results from the groundwater investigation and austson of appropriate
groundwater investigation techniques were presented at a tpvwogekshop on 18 October
2006 in Bayanhot, Alxa League. The workshop was titled ‘Sustainyabilitrrigated Oasis

Agriculture in Alxa League’. A Powerpoint presentation titledstinable groundwater use
in Chahaertan oasis’ is provided on the CD-ROM accompanyingejhast.
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Appendix 8Training course

A two day training course on ‘How to carry out a Groundwater Resduvestigation’ was
provided on 23 and 24 October 2006 in Bayanhot, Alxa League. Course notes and
Powerpoint presentation with slides from the course are provided onCER&OM
accompanying this report. A Powerpoint presentation with prelimimesylts from the
Chahaertan groundwater investigation (in more detail than givér@ workshop presentation

— see Appendix 3) is also provided on the accompanying CD-ROM.

The course participants are listed here:

Mr Wang Guojing, Left Banner Yellow River Soil and WatemServation Station
Ms Zhang Silian, Alxa League Meteorology Bureau

Ms Liu Dongmei, Left Banner Well Management Station

Ms Qi Yuezi, Alxa League Water Design Institute

Shi Liang, Left Banner ALERMP Project Management Office

Yang Yuzhen, Alxa League Water Survey Institute

Zhu Jiutao, Bayanhot Hydrology and Water Resource Survey Bureau

Mu Laiwang, Bayanhot Hydrology and Water Resource Survey Bureau
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