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ABSTRACT

Reservoirs are important water sources for mosgéacities. Many problems are attributed to theiertal
stratification and inherent pollution characteris$i. So the pollution characteristics of a typidadimally-stratified
reservoir in Xi'an City, China were studied by fiéhvestigation and laboratory simulation. The ksghowed that:
(1) The Heihe Reservoir was stably thermally dfiesdi particularly during summer months and that tteeper the
water layer, the lower the oxygen concentrationugiithe bottom layer became completely devoid pden (2)
The water quality problems of this reservoir wergimty caused by internal pollutant release from fleeliments. (3)
The simulation experiment in the laboratory provbdt the pollutants in the Heihe Reservoir sedinmntld be
easily released into the overlying water. (4) Thatdication broke up at seasonal changes. Henle, pollutants
released from the sediment transported to the ufmp@r as the layer became mixed. The pollutanppléed algae
with sufficient nutriment, and harmful algae bloamaccordingly, especially in summer. Thus to destitoe
stratification, aerate the bottom layer would befeefive method to solve the water quality problefois
thermally-stratified reservoir.
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INTRODUCTION

As a result of the growing population, increasingustry, agriculture, and urbanization, inland wdtedies are
confronted with increasing water demand and aremdaextensive anthropogenic inputs of nutrients sediments,
especially the lakes and reservoirs [1]. As lantjeexpanded continuously during the last centiimgy relied on
local water resources, but as demand grew they foered to invest in reservoirs often quite remoten the point
of use. Examples include reservoirs built in Gerynang. the Wahnbach Reservoir [2], in China, ¢heg. Three
Gorges Reservoir [3] in Whales [4] and so on. Therefore reservoirs playore and more important role in urban
water supply. Once the reservoirs were brought urs® for supply purposes, they must be carefullpagad. But
the quality of reservoir water has deterioratethany countries in the past few decades [5].

Thermal stratification caused by variations in tensity of the water is mainly a common phenomeuideep
reservoirs and lakes [4, 6, and 7]. Thermal stcatiion is one of the most important environmergaties for deep
waters, due to its strong effects on physical, dbaimand biological processes [8]. Vertical sfiaedition causes
weak mixing, which in fact prevents the surfaceendtom supplying substances to the bottom layaer&fore,
nutrients and Dissolved Oxygen (DO) are often gwdi only in the epilimnion layer, causing a seoésvater
quality problems such as hypoxia [9, 10]. In paftc, water temperature stratification may speed thg
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eutrophication and create favorable conditionsalgal blooms [11], which may pose a significant exde impact
on the ecosystems in water [8]. As the hypolimrtias no source of oxygen to replace that alreadd, utsewater
may become completely devoid of oxygen. On the rott@nd, microbial respiration also commonly resutts
oxygen depletion in the lower portion of the watelumn, especially in eutrophic waters; anoxia riearsediments,
in turn, can lead to increased release of nutriémm the sediments. Thus under anaerobic conditioon,
manganese, ammonia, sulphides, phosphates ara aikicreleased from the sediments into the overlyiater.
During a mixing event after a long period of sfiedtion, nutrients, sulfide, and other dissolvedstitments are
mixed to the upper portion of the water column, rehey can fuel potential algae blooms, odors,faadkills[12].
Furthermore, when the whole water body turns oveéha season alternation, the water layers becoiredmand
the pollutants are transported to the upper la4fiih particular the catchments area of major ldgm reservoirs is
often covered with mountainous forest area andwéter quality of the reservoirs has been acted kgasonal
migration of diffuse pollution during monsoon ratf[13]. Before the 1970s, sediment was simplyaredgd as the
“sink” of pollutants in aquatic environments. Witte increasingly effective control of point polluti sources in the
aquatic environment, the polluted sediment has faecone of the non-negligible non-point sourcetak become
the sink and source of transfer and transformadforarious pollutants [14]. Attributed to these pbeenons, more
and more notorious problems such as eutrophicatianmful algal blooms (HABs), and pollutants pertod
eruptions and so on [15-17] have arisen in thegmshatified reservoirs all over the world in retgears. In order
to solve these problems effectively, the pollut@raracteristics and causes must be studied. Comstyjua case
study of the Heihe Reservoir in Xi'an city was @agrout in this research.

EXPERIMENTAL SECTION

Fig.1 Map of the study area and sampling locations research area
(17 samples (1-17) in the Heihe Reservoir)

1. Sampling

The Heihe Reservoir, the most important water supplrce of Xi'an, is a typically thermally stragifl reservoir. It

supplies 1.1 million steres of water to Xi'an ealzy, covering 70% of the total water supply. Theimam depth

of this reservoir is about 95 meters and the megpthdis about 75 meters. The Heihe Reservoir potiut
characteristics and pollutant release caused bgrnat origin pollution were systematically investigd and
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analyzed in this study.

Surface sediment samples were collected 30cm athevieottom at 17 different representative sitelsglied from 1
to 17, Fig.1) using a core sampler in July 2007esehselected sites whose locations were surveyad ashand
GPS locator were located near the water intakeifeg with different depth and in the main flowaa# the original
watercourse respectively. This was according toHb#e Reservoir’'s characteristics such as itstgtepth, long
renewing periodicity, long retention time and so Water samples were also collected at these &% Sitm above
the water-sediment interface. These sediment arnerwamples were stored in brown wild-mouth botdesa low
temperature until they were returned to the lalmoyafThen the sediments were sieved to remove lpigges of
stones and sand particles through a Standard geSigve. They were divided into two parts. One drtl7

samples was mixed thoroughly for the release expati use. The other part of the 17 samples welte dded by a
freeze drier and stored at4

Also, vertical water samples in the reservoir aerdrea were collected each month from July 200gcember
2008. All the collected water samples were filte(@¥5 um) and analyzed as soon as possible. In order to
investigate the causes of pollution, water samfr@® upstream (labeled from U1 to U7) were alsdextéd and
tested in different seasons.

2. Vertical analysis

The pollutant vertical distributions in the resdrwtentre were studied by monitoring the water fiyaach month
from July 2007 to December 2008. The parametetaded temperature (T), dissolved oxygen concewninatiDO),
Chl-a, algae cell density, total phosphorus (TBfgltnitrogen (TN), and ammonia nitrogen (N#\). T, pH, DO
and Chl-a were monitored using a multifunction evaquality monitoring instrument Hydrolab DS5 malue
HACH company(USA) which is specially used for fieidonitoring. The measurement range, precision and
resolution of this instrument are listed in Table 1

Table 1 Performance parameters of Hydrolab DS5

Index Range Precision Resolution
0-10m +0.003m 0.001m
depth 0-100m +0.05m 0.01m
0-200m +0.1m 0.1m
pH 0-14pH unit +0.2 unit 0.01 unit

+0.1mg/L DO<8 mg I*

-1 -1
Do 0-20mg L +0.2mg/L DO>8 mg I* 0.01mg L
T -5-50C +0.1C 0.01C

Dynamic range
. _ -1
Chla 'OW: 0.03-50Qg L +3% 0.01mg i

medium 0.03-5Qg L*
high: 0.03-fug L*

3. Chemical analysis
The analytical water samples parameters were me@dsaccording to methods of the China Environmental
Protection Agency (2002), as shown in Table 2.

The total phosphorus and organic matter contesediment samples were tested by a molybdate arstaraic
acid colorimetric method after Perchloric acid digen [18] and a potassium bichromate titrimetriethod
according to methods of the China Environmentatd&tamn Agency (2002) respectively.

Table 2 Analytical items and method of water sampke

ltem NH"-N ™ WSIP and TP Ré Mn coD A:jgae cell
ensity
Nessler's . molybda'te an_d 10-phenanthroline Potgssmm HACH Method of
reagent Ultraviolet L-ascorbic acid . . periodate ) .
Method . . . - colorimetric - - method microscopic
colorimetric spectrophoto-metry colorimetric method colorimetric 8000 field
method method method

4. Release experiment design

The mixed sediments were put into a series of brasd-mouth glass incubators whose volume capaaitg in
radius were 250mL and 6cm. Three parallel groupk, (& and G3) were designed and each group codt&ine
incubators labeled from G1-1# (or G2-1#, G3-1#Gb-8# (or G2-8#, G3-8#). In each incubator, 100mieah
sediments were filled into the bottom. The overyimater (150mL, D&0.5mg/L), which was collected from the
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reservoir and deoxydated by high-purity nitrogemsvinjected into each incubator slowly and cargftdl avoid
disturbing the sediments. Then all of these incutsatvere airproofed and cultured in the dark-ai87C. After some
time, three incubators of the same labeled numfmerexample: G1-1#, G2-1# and G3-1#) in each grospe
opened and the overlying water qualities were testeesearch the release characteristics of thenal pollution.
The release rates of pollutants from the sedimemewalculated according to the following formul®]f whereV
(L) is the volume of overlying water. The analyzéme is expressed as “nC, (mg/L) is the concentration of
pollutants measured every tim@, (mg/L) is the original concentration of pollutamtsthe overlying watery (mg)
is the release quantity measured every tifngng/ (dnf)) is the release rate. The release time is destiist (d).
The touch area of sediment and water A)(im this experiment is 0.0113°m

Y=V(Ci—Co) R= y/tA (1)
RESULTS AND DISCUSSION

1. Vertical, seasonal distributions of water qualy indexes and investigation of the reasons for the
pollution
According to Formula (2) [20], the Heihe Reserusia stable thermally-stratified reservoir (a=18258=9.29).

a=reservoir inflow/total storage capacity
if a<10, stable stratified
if a>20, completely mixe )

The field testing results (Fig. 2) of some typisalmpling sites showed that the Heihe Reservoir avasably
thermally-stratified reservoir. In the summer mantthe temperature of the surface water was 28~2file the
bottom layer was only 7.6~8@3 . The epilimnion, frtm surface to the depth of 40 meters, was mucherthan
the hypolimnion, from the depth of 50 meters tolib&éom. Owing to the differences in density, the tayers were
separated by a static boundary layer known as #talimnion (from the depth of 40 meters to 50 n®tedn one
hand, because of the steady stratification, thegemytransfer was restrained. On the other handhkenical and
biological oxygen consumption was still happenifig.the bottom layer became completely devoid ofjery The
oxygen concentration distribution showed similagularity with the thermal stratification, i.e. tdeeper the water
layer, the lower the oxygen concentration. The @xygoncentration of the surface layer was 8mg/Lilenibh was
only 0.1~0.2mg/L at the deepest point.

T/I'C DO/ (mgeL?)
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Fig. 2 Vertical distribution of T and DO in Jul. 2007
The distributions of the water quality parameterthie reservoir area were continuously monitoretherspot from

July 2007 to December 2008 in order to learn maw@utithe pollution characteristics of this resenmidifferent
seasons (Fig. 3).
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Fig. 3 Vertical and seasonal distribution of watequality (from Nov.2007 to Dec. 2008)

It was proved again that the Heihe Reservoir walslgthermally-stratified, particularly during tsemmer months.
Although the metalimnion was absent in autumn,ldyered structure of temperature, i.e. the tempeszadf the
upper layer being higher than the bottom layel, stisted. The temperature vertical distributianswinter and
spring were relatively more homogeneous. This w#ibated to the mix happening as seasons changeirB
spring, the temperature of the upper layer (<20ra$ wigher than the lower layer because of theeanperature
increase. The DO decreased as the depth increasatiSeasons. The great increase of TN,Nkhd TP in the
bottom layer supplied good evidence proving that thternal pollutants released from sediments breat
deteriorated the water. The TN and Nkhcreased a little as the depth increased (th@imdyer was not included)
in summer and autumn. This phenomenon was not obvio winter and spring. The TP of the water inirspr
summer and autumn showed a similar vertical distidim, i.e. comparatively higher value appearinthatdepth of
about 20m and 40m. At the same depth, the condemiraf TP in the water in four seasons was seqeeras
follows: summer>spring>autumn>>winter. This phenaore was attributed to the factors which can infeeethe
internal pollutants release, such as temperatute comcentration gradient. Th€hl-a in the water appeared
“inverse-S” shape along the vertical direction amtfeased to the maximum at the depth of 10m aalteenation
between spring and summer and during the whole srmm the other three seasons, €d-a decreased as the
depth increased. Thehl-a concentration, which can reflect the algal growths influenced by the factors such as

sun-light, temperature, N and P.
Table 3 Water qualities of upstream (content/ (mg L))

No Spring Summer Autumn Winter
" TN NHs TP COD| TN NH' TP COD| TN NH"* TP COD| TN NH* TP COoD

Ul 0.67 0.06 002 39 037 0.104 0.017 381 0.538175 0.017 2.78 0.959 0.089 0.038 2.75
U2 096 0.03 -* 3.69| 049 0.172 0.014 3.4 0.854118. 0.017 2.62| 1.055 0.049 0.010 4.99
U3 029 005 001 359 035 0.078 0.003 2jg6 1.245112 0.017 254 0.710 0.037 0.021 1.72
U4 041 005 001 359 025 0.115 0.007 3j2 0.3®94152 0.010 2.95 0.758 0.031 0.017 1.63
U5 056 0.03 001 364 042 0.094 0.003 2jf3 0.58123 0.003 2.29] 0930 0.037 0.017 344
U6 053 0.02 -* 341 046 0.078 0.010 3.15 0.557140. 0.007 2.78| 1.055 0.043 0.010 1.29
U7 048 001 0.03 374 0.27 0.089 0.000 297 0.4&8181 0.007 2.05] 0.815 0.060 0.010 4.47

*Not detected
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Table 4 Water qualities of upper layer in reservoirarea (content/ (mg L))

No Spring Summer Autumn Winter

) NH, TP COD| TN NH' TP COD| TN NH"* TP COD| TN NH" TP COD
1 186 012 0.01 368 089 0104 0.024 2jp4 13611350 0.010 3.19] 1.068 0.079 0.001 2.49
2 0.03 0.02 359 073 0.078 0.014 247 0.88214mM. 0.003 2.86| 1.238 0.076 0.003 2.46
3 0.06 0.01 414 059 0.089 0.014 Z.El 1.447146)0. 0.021 295 1.218 0.066 0.002 291
4 084 001 002 353 074 0.078 0.014 289 0.7961400 0.021 3.03] 1.091 0.062 0.004 2.75

As analyzed above, the internal pollutants relasss the main cause of seasonal water quality pmublef the
Heihe Reservoir. In order to demonstrate this asich much better, a stricter study and investigatias carried
out. The upstream and upper layer water qualitiedifferent seasons were tested and compared (Badhel Table

4).

Surface waters can be contaminated by human éesivih two ways :

(1) by point sources , such asage

treatment discharge and storm water runoff ; ajdb{2 non-point sources , such as run off from urlaual
agricultural areas [21]. The investigation resolftsipstream showed that there were no obvious mwinbn-point
pollution sources. Further more as shown in TaBlesd 4, the upper layer water was much dirtien tteat of
upstream, which proved that the reservoir wateluioh was not caused by the external pollution thet internal
pollution. The field testing results of water gtylat the 17 sites in the bottom layer can illuninthis conclusion
much better (Tables 5 and 6). The DO was influergethe water depth greatly: the deeper the wtterlower the
DO. As shown in Table 5, the DO was lower than 2mygien the water was more than 80m deep. Furtherntioe
DO in 8 of 17 sampling sites was lower than 1md/he correlation analyses showed that the DO waativedy
related to the water depth %0.8571). According to other scholars’ reportsthé DO was very low, the internal
pollutants were easily released from the sedim@&s24], which was also proved by the testing ressaf bottom
water quality (Table 6).

Table 5 Field testing results of bottom water quaty

Location of sample sites

No longitude Depth T bH ORP SpCond DO Chl-a
' lattude (m) (C) mv) (uS cm?) (mgl)  (ugL?h
1 N34°02.739' E108°12.429' 65.8 8.1 7.4 265.5 191.7 2.34 0.37
2 N34°02.676' E108°12.344' 92.9 7.7 7.3 255.8 198.4 0.91 4.33
3 N34°02.772' E108°12.338" 89.5 7.8 7.1 189.2 240.7 0.18 0.00
4 N34°02.753' E108°12.220' 49.7 8.3 7.6 2458 191.4 6.02 0.78
5 N34°02.694"' E108°12.121" 90.3 7.9 7.5 100.9 370.7 0.12 0.00
6 N34°02.611' E108°12.030' 58.9 8.2 7.7 252.6 191.7 5.35 0.75
7 N34°02.636' E108°11.977' 65.8 7.7 7.6 276.0 195.0 453 0.71
8 N34°02.632' E108°12.022' 71.7 7.7 7.5 284.0 194.8 3.88 0.91
9 N34°02.634"' E108°12.087 76.7 8.1 7.5 272.0 192.3 3.60 11.62
10 N34°02.704' E108°12.133' 89.2 8.0 7.3 178.3 201. 0.14 0.00
11 N34°02.715' E108°12.124' 89.4 7.7 7.5 282.0 216. 0.39 2.30
12 N34°02.762' E108°11.914' 88.9 7.7 7.4 287.9 R05. 0.34 1.36
13 N34°02.753' E108°11.905' 87.4 7.7 7.4 298.5 204. 0.45 1.45
14 N34°02.631' E108°11.869' 88.4 7.8 7.4 299.8 @10. 0.18 2.81
15 N34°02.384' E108°11.884' 87.2 7.8 7.5 286.5 n97. 171 2.03
16 N34°02.415' E108°11.864' 84.7 7.7 7.6 295.2 294. 2.23 1.64
17 N34°02.469' E108°11.904' 79.6 7.5 7.6 296.5 591. 2.79 1.33
Table 6 Laboratory testing results of bottom waterquality —content/(mg L™)
ltems Sampling sites No.
2 3 4 5 6 7 8 9 10 11 12 13 14 16
NH,” 0.82 128 035 289 131 245 147 229 286 2992 286 4.09 256
TN 154 249 230 294 166 291 190 246 3.07 72298 295 467 294
WSIP 002 0.02 002 001 004 004 003 003 0.02200.02 0.02 004 0.02
TP 0.04 0.04 0.06 0.04 0.06 0.07 005 0.08 0.0340006 0.09 0.05 0.05
Fe 0.10 0.12 012 013 012 014 012 045 0.1430.0.12 017 014 0.12
Mn 271 442 046 274 061 210 153 210 281833851 389 294 216
COD 43 56 107 51 84 149 85 98 74 70 60 85 68 63

The water quality of the bottom layer was so pdat imost parameter value was over the value pbestiy the
state standard. The worst one was 44 times grésnrthe state standard value. The TP conteneis¢diment was
(692.325+34.142) ug/g and the organic matter OC(®&32+0.091) %, which were both higher than theiwalent
value of most Chinese source water reservoirs. Aigh load of internal pollutants in the sedimentaswthe
potential cause of the seasonal water quality problin the Heihe Reservoir. In a word, the intepmlution was

1236



Beibei Chaiet al J. Chem. Pharm. Res., 2014, 6(7):1231-1240

the main cause of the problems. Although it carticgctly influence the water quality of the uppayér, the
internal pollutants released from the sedimentsiadinectly deteriorate the upper layer water bffudion caused
by the concentration gradient and the mix happeasithe season changes because of the densiteddée

2. Internal pollution release characteristics analgis

Extra work, a simulated experiment (Fig.4), wagiedrout in the laboratory to find more informatiabout the

internal pollution characteristics of the Heihe &esir. The simulation lasted 158 hours. Six kimdgollutants

were tested and they all released at differentgiamed in different ranges. After reaching the redebalance, the
concentration of each pollutant was much highen the initial value.

The maximum and mean release intensities of thes@dlutants were comparatively high (Table 7). the
condition of DO<0.5mg/L, pollutants in great quéiet were released into the overlying water inartstime. Also,
the final pollutants’ concentrations were coincideiith the field investigation of the bottom layesater, which
once again proved that the internal pollution wees hain cause of water quality problems. So itlmamoncluded
that the controlling of internal pollution has gréaportance to improve the reservoir water quality
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Fig. 4 Release curves of six pollutants

Table 7 Sediments release characteristics

ltems Balance release time Initial concentration Final concentration Maximum release rate Mean release rate

(h) (mg LY (mg LY (mg (d-rf)?) (mg (d-m)?)
NH," 58.5 0.296 3.345 13.68 6.96
™ 345 1.037 3.572 30.24 5.52
TP 106.5 * 0.148 36 0.38
Fe 106.5 0.094 1.076 13.68 1.78
Mn 106.5 * 4.642 81.36 10.01
coD 106.5 3.170 39.900 166.8 68.64
*Not detected

3. Algae investigation: growth status and dominanaélgae

The upper layer and bottom layer will be mixedta seasonal changes of autumn-winter and wintémgspfhe
pollutants released from the sediments will bespanted into upper layer water, which can suppBagquantities
of nutrients. The temperature will decrease greatign winter is coming, which is not good for algabwth. So
the algal bloom usually happened in summer follgwtime change from winter to spring when the tenpeeawas
comparatively high. Unfortunately, algal blooms @also been observed in recent years in the cearigal of the
bay in spring season due to the poor hydrodynajpkis

Similar to the classical theory, the algal bloomttud Heihe Reservoir also happened in summer. Biarehtly,
there were two peak values appearing in May ang rdgpectively (Fig.5). This was because that afpeing, the
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temperature increased gradually and the nutriespeaally P (Fig.3) was abundant. The algae celiseased at
these advantage conditions and reached the fiat pelue in May. Then, although the temperatureeiased
continually, the rain fall in Xi'an city became fneent, which was bad for algal growth. Besidespading to the
common regularity of algae kinds’ conversion, thmmfity of algae cells in the water will not be wdiigh at this
time. After the beginning of July, the temperatanel sun-light were both good for algal growth. &® second peak
value appeared in July. The dominant algae subkimgdn the Heihe Reservoir were Chlorophyta andnGyhyta.
Their percentages in different months were showhaible 8. The microscope pictures of some algaetaoa/n in

Fig.6.
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Fig. 5 Algae cells density distribution in differett months
Table 8 Dominant algae percentage in different motis
Dominant  Percentags Dominant  Percentage
Date(Y.M) subkingdom (%) Date(Y.M) subkingdom (%)
07.05 Chlorophyta 78.5 08.6 Chlorophyta 42.91
07.06 Cyanophyta 74.3 08.7 Cyanophyta 63.19
07.07 Cyanophyta 66.9 08.8 Chlorophyta 62.28
08.4 Chlorophyta 52.06 08.9 Chlorophyta 78.50
08.5 Chlorophyta 45.83 08.10 Chlorophyta 70.09
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The field investigation which lasted about two yeand the simulation experiment in the laboratoeyemused to
study the pollution characteristics of thermallgatified reservoir and the internal pollution effen water quality
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problems. The results showed that: (1) The HeihgeR®ir was stably thermally-stratified, particlyaduring the
summer months. (2) The water quality problems &f tbservoir were mainly caused by internal politgaeleased
from the sediments. (3) The pollutants in the HdReservoir sediment could be easily released tontater. (4)
The pollutants released from the sediment werespramed to the upper layer as the layers becamednikhe
pollutants supplied alga with sufficient nutrimerdasd harmful alga bloomed accordingly, especialgummer. It
is suggested that a technology, such as watardiftierator, which can not only destroy the statvlgication by
mixing the layers but also supply the bottom layth sufficient oxygen by aerating should be taleto use to
solve the water quality problems of thermally-sfied reservoir.
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