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I. IntroductionI. Introduction



 
Tectonic Setting of Taiwan.Tectonic Setting of Taiwan.



 
Highly Seismic hazard risk.Highly Seismic hazard risk.



 
Advantage of the researchAdvantage of the research


 
High density monitoring network High density monitoring network 
for water resources for water resources Groundwater Groundwater 
Monitoring Networks of TaiwanMonitoring Networks of Taiwan



 
High density High density seismic monitoring seismic monitoring 
networknetwork. . 



 
High seismic activityHigh seismic activity



 
Good quality observationGood quality observation

→→ Waiting for good newsWaiting for good news……
(Cheng et al.,2000)

2003/3/31

Eurasian Plate

Eurasian Plate

Philippine Sea PlatePhilippine Sea Plate
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Observation WellsObservation Wells

Philippine Sea PlatePhilippine Sea Plate

Eurasian PlateEurasian Plate

AccretionalAccretional
WedgeWedge

Luzon Arc

Luzon Arc

Ryuku Arc
Ryuku Arc

Taipei
Taipei

Kaoshiung

Kaoshiung
Tainan
Tainan

Taichung

Taichung

Taitung
Taitung

Hulien
Hulien

IlanIlanIlan Seismic Zone

Ilan Seismic Zone

Taitung
Taitung--Huilen Seismic Zone

Huilen Seismic Zone

SanyiSanyi--Puli Seismic ZonePuli Seismic Zone

Chiayi
Chiayi--Tainan Seismic Zone

Tainan Seismic Zone

DHR

LJANBA

TWN
HUA

TLO

XXX

XXX

Well Location

Before 2004

After 2004

DLI

CHU

JSU
WUT

JUS

SBT

JND CHS

HDN

SIP



WellWell
LocationLocation DepthDepth

(m)(m)

Screened Screened 
DepthDepth

(m)(m)
GeologyGeology

Hydrological Hydrological 
ConductivityConductivity

(m/min)(m/min)Lon. Lon. Lat. Lat. 

TWNTWN 121.782121.782 24.74624.746 130130 112112--124124 Qs, QmQs, Qm 2.22E2.22E--0404

HULHUL 121.605121.605 23.97723.977 205205 140140--160160 QcQc ��

TLOTLO 120.784120.784 24.49124.491 9999 8484--9393 QsQs 8.00E8.00E--0404

DHRDHR 120.561120.561 23.68823.688 258258 222222--252252 QgQg 4.15E4.15E--0303

LUJLUJ 120.342120.342 23.22723.227 228228 204204--222222 Qs, QmQs, Qm 2.67E2.67E--0303

NBANBA 120.340120.340 23.07123.071 153153 135135--147147 Qs, QmQs, Qm 1.84E1.84E--0303

* The monitoring well instrumented in the project
Qc: Quaternary conglomerate, Qg: Quaternary gravel, Qs: Quaternary sandstone, Qm: 
Quaternary shale and mudstone

Observation wellsObservation wells
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Observation and Instruments settingObservation and Instruments setting

Original 
Observation Station

Data Logger
Barometer 

Aquifer II

Radon Detector
Power Supply
Data Logger

Data Processor

Aquifer I

Thermal sensor

Pressure transducer

GPS Antenna

Temperature 
meter 

Rain Gauge 
New Observation 

Station 
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Observation hydrographObservation hydrograph
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ObservationObservation
Events of the earthquake ML >3 in Taiwan 03’~06’

CMT solution and distribution of events
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20042004 8686 125125 2525 55

20052005 277277 140140 2424 33

20062006 231231 117117 2121 88
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Observed coseismic events (03Observed coseismic events (03’’~06~06’’))



 
Total 125 Observation, step changes (S) 26 events, 
oscillation (O) 76 events, O+S 23 events

Catalog Events HUL TWN LUJ NAB HRD DHR TLO SIP 
2003/4/3 Tainan, M=4.9 2 @  @  S S @  @  @  @  

2003/6/10 Taitung, M=6.5 4 @  @  S O @  O+S @  O 
2003/6/17 Taitung , M=5.9 2 @  @  @  O @  @  @  O 
2003/12/10 Taitung , M=6.6 7  O+S O+S S @  S O+S O+S O 
2003/12/11 Taitung, M=5.7 1  @  @  @  S @  @  @  @  
2003/12/18 Taitung, M=5.8 1  O @  @  @  @  @  @  @  

665

666

667

668

669

670

671

672

673

674

15:03:36 15:05:02 15:06:29 15:07:55 15:09:22 15:10:48
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M6.5

(HUL)  5/19/04 M6.5(HUL)  5/19/04 M6.5(TWN) 04/11/9 M6.7(TWN) 04/11/9 M6.7

Step Step –– Like  ChangeLike  Change Oscillation ChangeOscillation Change
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The coseismic groundwater level changes The coseismic groundwater level changes 
records, eastern Taiwan, Dec. 10, 2003 records, eastern Taiwan, Dec. 10, 2003 
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NBANBA

HULHUL

LJALJA
HRDHRD

DHRDHR

TLOTLO

SIPSIP TWNTWN
▲1.12

▼1.35

▼27.57

▼2.35

▼0.86

▼1.22

▼0.16

B

EQ 2003/12/10 Taitung MEQ 2003/12/10 Taitung MLL 6.66.6

21 Wells decrease in 21 Wells decrease in 
TainanTainan--Kaoshiung Area Kaoshiung Area 
(3~107 cm)(3~107 cm)

▲1.12

2 wells increase in 2 wells increase in 
Miaoli area (6cm~35 cm)Miaoli area (6cm~35 cm)
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MICAP-G (Naito & Yoshikawa, 1999)



DP      RC

1111

NBANBA

HULHUL

LJALJA
HRDHRD

DHRDHR

TLOTLO

SIPSIP TWNTWN
▼ 0.92

▲ 0.32

▼0.05

▲ 1.82

▲ 0.39

▼0.54

N

P

-31.06

-31.04

-31.02

-31

-30.98

-30.96

-30.94

-30.92

-30.9

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

EQ

-5.6

-5.5

-5.4

-5.3

-5.2

-5.1

-5

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

EQ

6 Wells decrease 2~40 cm6 Wells decrease 2~40 cm
in in YunlinYunlin--ChiayiChiayi AreaArea

EQ 2004/5/19 Taitung MEQ 2004/5/19 Taitung MLL 6.56.5
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DP      RC

1313

Estimation of the Estimation of the theoretical responses theoretical responses 



 

Using Using BaytapBaytap--GG Program to estimate the Tidal component of Program to estimate the Tidal component of 
observed groundwater levelobserved groundwater level



 

Calculate the theoretic tidal potential from Calculate the theoretic tidal potential from GOTIC IIGOTIC II ProgramProgram



 

Derived the Derived the static strain volumetric sensitivitystatic strain volumetric sensitivity by by 

static volumetric strain sensitivity = (tidal responses static volumetric strain sensitivity = (tidal responses ��tidal potential)tidal potential)



 

Calculate the coseismic static volumetric strain using Calculate the coseismic static volumetric strain using MICAPMICAP--GG 
program.program.



 

Derived the Derived the predicted amplitudepredicted amplitude estimated from tidal response by estimated from tidal response by 

Amp. Of Chg.= ( calculated volumetric strain Amp. Of Chg.= ( calculated volumetric strain ��strain sensitivity)strain sensitivity)
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DecompositionDecomposition and Extractionand Extraction
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Static Volumetric Strain SensitivityStatic Volumetric Strain Sensitivity

TLO DHR LUJ NBA TWN HUL

Amplitude (10-8) [Phase Shift (degree)]

Vol. strain by M2 earth tide, te 1.35 [0] 1.37 [0] 1.38 [0] 1.38 [0] 1.35 [0] 1.37 [0]

Vol. strain by M2 oceanic 
tidal loading, to

2.08 
[-321]

0.18 
[-276]

0.11 
[-290]

0.11 
[-301]

0.60 
[-227]

6.10 
[-184]

Vol. strain by earth + oceanic 
tide, tt =te + to

3.25 
[-336]

1.40 
[-352]

1.42 
[-356]

1.45 
[-356]

1.04 
[-335]

4.73 
[-185]

M2 amplitude(water level, tw )
3.72±0.67 6.17±0.60 2.54±0.59 4.24±0.29 3.93±0.27 23.77±0.50

[-282±49] [-339±23] [-350±34] [-349±15] [-272±21] [-21±6]

Strain sens. by Water Level 
M2 tide, Ws = tw /tt (mm/10-8) 1.14 4.39 1.78 2.92 3.78 5.02
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Verify of the Static Volumetric Verify of the Static Volumetric 
Strain SensitivityStrain Sensitivity

SIP TLO DHR LUJ NBA TWN HUL
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Comparison of the theoretic and Comparison of the theoretic and 
observed responses  observed responses  

(c) LUJ (d) NAB
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Static Volumetric Strain SensitivityStatic Volumetric Strain Sensitivity

TLO DHR LUJ NBA TWN HUL

Amplitude (10-8) [Phase Shift (degree)]

Vol. strain by M2 earth tide, te 1.35 [0] 1.37 [0] 1.38 [0] 1.38 [0] 1.35 [0] 1.37 [0]

Vol. strain by M2 oceanic 
tidal loading, to

2.08 
[-321]

0.18 
[-276]

0.11 
[-290]

0.11 
[-301]

0.60 
[-227]

6.10 
[-184]

Vol. strain by earth + oceanic 
tide, tt =te + to

3.25 
[-336]

1.40 
[-352]

1.42 
[-356]

1.45 
[-356]

1.04 
[-335]

4.73 
[-185]

M2 amplitude(water level, tw )
3.72±0.67 6.17±0.60 2.54±0.59 4.24±0.29 3.93±0.27 23.77±0.50

[-282±49] [-339±23] [-350±34] [-349±15] [-272±21] [-21±6]

Strain sens. by Water Level 
M2 tide, Ws = tw /tt (mm/10-8) 1.14 4.39 1.78 2.92 3.78 5.02

Strain sens. by Coseismic 
Responses (mm/10-8) 18.42 42.22 76.15 56.93 43.85 25.82
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Problem statementProblem statement



 
Observed coseismic patterns can fit to strain model ,Observed coseismic patterns can fit to strain model , 
but the amplitudes are but the amplitudes are amplifyamplify tens~hundredstens~hundreds 
timestimes compare to the static strain sensitivity compare to the static strain sensitivity 
estimated from tidal response.estimated from tidal response.



 
Some wells seems Some wells seems always always coseismiccoseismic rosesroses or or 
coseismiccoseismic loweringlowering,, them were not expected by the them were not expected by the 
faultfault--dislocation volumetric strain .dislocation volumetric strain .



 
The The mechanismmechanism of the of the coseismiccoseismic groundwater level groundwater level 
changes remains unknown. changes remains unknown. 
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NBA
LUJ

DHR

TWN

TLO

HUL

1

2

3

4

5

6

7

8

9

10 11

12

13

14
15

16

1718

�

�

Taipei

Kaoshiung

Hualien �

Taitung �

Taichung
�

119 120 121 122 123
26

25

24

23

22

21

No.No. TimeTime Lat.Lat. Long.Long. Depth Depth 
(km)(km) MMWW

11 2003/6/10 8:402003/6/10 8:40 23.50 23.50 121.70 121.70 27.5927.59 6.546.54

22 2003/12/10 4:382003/12/10 4:38 23.07 23.07 121.40 121.40 1010 6.66.6

33 2004/2/4 3:242004/2/4 3:24 23.38 23.38 122.15 122.15 4.074.07 6.036.03

44 2004/5/16 6:042004/5/16 6:04 23.05 23.05 121.98 121.98 12.5212.52 66

55 2004/5/19 7:042004/5/19 7:04 22.71 22.71 121.37 121.37 8.688.68 6.496.49

66 2004/10/15 4:082004/10/15 4:08 24.46 24.46 122.85 122.85 58.8458.84 7.037.03

77 2004/11/8 15:542004/11/8 15:54 23.79 23.79 122.76 122.76 1010 6.66.6

88 2004/11/11 2:162004/11/11 2:16 24.31 24.31 122.16 122.16 27.327.3 6.046.04

99 2005/9/6 9:162005/9/6 9:16 23.9623.96 122.28122.28 16.816.8 6.126.12

1010 2006/4/1 18:022006/4/1 18:02 22.8822.88 121.08121.08 7.27.2 6.356.35

1111 2006/4/16 6:402006/4/16 6:40 22.8622.86 121.3121.3 17.917.9 6.26.2

1212 2006/7/28 15:402006/7/28 15:40 23.9723.97 122.66122.66 2828 6.066.06

1313 2006/8/28 1:112006/8/28 1:11 24.824.8 123.07123.07 135.3135.3 6.16.1

1414 2006/10/9 18:012006/10/9 18:01 20.720.7 119.83119.83 2828 6.16.1

1515 2006/10/9 19:082006/10/9 19:08 20.7720.77 119.93119.93 88 6.16.1

1616 2006/10/11 14:432006/10/11 14:43 20.8920.89 119.9119.9 1010 66

1818 2006/12/26 20:342006/12/26 20:34 21.9521.95 120.39120.39 47.0347.03 6.46.4

Observed coseismic events (03Observed coseismic events (03’’~06~06’’))
M=2.2*Log ( D )+1.5
Lai et al., (2006)



Gwobs Type Vol. Strn. GWexp PGA(gal) Gwobs Type Vol. Strn. GWexp PGA(gal) Gwobs Type Vol. Strn. GWexp PGA(gal)

1 -16.70 S 1.13E-10 -0.64 31 ±3.51 O 7.15E-11 -0.24 20 -1.69 O+S 3.09E-10 -0.70 28

2 -275.66 S 1.16E-08 -65.32 17 N 1.09E-08 -37.32 11 -23.51 O+S 7.91E-09 -18.02 27

3 N 1.77E-11 -0.10 3 N 1.52E-11 -0.05 8 N -2.77E-15 0.00 2

4 0.93 S 3.16E-11 -0.18 4 N 2.51E-11 -0.09 6 N -1.02E-14 0.00 2

5 -0.51 S 9.01E-10 -5.06 10 N 1.20E-09 -4.11 16 18.23 S 1.50E-10 -0.34 19

6 O -4.01E-10 2.25 17 N -3.71E-10 1.27 4 0.28 S -1.50E-09 3.42 20

7 ±1.20 O 2.23E-11 -0.13 5 ±1.50 O 6.68E-11 -0.23 5 N 5.54E-10 -1.26 10

8 ±2.40 O -4.11E-11 0.02 6 N 3.77E-11 -0.13 6 N -3.36E-11 0.08 5

9 N 6.11E-12 -0.03 5 N 1.08E-11 -0.04 4 N -1.78E-11 0.04 5

10 7.76 S+O 4.19E-09 -23.54 18 N 2.63E-09 -9.00 10 N 3.20E-09 -7.28 5

11 N 4.71E-10 -2.65 3 N 5.91E-10 -2.02 6 N 7.79E-11 -0.18 7

12 N -2.40E-12 0.01 3 N -7.51E-13 0.00 2 N -9.82E-12 0.02 5

13 N 5.54E-12 -0.03 2 N 5.56E-11 -0.20 5 N -9.12E-12 0.02 4

14 N 4.38E-11 -0.25 6 N 5.04E-11 -0.17 7 N 2.12E-11 -0.05 4

15 N -1.66E-11 0.09 3 N -2.00E-11 0.07 5 N -8.93E-12 0.02 2

16 N -1.79E-11 0.10 2 N -2.27E-11 0.08 4 N -1.12E-11 0.03 2

17 N 8.25E-10 -4.64 45 -12.23 O+S 1.81E-09 -6.21 59 ±27.13 O -8.75E-10 1.99 38

18 N 4.55E-09 -25.56 37 -25.75 O+S 7.74E-09 -26.52 106 ±15.29 O 4.33E-10 -0.99 58

No.
LUJ NBA DHR

Observed coseismic events (03Observed coseismic events (03’’~06~06’’))



Gwobs Type Vol. Strn. GWexp PGA(gal) Gwobs Type Vol. Strn. GWexp PGA(gal) Gwobs Type Vol. Strn. GWexp PGA(gal)

1 - - -

2 -13.47 O+S -3.84E-09 7.65 29 11.24 O+S -5.98E-10 1.58 6 -8.57 O+S 2.66E-10 -2.33 11

3 ±2.36 O 9.28E-11 -0.18 29 4.92 O -5.41E-12 0.01 6 ±4.794 O 1.26E-11 -0.11 4

4 ±3.60 O 2.54E-11 -0.05 13 N -1.06E-11 0.03 8 N 1.92E-11 -0.17 3

5 3.20 S -6.58E-10 1.31 13 -9.16 O+S -1.51E-10 0.40 4 3.88 S -9.30E-11 0.82 7

6 ±0.04 O -2.38E-09 4.75 53 -12.86 O+S -3.47E-10 0.92 70 -0.23 O+S -5.05E-10 4.43 23

7 2.39 S 2.27E-10 -0.45 14 15.92 O+S -9.76E-10 2.58 38 ±1.38 O -2.04E-11 0.18 9

8 ±2.21 O -2.27E-10 0.45 9 -12.28 S 4.76E-10 -1.26 14 N -7.04E-12 0.06 3

9 ±16.03 O 2.09E-10 -0.42 18 -5.73 S 2.09E-10 -0.55 12 N -6.67E-11 0.58 7

10 ±11.88 O -8.35E-10 1.66 5 -6.96 S -1.46E-10 0.39 5 N 3.34E-10 -2.92 9

11 ±18.57 O -2.69E-10 0.54 11 -5.77 S+O -5.09E-11 0.13 4 N -3.88E-11 0.34 8

12 N -5.05E-11 0.10 8 -19.56 S 1.72E-11 -0.05 31 N -1.90E-11 0.17 3

13 ±8.1 O -1.64E-12 0.00 11 N -6.71E-12 0.02 4 N -2.14E-11 0.18 8

14 N 9.29E-12 -0.02 4 N -2.68E-12 0.01 2 N -3.19E-12 0.03 6

15 N -1.30E-12 0.00 4 N -1.15E-12 0.00 2 N -4.11E-12 0.04 9

16 N -9.94E-12 0.02 7 N -5.06E-12 0.01 4 N -5.21E-12 0.05 6

17 ±15.76 O -2.39E-09 4.76 15 -2.14 S -9.60E-10 2.54 6 N -5.61E-10 4.92 12

18 ±5.3 O -4.61E-10 0.92 18 -6.86 S -3.13E-10 0.83 7 N -2.84E-10 2.49 9

No.
HUL TWN TLO

Observed coseismic events (03Observed coseismic events (03’’~06~06’’))
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DiscussionDiscussion



 
Unusual large increasing of pressure head in deeper Unusual large increasing of pressure head in deeper 
(> 100 m) aquifers during 1999 Chi(> 100 m) aquifers during 1999 Chi--Chi Chi 
Earthquake.Earthquake.



 
Mechanism of the coseismic groundwater level Mechanism of the coseismic groundwater level 
changes in 1999 Chichanges in 1999 Chi--Chi Earthquake.Chi Earthquake.



 
Observation of coseismic groundwater level Observation of coseismic groundwater level 
changes in 2008/5/12 Wenchuan, China changes in 2008/5/12 Wenchuan, China 
Earthquake Earthquake 



DP      RC

3030

Analogic RecordsAnalogic Records 

 
Oscillation Oscillation 

(Dynamic Vol. Strain)(Dynamic Vol. Strain)


 
StepStep--like change like change 
(Static Vol. Strain)(Static Vol. Strain)

OscillationOscillation

Step ChangeStep Change

��N��N�����
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Peak ground acceleration and coseismic Peak ground acceleration and coseismic 
groundwater level changesgroundwater level changes
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Mechanism of the persistent changes Mechanism of the persistent changes 
after the dynamic strainafter the dynamic strain



 
Cleaning of fracture-filled�oscillatory flow back and 
forth in fractures caused by cyclic strain removes 
“barriers” of fracture-blocking deposits then increases 
permeability and affects the final distribution of pore 
pressure (Brodsky et al. 2003).



 
Liquefaction /pore-pressure build up (Wang et al., 
2003 � Lai, Koizumi et al., 2004)



 
Shaking-induced dilatency (Bower and Heaton 1978)



 
Seismically-induced growth /decrease of bubbles 
(e.g., Linde et al. 1994�Matsumoto and Roeloff, 2005)
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2008/5/12 2008/5/12 WenchuanWenchuan, China , China 
Earthquake (MEarthquake (MLL 8.0)8.0)
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2008/5/12 2008/5/12 WenchuanWenchuan, China , China 
Earthquake (MEarthquake (MLL 8.0)8.0)
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2008/5/12 Wenchuan, China 2008/5/12 Wenchuan, China 
Earthquake (MEarthquake (MLL 8.0) 8.0) 
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MAIN FACTORS FOR EARTHQUAKE-RELATED
GROUNDWATER  CHANGES 

Mechanism of Mechanism of coseismiccoseismic groundwater level changes groundwater level changes 

M. Manga and C.-Y. Wang (2007)
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ConclusionConclusion



 
The results showThe results show thatthat the the dynamic strains induced by dynamic strains induced by 
ground ground shakingshaking could be another could be another possiblepossible factorfactor for the for the 
coseismic groundwater level changes. coseismic groundwater level changes. 



 
It seems to appear It seems to appear especially in especially in shallow aquifersshallow aquifers with with 
high hydraulic conductivityhigh hydraulic conductivity in in loselose--cemented and cemented and 
permeable sedimentary deposits.permeable sedimentary deposits.



 
The sThe similar effects imilar effects can also be recognized in the can also be recognized in the 
coseismic groundwater level changes related to the coseismic groundwater level changes related to the 
1999 Chi1999 Chi--Chi earthquakeChi earthquake and and 2004 2004 WenchuanWenchuan 
earthquakeearthquake . . 
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Coseismic groundwater level changes in 1999 Coseismic groundwater level changes in 1999 
ChiChi--Chi earthquakeChi earthquake


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Groundwater Changes in Fan AreaGroundwater Changes in Fan Area
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