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Jimin Lee and Jun-Mo Kim, 2015, Three-dimensional numerical modeling of impacts of fresh water injection
on groundwater flow and salt transport in a coastal aquifer due to urbanization of Suyeong-gu, Busan,
Korea. Journal of the Geological Society of Korea. v. 51, no. 2, p. 203-219

ABSTRACT: A series of three-dimensional numerical modeling of density-dependent groundwater flow and salt
transport using a generalized multidimensional hydrodynamic dispersion numerical model is performed with
respect to various fresh water injection scenarios (injection location, injection depth, injection rate) to predict
effectively and to evaluate quantitatively impacts of fresh water injection schemes for mitigating seawater intrusion
in a coastal aquifer due to urbanization of Suyeong-Gu, Busan, Korea. The results of the numerical modeling show
that density-dependent groundwater flow and salt transport in the coastal aquifer are intensively and extensively
impacted by fresh water injection. As fresh water injection progresses, the groundwater table overally rises
especially in the mountain and plain areas, and seawater, which intrudes up to the mountain area due to urbanization,
significantly regresses toward the coast area. In addition, the increase in the total groundwater amount (volume)
and the decrease in the total salt amount (mass) due to fresh water injection respond sensitively to the location,
rate, and then depth of fresh water injection. The most effective location of fresh water injection for increasing
the total groundwater amount is the 6 wells in the mountain area (Case A), and such effectiveness reduces as the
location of fresh water injection shifts from the mountain area to the coast area. When fresh water is injected at
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the 6 wells in the mountain area (Case A) or the 5 wells in the plain area (Case B), the total groundwater amount
increases as its rate and then depth increase. However, when fresh water is injected at the 6 wells in the coast area
(Case C) or the 7 wells in the coast area (Case D), the total groundwater amount almost does not increases even
though its rate and then depth increase. The most effective location of fresh water injection for decreasing the total
salt amount is the 7 wells in the coast area (Case D), and such effectiveness reduces as the location of fresh water
injection shifts from the coast area to the mountain area. When fresh water is injected at every locations (Cases
A, B, C, D) of fresh water injection, the total salt amount decreases as its rate and then depth increase. Such trends
are more distinct as the location of fresh water injection shifts from the mountain area to the coast area. These results
of the numerical modeling show that fresh water injection schemes are very effective for mitigating seawater

intrusion in urban coastal aquifers due to urbanization.
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Fig. 1. Location and surface geologic maps of the study area with numerical modeling domain (Cho and Kim, 2009).
The surface geologic map is modified from Son et al. (1978) and Chang et al. (1983).
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discharge to power cable tunnel) (2,651 m Z9])
9 (5) A F=43(waterworks leakage) (ZA] X<
A3 3 1.5~2.0 m 7)ot} Wk 2 g A=
Cho and Kim (2009)2] 7]& oA A3t A=}
SR 5 =AISE 840} T B4S T2k

3. % 2y

£ 7o) ol 87 4% mEL g e 5]
F98d BA 42 2d’l COFAT3D (Kim and
Yeh, 2004)o]t}. COFAT3D (Kim and Yeh, 2004)=
GMS (Groundwater Modeling System, http://ww

w. aquaveo.com) ol 3% o] Q1= 3DFEMFAT
(Yeh et al., 1994) 0 2R wW-L3sl7|&R 2147
Z 2] eAHY A& FRI|SNEAY I
4] = AL o] X Rl HE o
24 B3 55 84 2d(generalized multidimen-
sional hybrid Lagrangian-Eulerian finite element
model) 24 E43 2|d F29 FAE 7HA= 2
shgmel B RolgA) hed, Tk w sk
cha A1 oA} A e oo} B o
A3l F-5{(density-dependent groundwater flow)
4 AR 84 o] F(multicomponent solute trans-
port) A4S & -5 TS (precipitation-
evapotranspiration-infiltration-seepage) A= 42|
23} 4= 9lrt. o] gk COFAT3D (Kim and Yeh,
2004)= A2 2H) 84, APEA(4 2H) 84, A2
7156 ) 94 N SHAB YY) 24 5L olg
st Bt ol 728 P 5 ook £o
Dirichlet, Neumann, Cauchy % mixed-type (variable)
53} 268 Tk A5l 45 U 47 of% 34 24
& AR 4 9ok 291 12he) E5hBE) A3}
+ 75 Zd(4, van Genuchetn, 1980) 1123}




32 SO ST Kol A SJf oot (45

£33} (unsaturated zone, vadose zone) Woll A4 €]
A5 45 0§74 015 S A BT 5 3k
E3F COFAT3D (Kim and Yeh, 2004)= 8.4 7%
7]®H(element cluster technique)S- ©|-8-5}1 $-E9]
e St e oje) TRBR fB K5
W §00) §9) SEo} $UE A7lo] we Ak
3= 9Jrt. o]2)g COFAT3D (Kim and Yeh, 2004)=
IR A BAIE £7] S84 adaptive finite differ-
ence time-stepping schemeS- 08511, v]A% EA|
£ £7] 98l static and dynamic incremental
Picard method & ©]-§-51H, A3} P A4
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Ao A= iterative ICPCG (incomplete Cholesky
LU decomposed preconditioned conjugate gradient)
method & o] g3l9om, Q12 479} 84 L23}
HE =2 9 7]&(convergence criterion) H]
A1¢ HHE A (nonlinear iterations) of| A= 2k &
o St = 634 m (4D ] 0.000158% o) sfdal=
10° me} Hof sl BE3F FE 5% 12 01%] 3
gl= 10702, A v @A (linear iterations)
oflX= ZHzt vl g whE A4 9 2he] 10%]l
s 10" meh 1072 A4stgct

4. TX| ZHE I

Cho and Kim (2009)2 5] =X 945 £3

514 5 2 2l OIS0 et B4 Felol o AR %) 232l 207

Sk FARFGA g o) 2] 2y dd
(2" Dofl s At x5 2d H /3t 2 40-S
st 283 e 5t =X a4 5
W A 24 B 20 Aok 2% B
Wado] Hgsigich Ea AT Ao A oy
(geologic media)®} EF4A4 T E(impermeable
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Table 1. Material properties of the geologic media and impermeable pavement (Cho and Kim, 2009).

Property Sedimentary Andesitic ~ Andesite Rhyolite Hornblende  Granite Weathered ~ Alluvium Impermeable
rock volcanic granodiorite  porphyry zone and marine  pavement
breccia sediment
Porosity of matrix 3.75x107  4.50%107  2.68x107  6.74x107  7.00x10°  6.11x107  1.75x10"  3.06x10"  7.32x107
Saturated hydraulic conductivity 3.98x10° 2.45x107%  2.45x107%  2.45x107%  2.45x10"%  245x10"%  9.66x107  3.39x10°  2.50x10°
of matrix [m/sec]
Longitudinal dispersivity [m] ~ 18.31 1831 18.31 1831 1831 18.31 1831 1831 18.31
Transversal dispersivity [m] 1.83 1.83 1.83 1.83 1.83 1.83 1.83 1.83
Solid density [kg/m’] 2.85x10°  2.56x10°  2.65x10°  2.78x10°  2.76x10°  2.69x10°  2.68x10°  2.65x10°  2.56x10°
Compressibility [m*/N] 16510 4.17x10°  1.29x10"" 1.36x10" 9.27x10" 9.27x10™  1.11x10%  4.52x10%  2.27x107
Tortuosity 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.41
Residual water saturation ~ 2.07x10"  2.63x10"  2.63x10"  2.63x10"  2.63x10"  7.39x107  2.32x10"  1.39x107  2.07x10"
van Genuchten’s (1980) unsaturated hydraulic parameters
a,[m™] 1.00 2.70 2.70 2.70 1.60 1.90 12.40 1.00
ny 1.23 1.23 123 1.23 137 1.31 228 1.23
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Table 2. Characteristics of the joint sets in the geologic media (Cho and Kim, 2009).

Geologic medium Joint set number Strike [°] Dip [°] Spacing [m] Aperture [m]
(geologic formation) (before and after
calibration)
Sedimentary rock 1 (bedding plane) N43E 83INW 3.26 x 107
9.04 x 107 !
2 N46W 83SW 339x%10°
Andesitic volcanic breccia 1 N43E 85SE 3.27x10°
8.78 x 107 l
2 N56W 7INE 327 %107
Andesite 1 N43E 83NW 327 %107
8.78 x 107 !
2 N46W 83SW 3.17x 107
Rhyolite 1 N41E 84SE 430 x 107
133 x 10" l
2 N54W 79NE 477 % 10°
Hornblende granodiorite 1 N39E 77SE 338 x 107
2 N27W 73NE 133 x10™ l
3 N75E 90 324 %107
Granite porphyry 1 N62E 73SE 3.38x 107
2 NOSE 85SE 137 x10™ I
3 NSSW 78SW 3.28 x 107
(a) (b)
Coastline
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Fig. 2. (a) Locations of 61 observation wells used in numerical modeling calibration and (b) comparisons of measured
and simulated groundwater levels at the observation wells after numerical modeling calibration.
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o)7] fizofl AL RSk o2t =AISt 8 erty) 22 A5 A IS AT olf= AFY
AELS 25 183 42 2dg o 2 HE L5l E3RE| A & T (saturated hydraulic conductivity)
55 A} R ASS B B HA AdH A 7o oA 7| Roke A5 el EEE dEd
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of o3 A 22 Bk ofyz} i 20 FE F
2o A 7h5o] AA S4 € ghol ofyzt Cubic
Law (Parsons, 1966; Snow, 1968, 1969)& %835}
of A9 A 744 (spacing) T X|&2] Z3]42
A= 2R E ALt ghol7] diiEelh %] RE Y
2 Y3t fast ujrl H4x(validation parame-
ter) 2 A& Al (coefficient of determination, R, A
FLH A F- L& root mean square error, RMSE)
2 7§23} Al F2E 7 AlF-2 2 normalized root mean
square error, NRMSE)& AME-3} T} 17 2bof| A
HehAlE A5Hglel et 42 B YUY BAL o)
2 2RA = 0861, AlFLB AT A= 3.801
m, B3} Al FZBAAELANE 7.77% 0|t 17
I EAE 4 A HEEY dY A= w2 % 2
o sHEEE o]-8ste] FEEe] Aok 1 23 =AY
59| §a3} 7 M= Zho] Cho and Kim (2009) 9]
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2] Az 7+ = Cho and Kim (2009)2] gk}
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T3} o] A 9] A5} (groundwater table) 2
s 23 & % 0.03 53X H(isosurface) &
%7} 242} 19 3a @ 719 Seof) mAIE ] ek 4
3323} FE 5= 0.032 S8 A|(total dissolved
solids, TDS) 1,000 ppmo]| 35 5l= gto2A o]=
et oz Gt G5 TR 7Ieo] "ot
(Barlow, 2003). w2tA] a4 253t & 5= 0.03
A 225 F3l shiet S W sl 33HE
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Fig. 3. Steady-state spatial distributions of groundwater table (zero reference pressure head) (a) before and (b) after
urbanization and isosurface of seawater-normalized salt concentration of 0.03 (c) before and (d) after urbanization

in the coastal aquifer.
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Z1 st i3t 48] 4% (hydraulic head)7}
W) FAgElo] 499740 o]5 813 (gaining stream)
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olch. el B o] ofal Ashs 45 % A2
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2 033t o|et Al 7HA] 24 wHEske F
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29 Al es AAelin WA T 59 9
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7 F(Case B), 218]2L 5-& A9 (discharge area)]|
AT 3l 671 F(Case C) & 83t 77} F(Case D)
5 & U 7HA] 9] 74 $1A] = vl g (configuration)
& mejshgict vl 7H B 24 917 9= A
AE " U89 fX= 1H 49 =A =] Uk
TIRoA BotAg ik 77 F(Case D)2 =97
A& ool AAITt= FAF 1719 s et
7] f15ke] dfigt 67 5(Case C)f| ©|& T F713t 4
Soltt. 28|11 g4 Y 4 X(injection depth)2]
AR Bk gistel 2 ek 2] ARl
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(Pukyong National University, 2009), -100 m (Case
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Fig. 4. Locations of fresh water injection (wells) for ClA xol A+ Dol 247
Case A (6 injection wells in the mountain area), Case 63 BT T TX 248 Z4
B (5 injection wells in the plain area), Case C (6 injection 6.3.1 X5} W3}
wells in the coast area), and Case D (7 injection wells g._/'g 9] 0]5.9] u]x&xl— A 4=x] melE] 2 jr_}

in the coast area).

AT A G St S o] Aok rgol '
o1 o 3004 ol A28 B4 Aol EHE 1
b), -200 m (Case c), -300 m (Case d), -400 m (Case oJ &t A7) 671 F-(Case A), HA] 571 F-(Case B),
e), -500 m (Case f) & -600 m (Case g) & & 4+ 7} 3|2t 671 F-(Case C) & 3fjet 77§ F(Case D)o A]

Table 3. Fresh water injection scenarios.

Injection rate Injection depth [m]
[m*/day] Boring depth -100 200 -300 -400 -500 -600
Case A: 6 injection wells in the mountain area (-75.0, -235.0, 22.0, 21.0, -52.7, -22.3)

557.75 Case A-1-a Case A-1-b  Case A-1-c  Case A-1-d Case A-1-e  Case A-1-f Case A-1-g
1,11550  Case A-2-a Case A-2-b  Case A-2-c  Case A-2-d Case A-2-e¢  Case A-2-f Case A-2-g
1,673.25 Case A-3-a  Case A-3-b  Case A-3-¢c  Case A-3-d Case A-3-e  Case A-3-f Case A-3-g
2,231.00 Case A-4-a  Case A-4-b Case A-4-c Case A-4-d Case A-4-¢  Case A-4-f Case A-4-g

Case B: 5 injection wells in the plain area (-142.0, -155.0, -81.0, -294.0, -196.0)

557.75 Case B-1-a  CaseB-1-b CaseB-1-c  Case B-1-d CaseB-1-e = Case B-1-f Case B-1-g
1,115.50 Case B-2-a CaseB-2-b  Case B-2-c  Case B-2-d CaseB-2-e  Case B-2-f Case B-2-g
1,673.25 Case B-3-a  Case B-3-b  Case B-3-c = Case B-3-d Case B-3-e = Case B-3-f  Case B-3-g
2,231.00 CaseB-4-a CaseB-4-b Case B-4-c  Case B-4-d Case B-4-¢ = Case B-4-f Case B-4-g

Case C: 6 injection wells in the coast area (-175.0, -91.0, -94.0, -15.0, -119.0, -118.0)

557.75 Case C-1-a  Case C-1-b  Case C-1-c = Case C-1-d Case C-1-e  Case C-1-f Case C-1-g
1,115.50 Case C-2-a  Case C-2-b  Case C-2-c  Case C-2-d  Case C-2-e  Case C-2-f  Case C-2-g
1,673.25 Case C-3-a  Case C-3-b  Case C-3-c  Case C-3-d Case C-3-e  Case C-3-f Case C-3-g
2,231.00 CaseC-4-a CaseC-4-b Case C-4-c  Case C-4-d Case C-4-e  Case C-4-f Case C-4-g

Case D: 7 injection wells in the coast area (-175.0, -91.0, -94.0, -15.0, -119.0, -118.0, -197.0)

557.75 Case D-1-a  Case D-1-b  Case D-1-c =~ Case D-1-d Case D-1-e  Case D-1-f  Case D-1-g
1,115.50 Case D-2-a  Case D-2-b  Case D-2-c  Case D-2-d  Case D-2-e = Case D-2-f  Case D-2-g
1,673.25 Case D-3-a  Case D-3-b  Case D-3-¢  Case D-3-d Case D-3-e  Case D-3-f Case D-3-g
2,231.00 CaseD-4-a Case D-4-b Case D-4-c  Case D-4-d Case D-4-e  Case D-4-f Case D-4-g

Note: The numbers in parentheses indicate the boring depths of fresh water injection wells above the sea level from
the southernmost one in each location case (Cases A, B, C, D) of fresh water injection (wells) as illustrated in Fig. 4.
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Fig. 5. Final steady-state spatial distributions of groundwater table (zero reference pressure head) after 300 years
of fresh water injection in the coastal aquifer for (a) Case A-1-g, (b) Case B-1-g, (c) Case C-1-g, and (d) Case D-1-g.
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Fig. 6. Final steady-state spatial distributions of groundwater table (zero reference pressure head) after 300 years
of fresh water injection in the coastal aquifer for (a) Case A-4-g, (b) Case B-4-g, (c) Case C-4-g, and (d) Case D-4-g.
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Fig. 7. Final steady-state spatial distributions of isosurface of seawater-normalized salt concentration of 0.03 after 5,000
years of fresh water injection in the coastal aquifer for (a) Case A-1-g, (b) Case B-1-g, (c) Case C-1-g, and (d) Case D-1-g.
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Fig. 9. Changes in total groundwater amount (volume) in the coastal aquifer for (a) Case A, (b) Case B, (c) Case
C, and (d) Case D.
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Fig. 10. Changes in total salt amount (mass) in the coastal aquifer for (a) Case A, (b) Case B, (c) Case C, and (d)
Case D.
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