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Abstract: Whether the groundwater pollution plume of a contaminated site or a regional area can be stabilized and the stability
characteristics of the plume would directly determine the feasibility of the natural attenuation restoration. In this study, a typical
aquifer structure with a phreatic aquifer, an impermeable aquifer, and a confined aquifer from top to bottom was constructed to
simulate the migration and diffusion of the constant source pollution plume of phreatic water. The stable area, stable concentration
and starting stable time of the groundwater pollution plume were taken as characteristic variables. Firstly, the sensitive factors
were identified from numerous influence factors through sensitivity analysis method. Secondly, orthogonal experiments were used
to identify the main controlling factors. Finally, the multiple regression model was used to construct the quantitative statistical

relationship for characteristic variables. The results show that the common primary controlling factors are the degradation
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coefficient, dispersivity, seepage velocity and the source concentration. Moreover, there are adequate statistical relationships

between the characteristic variables and the primary controlling factors. The statistical models characterized by different

numbers of factors can be used to predict the characteristic variables. This study would provide an important basis for

optimization of the site pollution control and effective remediation which are based on natural attenuation remediation.

Key words: groundwater pollution; pollution plume stability; numerical simulation; orthogonal design; primary controlling factor;

multiple regression model; environmental engineering.
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Fig.1 The sketch of typical basic model
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Table 1 Model initial parameters setting
SR TR A8
R AR AN B A 435 I R(m/d) 0.000 2
A RALE P 0.2
K ERZBIEFZBK (m/d) 50
$E KRB B FEK (m/d) 0.008
AR ERZBIEFZ B (m/d) 50
B K& KRR EE M, (m) 12
55378 7K 2 B HE M, (m) 3
AR K2R (m) 5
WK 5 kK Sk 22 AH (m) 1
LW R EK Sk 22 AH,(m) 5
W Z 4D, (1/d) 0.005
e Bt 2 % K, (m?/kg) 0.000 1
15 YRR C,(mg/1) 500
PREUE D(m) 60
15 Y I T LA (m) 900
T Y SR FE K K LMl 0.25

R PSR Y AT B A 5 R 2 % BIOSCREEN: Natural
Attenuation Decision Support System. User's Manual (Newell ez

al., 1996).
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Fig.2 Groundwater flow field of standard model

0.01 500 {5 ik (mg/L)

K3 gL s

Fig.3 Pollutant migration results
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Table 2 The amplitude of pollution plume stable characteristic factors under different amplitudes of parameters
A Tl AL A T TR S AL A % Tt S I i) A2 Al 3
SHUER BIRS0%  WINE0% PR LR HR50%  WN50 PR HR50%  W/NS0Y  FIARfE
KK A5 b ~
0.066 0.125 0.095 0.220 0.316 0.268 0.038 0.058 0.048
Y
7 RCFL IR B 0.271 0.267 0.269 0.226 0.006 0.116 0.135 0.423 0.279
KT K
0.253 0.220 0.236 0.097 0.084 0.091 0.077 0.115 0.096
J2 R
558K _
0.011 0.011 0.011 0.009 0.008 0.008 0.000 0.115 0.058
JRIR
WKZEB B
. N 0.542 0.564 0.553 0.210 0.720 0.465 0.019 0.058 0.038
&R
$iEKIZEB
. N 0.004 0.026 0.015 0.002 0.018 0.010 0.019 0.000 0.010
i R K
LR _
. 0.476 0.418 0.447 0.195 0.114 0.154 0.096 0.115 0.106
7Kk 22
WK 5K
. 0.004 0.011 0.007 0.001 0.008 0.004 0.000 0.019 0.010
Kk 2%
e fife 7 &K 0.264 0.659 0.462 0.215 0.243 0.229 0.288 0.808 0.548
UAGES 0.004 0.011 0.007 0.003 0.010 0.007 0.269 0.154 0.212
PR 0.297 0.341 0.319 0.141 0.313 0.227 0.192 0.019 0.106
75 Y TR 0.377 0.385 0.381 0.089 0.188 0.138 0.154 0.038 0.096
15 Y T AR 0.143 0.165 0.154 0.234 0.303 0.269 0.019 0.019 0.019
PRI 55
0.136 0.114 0.125 0.053 0.284 0.169 0.058 0.019 0.038
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Fig.4 Changes of pollution plume stable characteristic factors as the parameter changed
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Table 3 Design of parameter levels

KT V% it 24K UAES PRI g e B 5 T AR BIRE S BRHEE LR
(1/d) (m*/kg) (m) (mg/L) (400m?) (%) (m/d) FLE R
1 0.002 0.000 01 10 10 1 0.2 0.005 0.10
2 0.005 0.000 05 30 50 2 0.4 0.020 0.15
3 0.01 0.000 10 60 100 3 0.6 0.050 0.20
4 0.05 0.000 50 100 200 4 0.8 0.100 0.30
5 0.1 0.001 0 200 500 5 1.0 0.200 0.40
T4 EXBIHRBEABER
Table 4 Orthogonal experimental design table and experimental results
52 7 ll ] \‘/‘ B .‘/9 B 75 ‘mr"r /[1 ‘%\l“‘r\‘ i ‘mr‘—: o 'D
o F’%ﬁﬁ% Xiﬁﬁ WlE WE R /J?J?TE“ B AU *g'/\tgﬁ? For We B Fa g ik i)
EX 0 EYi e BT LB (10°m?) (mg/L) (a)
1 1 1 1 1 1 1 1 1 18.0 0.18 2.9
2 1 2 2 2 2 2 2 2 61.6 1.18 8.6
3 1 3 3 3 3 3 3 3 118.8 3.09 16.2
4 1 4 4 4 4 4 4 4 517.2 3.79 33.2
5 1 5 5 5 5 5 5 5 2 006.0 8.10 68.2
6 2 1 2 3 4 5 1 2 60.8 9.38 3.6
7 2 2 3 4 5 1 2 3 61.6 2.45 4.8
8 2 3 4 5 1 2 3 4 61.6 4.26 5.9
9 2 4 5 1 2 3 4 5 125.2 0.42 16.6
10 2 5 1 2 3 4 5 1 368.0 1.44 9.1
11 3 1 3 5 2 4 4 1 72.0 15.2 0.6
12 3 2 4 1 3 5 5 2 65.2 0.66 0.6
13 3 3 5 2 4 1 1 3 22.4 0.51 1.2
14 3 4 1 3 5 2 2 4 4.4 0.90 1.2
15 3 5 2 4 1 3 3 5 4.8 11.21 1.7
16 4 1 4 2 5 3 5 3 297.6 1.70 2.4
17 4 2 5 3 1 4 1 4 57.6 2.43 2.6
18 4 3 1 4 2 5 2 5 8.0 23.79 2.7
19 4 4 2 5 3 1 3 1 41.6 3.03 124
20 4 5 3 1 4 2 4 2 68.0 0.40 8.5
21 5 1 5 4 3 2 4 3 48.0 3.76 0.4
22 5 2 1 5 4 3 5 4 16.0 48.35 0.5
23 5 3 2 1 5 4 1 5 6.8 3.05 0.3
24 5 4 3 2 1 5 2 1 7.2 3.58 1.0
25 5 5 4 3 2 1 3 2 6.4 0.25 1.2
26 1 1 1 4 5 4 3 2 73.2 12.22 9.5
27 1 2 2 5 1 5 4 3 3959.2 5.41 15.6
28 1 3 3 1 2 1 5 4 248.0 0.46 9.3
29 1 4 4 2 3 2 1 5 90.8 1.24 20.3
30 1 5 5 3 4 3 2 1 703.2 1.34 114.5
31 2 1 2 1 3 3 2 4 14.4 1.26 2.1
32 2 2 3 2 4 4 3 5 30.4 4.17 3.8
33 2 3 4 3 5 5 4 1 565.6 2.60 15.9
34 2 4 5 4 1 1 5 2 1132.0 0.98 32.6
35 2 5 1 5 2 2 1 3 26.4 6.80 15.3
36 3 1 3 3 1 2 5 5 38.0 1.43 0.7
37 3 2 4 4 2 3 1 1 46.4 8.40 1.2
38 3 3 5 5 3 4 2 2 57.2 24.96 1.8
39 3 4 1 1 4 5 3 3 10.4 1.90 3.6
40 3 5 2 2 5 1 4 4 19.2 0.54 3.9
41 4 1 4 5 4 1 2 5 31.2 3.25 2.5
42 4 2 5 1 5 2 3 1 78.0 0.47 2.5
43 4 3 1 2 1 3 4 2 29.2 1.85 2.6
44 4 4 2 3 2 4 5 3 161.2 2.87 9.0
45 4 5 3 4 3 5 1 4 38.0 10.95 10.0
46 5 1 5 2 2 5 3 4 10.4 5.05 0.3
47 5 2 1 3 3 1 4 5 2.0 0.44 0.2
48 5 3 2 4 4 2 5 1 46.4 4.26 0.7
49 5 4 3 5 5 3 1 2 20.8 55.48 1.7
50 5 5 4 1 1 4 2 3 4.8 1.02 0.7
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Table 5 Range analysis results of the orthogonal experiment

Wi fit 22 M U ES QY913 e 5 WA BREN BREE AR

K1 1049.00 165.90 138.90 159.70 428.10 395.60 97.00 486.60
) K2 611.50 194.50 194.00 234.20 191.40 130.80 238.40 393.60
*j K3 202.60 291.00 175.70 429.50 211.00 344.10 108.90 277.60
= K4 85.00 527.70 421.70 493.90 376.50 337.10 451.40 246.70
" K5 42.20 811.20 1.060.00 673.00 783.30 782.70 1.094.60 585.80
" R 1.006.80 645.30 921.10 513.30 591.90 651.90 997.60 339.10

EW: B A R EL = B > URHUE > WU & T > WO R > IR > R > A RGL B

K1 3.701 5.343 9.787 0.982 3.235 1.209 9.842 4.050
” K2 3.376 7.396 4.219 2.126 6.442 2.470 6.373 10.736
N K3 5.074 6.883 9.721 2.473 5.083 13.310 4.565 2.951
I K4 6.571 7.419 2.717 8.181 7.735 7.115 3.441 7.799
f K5 12.524 4.205 4.802 17.484 8.751 7.142 7.025 5.710
" R 9.15 3.21 7.07 16.50 5.52 12.10 6.40 7.79

X/ TR > IR 5 b > FRAR AR > A LB > SREUE > B > PR B > IR R A

K1 31.15 2.50 9.76 3.76 5.93 6.37 6.78 19.53

K2 13.77 3.99 5.79 9.39 6.48 7.26 13.99 6.37
Tf K3 5.47 4.93 5.56 15.81 11.31 14.95 5.56 7.69
é K4 1.62 12.46 8.69 9.88 18.08 12.06 9.15 7.80
?\J K5 0.70 28.83 22.91 13.87 10.91 12.07 17.23 11.32
" R 30.45 26.33 17.35 12.05 12.15 8.58 11.67 13.16

ES/S Fie A 22 M0 WIS AR > o > A AL > DR > IR > B U > IR L
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Table 6 Variance analysis of influencing factors
R i B R e B Tt i [

24 ¥y F1H g ey F{H i iy Ff8 LTS

Wit % 3R B 1830318 5.93 0.004%x* 139 2.15 0.119 1593 10.00 0.000%*

VR 735720 2.38 0.092 20 0.31 0.866 1193 7.49 0.001**
IR HE 1492 429 4.84 0.009%* 108 1.67 0.203 511 3.21 0.039*
W 423 578 1.37 0.285 472 7.29 0.001%* 216 1.36 0.289
ENIEA 568 692 1.84 0.167 47 0.73 0.583 238 1.50 0.248
TRJREBE 7 He 565 024 1.83 0.169 228 3.51 0.029* 131 0.82 0.530
B 1719 388 5.57 0.005%%* 61 0.94 0.467 244 1.53 0.238
FLER 201 315 0.65 0.633 96 1.49 0.250 286 1.80 0.176

e RR P/ANT 0.01, B S50 A0 25 547 A4 3 052, + 3% 7R PRT 0.01 H/NTF 0.05, 2 B S50 00 25 545 W3 52 ) .

(R 52 0 . 255 1) Ay o AR L I R B RO O
2553 T4 R 5 W 2% 43 W 4 R B B i — Btk
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TR R R K (L, 20115 AREAE 4, 2020). A
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PR~ 1A 2 B0 Z2 o [m] A ) B R 4 R
Y =C X D" X K% X D% X Cy* X A% X r* X
v X PP (1)
Ao Y 5 g PR e AR AR R, RIS e R AR TH
LS, i m®) FasE MR B (C, B mg/ L) Bk 2 B

7 B (T, B4 ) 5 DR B R 8, 1/d 5 K, R W Bt
2E,m'/kg; D HYRELE ,m; C, W E ,mg/L; A
S VR T A, m® s IR R R o B R E , m/d;
PR B BB E; CHRHEI, Bis
1, 2,3,4,5,6, 7, 8)4 5k A Z R4 .

B ] ' = o ol S N 1| DO IR R R Y S e
TR R Wk B RN B2 E BT SR B R UL A, 45 2
H W .

X AR T AR, 5 2 8] 05 5 R

S=10.755 X D, "% X p* X DM x p T (2)
S=0.31X D, "X g0 X DO POT 019

S=0.31 X D, "% X ¢* X D" X p 0T X Y
X C, M (4)
S=0.31 X D, "% X ¢ X D" X poTt X
Cy "1 X A2 (5)
X R e A5 3 [m] 9 J7
C=0.258 X C," X ' | (6)
C=0.258 X C," X 1% X y 015 (7)
X TR E B I A] 45 20 8] )9 07 R
T=10.344 X D, " X K, | (8)
T=1.478 X D, "™ X K "% X C,""" | (9)
T=0.717 X D, "™ X K, X C,"" X D" |
(10)
T=0.504 X D, " X K "% X C,""" X D" X
v, (11)

T=3.086 > D, "X K,"* % €, X D" X
0 XA (12)
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Table 7 Results of multiple regression analysis
PR 25 4 A7
S8 (F 1) lan Inv InD InP
1
) N4 0.281 0.696 0.599 0.437 0.71
R*=0.781
3 0.667 0.000 0.000 0.000 0.001
ZH (&) InD, Inv InD InP InC,
2
) ES 4 -1.17 -0.696 0.599 0.437 -0.71 0.199
. R*=0.81
e 2 0.094 0.000 0.000 0.000 0.001 0.08
[
InS 28 (&) InD, Inv InD InP InC, InA
3
) EN 4 -1.17 -0.696 0.599 0.437 -0.71 0.199 0.352
R*= 0.825
LT <3 0.163 0.000 0.000 0.000 0.000 0.006 0.032
28 (% &) InD, Inv InD InP InC, InA Inr
4
) EN 4 -1.17 -0.696 0.599 0.437 -0.71 0.199 0.352 0.333
R*= 0.839
g 0.023 0.000 0.000 0.000 0.000 0.004 0.026 0.034
ZH (H i) InC, Inr
1
) ES 4 ~1.353 0.693 1.230
. R*=0.756
e B35k 0.000 0.000 0.000
e
InC ZH (W &) InC, Inr Inv
2
, EX 4 -1.822 0.693 1.230 ~0.146
R*=0.772
B2 0.000 0.000 0.000 0.043
28 (# ) InD, InK,
1
X E3 1.066 -0.848 0.384
R*= 0.899
ITECkS 0.014 0.000 0.000
S8 (% &) InD, InK, InC,
2
) B 0.391 -0.848 0.384 0.151
R*=0.917
2 0.366 0.000 0.000 0.002
e e (2 InD, InK, InC, InD
3
i ] X ES -0.333 -0.848 0.384 0.151 0.184
- R*=0.933
" i 2 0.448 0.000 0.000 0.001 0.001
S8 (¥ 2 InD, InK, InC, InD Inv
4
X EX1 -0.685 -0.848 0.384 0.151 0.184 0.222
R*=0.938
i 0.136 0.000 0.000 0.000 0.001 0.04
S8 (H ) InD, InK, InC, InD Inv InA
5
, B2 1.127 -0.848 0.384 0.151 0.184 0.222 0.189
R*=0.943
2 0.023 0.000 0.000 0.000 0.000 0.033 0.036
F 0] DUad oF 8 £ R W 5 H iy 2 B0xEis g R IEIUEMJEI-?_ﬂ e, %mﬁ* (=S N O
o MR R AR P AT AT R T fH oy 1135, % & e JZ 18 52 9K &K 5 H N
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Fig.6 Regression model residuals of stable area, stable concentration and stable time of pollution plume
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