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A method for determination of earthquake hypocentroid: Time-reversal imaging technique

——An examination based on people-made earthquakes

XU Li-Sheng, YAN Chuan, ZHANG Xu, LI Chun-Lai

Institute o f Geophysics . China Earthquake Administration, Beijing 100081, China

Abstract  Origin times and locations of people-made earthquakes are known, so examining an
earthquake-location technology using seismic recordings from the people-made earthquakes is one
of the convincing ways. In order to examine the TRIT (Time Reversal Imaging Technique), we
collect seismic recordings from 10 people-made earthquakes, 5 air-guns and 5 chemical explosions. The
seismogragh network for the air-guns is smaller, about 20 km across and the one for the chemical
explosions is larger, about 200 km across. At first, two better velocity models were chosen out
from the models available in literatures by comparing the measured values with the true ones.
Then, the best one was decided further, while the final measured values for the 10 events were
determined based on the two models, by comparing the measured values with the true ones, as

well as the uncertainties of the measured values. The results show that, with the best velocity
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model, the epicenter biases for both the air-guns and chemical explosions are around 500 m; the

depth biases of the air-guns are around 100 m while those of the chemical ones are around 200 m;

the origin time biases of the chemical ones are around 0. 06 s, but those of the air-guns are larger,

reaching about 0.4 s, which might be explained by the lower velocity of local water region. As a

conclusion, origin times and hypocenters, including even focal depths, are able to be determined

at reasonable accuracy and precision by the TRIT.
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Table 1 Origin times and locations of the 5 air-guns

ETRe H 39 I [i]

Ql 2012-11-02 10:9:59.56 25.8092

o/ °ND 2/ CE) h/km

100. 5010 0
Q2  2012-11-02 10:14:22.55 25.8092 100. 5010 0
Q3  2012-11-02 11:9:59.56 25.8092 100. 5010 0
Q4  2012-11-02 12:9:59.56 25.8092 100. 5010 0

Q5 2012-11-02 13:9:59.56 25.8092 100. 5010 0
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Table 2 Origin times and locations of
the 5 chemical explosions
£ H 19 R} i)
1:10:14.58 23.46200

o/ CND A/CE)  h/km

Bl 2012-12-20 101.7967  0.060

B2 2012-12-20 2:0:17.50 24.18741 103.4313  0.063

B3 2012-12-26 0:0:17.98 24.23475 102.5974 *

B4 2012-12-26 0:10:13.71 24.01909 101.8801 0.070

B5 2012-12-31 5:10:14.85 24.13157  102.2576 *
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Fig. 2 P-velocity models of the Chuan-Dian area
M1 and M2 are from Zhu et al.['2), M3, from Xiong et
al. (3141, M4, from Wang et al. () and Wang et al. (161, M5,
from Bai and Wang!'”), M6, from IASPEI91, M7, from

CRUST?2. 0 (see appendix for numerical values).
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Table 3 Hypocentroid parameters of the Q1 and their uncertainties determined using the same data but various models

B s} (] At/s o/ CND Ag/ (°N) A/ CE) AL/ CE) H/km AH/km M N
2012-11-02 10:9:59.5719 +0.088 25. 80832 +0.00267 100. 49759 +0.00326 1.312 +1.143 M1 10
2012-11-02 10:9:59.5711 +0.088 25. 80831 +0.00301 100. 49758 +0.00361 1. 316 +1.158 M2 10
2012-11-02 10:9:59. 9227 +0.113 25. 81044 +0. 00665 100. 49777 +0.00768 0.157 +1.197 M3 10
2012-11-02 10:9:59.9098 +0.110 25.81031 +0.00641 100. 49777 +0.00685 0.162 +1.090 M4 10
2012-11-02 10:9:59. 8908 +0.106 25. 81001 +0.00599 100. 49777 +0.00676 0.166 +1. 341 M5 10
2012-11-02 10:9:59.8993 +0.108 25.81019 +0.00623 100. 49775 +0.00737 0.165 +1.077 M6 10
2012-11-02 10:9:59. 7532 +0.120 25. 81064 +0.00727 100. 49783 +0.00828 0. 630 +0. 695 M7 10

He M— AL, N—&ui%H. TH.
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Table 4 Hypocentroid parameters of the Q2 and their uncertainties determined using the same data but various models

A I 8] At/s o/ N Ag/ (°N) A/ CE) AL/ CE) H/km AH/km M N
2012-11-02  10:14:22.619 40.076 25.80843 40.00244  100. 49805 40. 00332 0.920 +1.199 M1 11
2012-11-02  10:14:22.6184 +0.076 25. 80844 +0.00212  100. 49805 +0.00281 0.934 +1.183 M2 11
2012-11-02  10:14 :22. 9559 +0.113 25. 81060 4-0. 00666  100.49782 4-0. 00737 0.128 0. 995 M3 11
2012-11-02  10:14:22. 945 +0.110 25. 81060 40.00639  100.49777 +0. 00661 0.118 +0.958 M4 11
2012-11-02  10:14:22. 9159 +0.103 25.81029 +0.00578  100. 49779 +0.00574 0.150 +0.829 M5 11
2012-11-02  10:14:22. 9335 +0.107 25.81041 40.00617  100. 49781 4-0. 00698 0.138 +0. 816 M6 11
2012-11-02  10:14 :22. 7866 40.119 25.81084 40.00724  100. 49784 40. 00699 0.617 +0.732 M7 11
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Table 5 Hypocentroid parameters of the Q3 and their uncertainties determined using the same data but various models

H s} (7] At/s o/ CND Ag/ ("N) A/ CE) AN/ CE) H/km AH/km M N

2012-11-02 11:9:59.47 +0.157 25.80573 4+0.00324  100. 49537 +0.00430 1. 169 +2.134 M1 12
2012-11-02  11:9:59. 4576 +0. 157 25.80574 40.00266  100.49534 40. 00367 1.217 +2.059 M2 12
2012-11-02 11:9:59.942 +0.128 25. 80986 +0.00754  100. 49765 +0. 00745 0.148 +1.214 M3 12
2012-11-02  11:9:59.9275 +0.123 25. 80969 £0.00717  100. 49751 +0.00773 0. 140 +1.218 M4 12
2012-11-02  11:9:59.9029 40.114 25.80919 40.00642  100. 49730 40. 00761 0. 159 +1.288 M5 12
2012-11-02  11:9:59.9247 +0.120 25.80947 +0.00690  100. 49744 +0. 00815 0. 150 +1.111 M6 12

2012-11-02 11:9:59.7775 +0.137 25. 81026 +0.00829 100. 49791 +0.00922 0.615

H

0. 843 M7 12
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Table 6 Hypocentroid parameters of the Q4 and their uncertainties determined using the same data but various models

H 1 i} [) At/s o/ CND Ag/ (°N) A/ CE) A/ CE) H/km AH/km M N

2012-11-02  12:9:59.5474 +0.099 25.80762 40.00198  100. 49697 4-0. 00251 1.182 +1.275 M1 12
2012-11-02  12:9:59.5478 40. 099 25.80762 40.00198  100. 49699 40. 00243 1.179 +1.278 M2 12
2012-11-02  12:9:59.9334 +0.110 25.81031 +0.00656  100. 49677 +0.00748 0.147 +0.931 M3 12
2012-11-02  12:9:59.9202 +0. 107 25.81017 +0.00628  100.49676 +0. 00650 0.154 0. 905 M4 12

2012-11-02 12:9:59.9003 40. 100 25. 80985 40. 00569 100. 49674 40. 00629 0.177 +0. 957 M5 12

H
H+

2012-11-02 12:9:59,. 9094 +0. 104 25.81002 0. 00607 100. 49680 +0. 00736 0. 147 0.970 M6 12

H+

2012-11-02  12:9:59.7735

H

0.117 25.81055 0.00717  100. 49670 +0.00678 0.675

H

0.752 M7 12
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Table 7 Hypocentroid parameters of the Q5 and their uncertainties determined using the same data but various models

H 1 s} (7] At/s o/ CND) Ag/ ("ND A/ CE) AN/ CE) H/km AH/km M N

2012-11-02 13:9:59.4108 +0.107 25. 80878 +0.00267 100. 49656 +0.00259 3.659 +1.066 M1 11
2012-11-02 13:9:59.4753 40.091 25.80973 40. 00463 100. 49675 40. 00466 3.417 +1.328 M2 11
2012-11-02 13:9:59.9951 +0. 090 25.81074 +0. 00454 100. 49689 +0. 00441 0.627 +2.114 M3 11
2012-11-02 13:9:59.979 +0.089 25.81052 +0.00410 100. 49686 +0.00404 0.678 +2.052 M4 11
2012-11-02 13:9:59.9434 40. 090 25. 81005 40. 00269 100. 49684 40. 00291 0. 805 +1.679 M5 11
2012-11-02 13:9:59.9677 +0. 088 25. 81036 +0. 00336 100. 49688 +0. 00345 0. 685 +1.873 M6 11

2012-11-02  13:9:59.8396 +0.093 25. 81117 +0.00574  100. 49697 40. 00585 1.114

H

2.202 M7 11
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Table 8 Hypocentroid parameters of the Bl and their uncertainties determined using the same data but various models

H i) B | At/s o/ CND Ap/ CN) A/ CE) A/ CE) H/km  AH/km M N

2011-12-20  1:10:13. 4834 +0. 391 23.46331 +0.02163  101.79786 +0.03037 11. 036 0. 683 M1 17
2011-12-20  1:10:13.9204 +0. 261 23.47686 40.01326  101.80337 40. 01949 3.114 +0. 786 M2 17
2011-12-20  1:10:14.6819 40. 190 23.46338 40.01030  101.79790 40. 00792 0.137 +0. 999 M3 17
2011-12-20  1:10:14.6377 +0. 191 23.46663 +0.01022  101.79857 +0.01030 0.174 +1.526 M4 17
2011-12-20  1:10:14.4966 +0.221 23.47286 40.01146  101.80112 40. 01375 0.228 +2.600 M5 17

2011-12-20 1:10:14.5943 +0.197 23.46902 +0.01043 101. 79934 +0.01030 0. 208 +1.796 M6 17

+

2011-12-20 1:10:14. 5476 +0.210 23.45852 +0.01160 101. 79761 +0. 01260 0. 560 +0.615 M7 17
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Table 9 Hypocentroid parameters of the B2 and their uncertainties determined using the same data but various models

H s} (7] At/s o/ CND Ag/ ("N) A/ CE) AN/ CE) H/km AH/km M N

2011-12-20 2:0:16.3234 +0.181 24.18722 +0.00670  103.44181 +0.00934 6.099 +1.981 M1 15
2011-12-20 2:0:16.7888 40.102 24.18655 40.00369  103.43943 40. 00564 3.077 +0.263 M2 15
2011-12-20 2:0:17.4911 +0.116 24.18372 +0.00427  103. 43884 +0.00678 0.094 +0. 459 M3 15

2011-12-20 2:0:17.4497 +0.098 24.18425 +0.00380  103. 43860 +0.00569 0.107 +0. 335 M4 15

2011-12-20 2:0:17.3505 40. 085 24.18595 40. 00276 103. 43777 40. 00475 0. 308 0. 591 M5 15
2011-12-20 2:0:17.4147 +0. 089 24.18472 +0. 00347 103. 43844 +0. 00512 0.154 +0.479 M6 15
2011-12-20 2:0:17. 369 +0. 156 24.18300 +0.00637 103. 43944 +0.00938 0. 580 +0. 371 M7 15

10 FAERMNANANECERAANEEEEBENEGH B HNERSHURETHES

Table 10 Hypocentroid parameters of the B3 and their uncertainties determined using the same data but various models

H 1 i} [) At/s o/ CND Ag/ (°N) A/ CE) A/ CE) H/km AH/km M N

2011-12-26 0:0:17.2755 +0.438 24.24626 4-0. 02150  102.59555 4-0. 02895 11. 555 +7.842 M1 18
2011-12-26 0:0:17.4399 +0. 244 24.23784 40.01378  102.59610 40. 01470 3.451 +0. 466 M2 18
2011-12-26 0:0:18.2159 +0. 265 24.24187 +0.01523  102.59675 +0.01701 0. 254 +3.090 M3 18
2011-12-26 0:0:18.1515 +0. 249 24.24028 +0.01356  102.59655 +0.01573 0.221 +2.242 M4 18

2011-12-26 0:0:18.0049 +0.232 24.23770 40.01193  102.59573 40.01421 0.193 +1.819 M5 18

H
H

2011-12-26 0:0:18.0962 +0. 240 24.23937 0.01175 102.59624 +0.01502 0.196 2.375 M6 18

H+

2011-12-26 0:0:18.3335 +0.416 24, 24788 0.01227  102.59541 +0.00973 5. 865 +14.134 M7 18

z11 FAARMNANAREAENEEREBENEGBINERSHEEARHEN

Table 11 Hypocentroid parameters of the B4 and their uncertainties determined using the same data but various models

H 1 s} (7] At/s o/ CND) Ag/ ("ND A/ CE) AN/ CE) H/km AH/km M N

2011-12-26  0:10:11.9432 +0. 290 24.01401 4+0.02034  101.87843 +0.02861 10. 947 0. 905 M1 24
2011-12-26  0:10:12. 8648 +0. 140 24.01542 40.00286  101.87976 40. 00406 6.875 +1.384 M2 24
2011-12-26  0:10:13.8335 +0. 150 24.01985 +0.00810  101. 88302 +0.01167 0. 444 +2.623 M3 24
2011-12-26  0:10:13.7551 +0.121 24.01821 +0.00646  101. 88185 +0.01014 0. 448 +2.006 M4 24
2011-12-26  0:10:13.5216 40.127 24.01539 40.00262  101.87956 40. 00346 1. 895 +2. 265 M5 24
2011-12-26  0:10:13.6809 40.109 24.01706 +0.00577  101.88099 40. 00867 0.732 +2.940 M6 24

2011-12-26  0:10:13.7675 +0.221 24.02342 +0.01233 101. 88508 +0.01814 0. 827

H

3.275 M7 24

®12 FAABNUNEMERRANEEEEBENEF B NERSERETHEN

Table 12 Hypocentroid parameters of the BS and their uncertainties determined using the same data but various models

H i) B | At/s o/ CND Ap/ CN) A/ CE) A/ CE) H/km  AH/km M N

2011-12-31 +10:13. 3767 +0. 252 24.14540 4+0.01130  102.25718  £0.01319 8. 841 +3.211 M1 15

o

2011-12-31 :10:14.1523 +0.157 24.14254 40.00816  102.25638 40. 00871 4.102 +3.753 M2 15

ol

2011-12-31 5:10:14.9711 +0.163 24.13518 40. 01005 102. 25946 40. 00961 0.337 +2.411 M3 15

2011-12-31 5:10:14.9041 +0. 147 24.13687 +0.00732  102. 25880 +0.00854 0.391 +1.970 M4 15
2011-12-31  5:10:14.7273 +0. 140 24.14058 40.00724  102. 25726 4-0. 00793 0.862 +3.955 M5 15
2011-12-31  5:10:14. 8447 40.139 24.13819 40.00752  102. 25829 40. 00801 0.481 +2.647 M6 15
2011-12-31 5:10:14.8799 +0.209 24.13231 +0.01112  102. 26046 +0.01261 0.792 +2.155 M7 15
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Fig. 3 Comparison of the true values with the measured ones of the hypocentroid locations and

air-guns based on the 7 various velocity models

s
(a),(b),(c),(d) and (e) corresponds to Q1,Q2,Q3,Q4 and Q5. respectively. In each subplot,

the left shows the biases of hypocentroid locations, and the right, the biases of origin times.
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Fig. 4 Comparison of the true values with the measured ones of the hypocentroid locations and
“hemical explosions based on the 7 various velocity models

origin times of the 5 ¢
(a),(b),(c),(d) and (e) corresponds to B1,B2,B3,B4 and B5, respectively. The others are the same as in Fig. 3.
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Fig. 5 Comparison of the average bias of the hypocentroid locations and origin times of the 5 air-guns and
the 5 chemical explosions based on the 7 various velocity models
(a) is for the air-guns and (b), for the chemical explosions. The others are the same as in Fig. 3.
®13 EFMIEREHENS ASEWHBELEEMCERERHBE L
Table 13 Hypocentroid parameters of the S air-guns and their uncertainties determined based on the model M3
H 91 i ] At/s o/ °ND Ag/ CND A/CE) AV CE) H/km AH/km N
2012-11-02 10:9:59.9766 +0.116 25. 81217 +0.00686 100. 49840 +0. 00653 0.088 +0.795 21
2012-11-02  10:14:22.9896 +0.136 25. 81130 +0.00793 100. 49952 +0.00792 0.103 +0.916 25
2012-11-02 11:10:0.0540 +0.118 25.81362 +0. 00700 100. 49878 +0.00577 0. 057 +0.749 25
2012-11-02 12:9:59.9794 +0.123 25.81143 +0.00721 100. 49916 +0.00647 0.108 +0. 848 28
2012-11-02 13:10:0.0299 +0.097 25. 81349 +0.00574 100. 49856 +0.00507 0.110 +0. 668 28

14 ETMIEHBEN S AUFBRHHNBEMEAMCLERERHEE

Table 14 Hypocentroid parameters of the 5 chemical explosions and their uncertainties determined based on the model M3
H FRF i) At/s @/ C°ND A/ CND A/ CE A/ CE) H/km AH/km N
2011-12-20 1:10:14.6753 +0. 184 23.46248 +0. 00995 101. 79787 +0.00774 0.133 +0.920 17
2011-12-20 2:0:17.489 40.112 24.18388 40. 00475 103. 43925 40. 00658 0.114 +0. 545 15
2011-12-26 0:0:18.2072 +0. 269 24.24211 +0.01608 102. 59686 +0.01730 0.254 +3.303 18
2011-12-26 0:10:13.8354 +0.156 24.02016 +0.00841 101. 88240 +0.01319 0.418 +2.950 24
2011-12-31 5:10:14.973 40. 155 24.13484 40. 00834 102. 26086 40.00915 0. 348 +2.022 15

0. 43 km. 5 YA B & I 18] 19 e K dme /s 77 247 i
243K 0.23,0. 01 F 0. 12 s, 72 v for B 19 f R LI
JNFISE 2594 22 43 50 D 0. 90,0, 13 F1 0. 52 km, 5 IR
TR BE 19 J K Je /N R Y 41 22 43 391 iy 0.35.,0. 05 Al
0. 21 km, 52 A E 1Y I K e/ A 34 22 53 591k
0.90.,0. 15 1 0. 59 km.

4.2 ETMAEBRHNEMER

15 FNK 16 g5 0 1 THIA M4 I 5E 1Y 5 Ik
AR5 R 1Y) 9 % I TR) LR R (A R &
JEE A2 W T SO AN 2 . I (B SR Y 22
SRR T 7 v 5 YRS IR B ] 9 R K de /D A
SR 22 4 3R 0. 50,0, A1F10. 44 s, 5% H 47 B
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F15 ETMIEEBENS RELHBEAEENECERESHE S

Table 15 Hypocentroid parameters of the 5 air-guns and their uncertainties determined based on the model M4

H 39 R i) At/s @/ °ND A/ C"ND A/ CE) M/ CE) H/km AH/km N
2012-11-02  10:9:59. 9633 +0.114 25.81197  +0.00664  100.49844  =+0.00594 0.098 +0.816 21
2012-11-02  10:14:22.9770 +0.132 25.81111  +0.00761  100.49967  =£0.00836 0.110 +1.042 25
2012-11-02  11:10:0.0503 +0.116 25. 81337 +0.00678  100.49884  £0.00614 0.066 +0. 828 25
2012-11-02  12:9:59. 9749 +0.120 25.81118  +0.00693  100.49917  =+0.00668 0.104 +0. 844 28
2012-11-02  13:10:0.0163 +0.096 25.81329  +0.00560  100.49854  =+0.00525 0.122 +0.705 28

F16 ETMIRBEBEN S RUFZBEBHNHELHEMULERERHESE

Table 16 Hypocentroid parameters of the S chemical explosions

and their uncertainties determined based on the model M4

A Fisf 1) At/s o/ N Ag/ (N A/ CE) Ax/CE) H/km AH/km N
2011-12-20  1:10:14.6361  =£0.182  23.46576  40.00972  101.79848  =£0.01067 0.158 +1.295 17
2011-12-20 2:0:17. 4468 +0.095 24.18442 +0.00361 103. 43905 +0. 00550 0.132 +0.416 15
2011-12-26  0:0:18.1468  =£0.254  24.24047  40.01315  102.59676  =£0.01607 0.220 +2.746 18
2011-12-26  0:10:13.7569  =£0.128  24.01852  4:0.00680  101.88121  =£0.00966 0.436 +1.794 24
2011-12-31 5:10:14.9051 +0.139 24. 13650 +0.00802 102. 26024 +0. 00807 0. 389 +1.976 15
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Fig. 6 Comparison of the true values with the mea

(a) is for 5 air-guns and (b), for 5 chemical explosions. In

sured ones determined based on the model M3

each subplot, the changes of the origin times (TC),

epicenters (EC), depths (DC) and source locations (SC) are shown from left to right, respectively.

K Ee/NFPE YR 2% 43 51k 0.52.,0. 25 F1 0. 39 km,
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Fig. 7 Comparison of the true values with the measured ones determined based on the model M3.

(a) is for 5 air-guns and (b), for 5 chemical explosions. The others are the same as in Fig. 6.
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Appendix Table 1 Velocity model with a velocity-low
layer from Zhu et al. (') [M1]

2 JEEJE /km P %/ (km/s)
1 3.0 4. 30
2 8.0 5.20
3 7.0 6.08
4 5.0 6. 30
B) 0. 0 5.50
6 5.0 7.06
7 5.0 6. 40
8 8.0 7. 40
9 8.0 6. 80
10 10.0 8.01
11 10.0 8. 06

Mz2 REABRETEVEINEREXEN
HmERE [M2]
Appendix Table 2 Velocity model without a velocity-low
layer from Zhu et al. (') [M2]

2 FEE/km P il i/ Ckm/5)
1 3.0 4. 30
2 8.0 5. 60
3 7.0 5. 60
4 5.0 5.87
5 5.0 5.87
6 . 0 6.71
7 5.0 6.71
8 8.0 7.09
9 8.0 7.09
10 10.0 8. 01
11 10.0 8.06

Mtk 3 MIBAEGHEMVEIIHEEZER [M3]
Appendix Table 3  Velocity model from Xiong et al. ['**/[ M3]

= JEJE /km P # g/ (km/s)
1 6.0 5.95
2 4.0 6. 10
3 20.0 6. 30
4 10.0 5. 80
5 15.0 6.70
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Fig. 8 Stations, hypocenters and their ambiguities of the 5 air-guns

(a)—C(e) correspond to the 5 events listed in Table 15, respectively. In each subplot, the upper-left shows epicenter and stations, the

upper-right, hypocenter and its ambiguity on ground surface, the lower-left, hypocenter and its ambiguity on cross-section of latitude and

depth, and hypocenter and its ambiguity on cross-section of longitude and depth.
k4 REIHBFEIBRIMEEHED [M4] ks REARPMNIBRE"EINEEHER (M5 ]
Appendix Table 4 Velocity model from Wang et al. ['5'* [ M4 ] Appendix Table 5 Velocity model from Bai and Wang"'"?[ M5 ]
= JEBE /km PP/ (km - s™) )z JEJE /km PP/ (km - s™!)
1 1.0 5.87 1 10.0 5.70
2 9.0 5. 88 2 10.0 6. 20
3 20.0 6. 45 3 10.0 6. 60
4 20.0 7.75 4 13.0 7.00
5 15.0 7.80 5 17.0 7.60
Mi% 6 IASPEI91 i 4 E [M6] BitZ 7 CRUST2.0 EEREE[MT7]
Appendix Table 6 Velocity model of the IASPEI91[ M6 ] Appendix Table 7 Velocity model of the CURST2. 0l M7]]
= JEE /km P/ (km s 1) )z JEJE /km PP/ (km s )
1 20.0 5.81 1 0.5 2.50
2 18.0 6. 10
2 15.1 6.53
3 16.0 6. 30
3 21.4 8. 10 4 8.5 7.20
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Fig. 9 Stations, hypocenters and their ambiguities of the 5 chemical explosions
(a)—(e) correspond to the 5 events listed in Table 16, respectively. The others are the same as in Fig. 8.
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