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Abstract: In 2021, the small earthquake activity significantly increased in the short term. To

investigate the relationship between seismic activity and salt mining in the region, we deployed a

dense array of 54 short period seismographs in the salt mining area and carried out a one-year
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microseismic monitoring. The high-resolution earthquake catalog for mining areas, constructed
using deep learning earthquake automatic detection methods and absolute and relative
repositioning, greatly improves the accuracy of locating the epicenter position, especially the
depth of the earthquake source, of small earthquakes in mining areas, effectively enhancing the
monitoring ability of seismic activity in small-scale salt mining areas. Combined with the
industrial production background and geological conditions of the area, the following main
understandings are obtained: The mining area is mainly characterized by microseismic activity,
which is distributed in two independent earthquake clusters in space; The cluster 1 is located
below the salt well, with a significantly shallower depth of the earthquake source than the cluster 2.
The cluster 2 is located in the surface water inflow area that several kilometers far from the salt
well, and lags behind the cluster 1 by about 8 months in time. After analysis, it is possible that the
cluster 1 is directly related to mining activities, while the cluster 2 may be related to local fault
activation caused by fluid diffusion. This study indicates that based on dense array covering
mining areas and intelligent detection technology, the understanding of the distribution
characteristics and seismic mechanisms of small earthquakes in salt mining areas can be greatly
improved, which can provide key basis for optimizing production control plans.

Keywords: Artificial intelligence; Earthquake detection; Inducing seismic activity; Seismic hazard
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Figure 1. (a) Main faults and seismic activity of the study area, and (b) observation stations
distribution. Gray solid circles represent historical earthquakes, while red solid circles denote
earthquakes observed by the China Digital Seismic Network (CDSN) during the observation

period covered in this study. The gray zone indicates the Huai’an salt mine area (Shu, 2004).
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Table 1. Velocity model used in location

TZRE (km) P s EE(km/s) S BOH E (km/s)

0.00 2.6639 1.046
0.70 3.0180 1.185
0.90 3.4458 1.353
1.80 3.6929 1.450
2.40 3.9204 1.539
3.00 4.00 2.25
5.00 6.10 343
10.00 6.20 3.48
20.00 6.30 3.54
27.00 6.50 3.65

30.00 6.80 3.82
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BN, VA EN G . BARSEREWT: B/NEIECN 4, P REAHBE R 1.0, S FEAHKL
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Figure 2. Earthquake locations determined by (a) REAL, (b) Hypoinverse, and (c¢) HypoDD

methods.
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Table 2. Focal mechanism solution obtained by HASH method

. G AN WL, ER WU B
R 2! o o f2? o 0 0
S I M N N

2021.06.30 07:19:48.7 118.844 33.392 344 212 250 43 105 3

2021.06.30 08:13:09.2 118.840 33.391 323 1.71 250 42 107 4
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Figure 3. Relative earthquake location distribution obtained from the microseismic monitoring

array.
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Figure 4. Focal depth distribution of earthquakes detected by the microseismic monitoring array

for (a) all events, (b) Cluster 1, and (c) Cluster 2.
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2.2 FRIEER AL

RIREN (M) AR, #XEEsI M<1.0 MERE (B 6), EH4E
P ATE-0.4~1.0 2 [0 (263, 91%), 2.0 LI E 6 4 (2.1%). F/NEJN-0.9, HBKE
HoN28, HINET 2 SER. | SEREHRE T AIE-0.4~0.8 (157, 91.8%) (E 6b), 25
R RHE T ALE 02~1.0 (54, 79.4%) (& 6¢). 2 TREMFRMLMIE KT 1 SRRt

(b} ()

15 17
Rl
3 2 3, ,

Bl 6 = I I & FEAE R 2 AR IR R R AT (a) 2R (b) 1 5EH#: (o) 2 5EH
Figure 6. Magnitude distribution of earthquake locations for (a) all events, (b) Cluster 1, and (c)

SERE IR

Cluster 2, as detected by the microseismic monitoring array.

3T



3.1 TR AN AR BE 5 5] B R & B e ) 4 by

M= H AR AT IR S A I« MRS TR T AR R 7E (SR W) o MR H S 7= A K5k
AR [F AR E AR T X b 5% & B U R 77 [RItL, HORE & B I D e 70 APl — B2
BT TE A B I Y — DA 2

ARICHETHAE SRR A H LOC-FLOW i fs 1L s X s i Hi s tZ Hx, &
& 289 NEVRIKERIAIE . Xt eI H% Hypoinverse HEVERESE#ME, PR IREZE AN
0.142s; TAHXS E AL H 3% HypoDD LA™ (1) 2 8 it W O 87 ks BE ARG € fr i, 133
Ji 5% 724 0.0078s . HypoDD 43 ## H ji2 H S AHXS T~ Hypoinverse 117 H 5% 5€ 08 L4 5
TRED—AEY, TFREZIE R X HE S 4 .

TRA TR SRAT 1) 1 23 e 2 H SR S50 70 IX 10 o R 0 D0 7% 65 O SReEAT T EUER, R
MR BN, PEEFNESM (CDSN) Hg Rid®E 7T 31 AMZSE. AT
P2 R /2 CDSN HgZ 9 £, 3R] TSR H U AR R 2 T DL &b mont #
A7 DX /N ROV BBl (R 02 MR R 7)o R R RE 2 X465 HE AR H 5, SRR A A, T
FIXHHE 50km 9 HAE—ANFEEE (BT X~25km), 100km P HAE 4 MEE s, HARRE
AR BRI (ME, 2022), HEWAMT AL, Rk UG IR X &4
iR (M<D. [, SERL R EAH 2 9 iritse, 12 AH b T R B e 52 3 1 2 g 14
S AR () B R BE K o AR T R R £ X A A B8, AR SOR I 78 75 b XS
IR GRE, Gubinfi BA RIFM A ME R, PG kRN ~2km, Aei 42 W
RIRSEL, R RIREE, HATH BRI EARGL Pg A Sg AT AL, BRIk, ASCE
58 L4 RN e A ARG HE,  TE R ZIE HEh A X RS SR E .

TEETER (Me) J2 PG DX Hh % & BRI RE 77 1) — A e 4R bR, BIHLE & FEGE L 100%
IR A6 W B PR b FE R e /N FE 2% (Rydelek and Sacks, 1989). 1ENFEZRM FIR, Mc HEEX
F BN FRATBE TR0 2 208 ) F AT ORI O H A S, TR SR SC I T A5 R ] S
(Huang et al., 2008). Hypoinverse HifE H 20 L IX BN RN H %, RAVET AW 7R
31 Hypoinverse 4%} 58 i 45 J , MM 1 % £8- HL 32 K5 (G-R) %€ 1 (Gutenberg and Richter, 1944)
KA NRE (Wiemer and Wyss, 2000) fiiit T I H s I /N e & EH )9 0.4, BFFT
DX (i R A - IR S 0 H S bl T b, AHA Gort i o AHIE T ORI B 1 R SR 1
B/NBZYIH-0.9 (M), /N TREESE (2016) W90 K LRIV 2507 75 4 ) a1 i 5
MR L5 (ML) Bk, ASCHIRMIRRZCFEREEAC (0 ZLLAR), AR & 1 o= I e
AT INR SR X RUE I 2 B ARFAE, 48 SHEI R & 30 5 3 TR K & .

b % 8 AR ZE 2 VP A O AR & B I B 0 1) 53 Ah— N K AR . A SR bootstrap 7572
(Billings, 1994) 1Al EALRZ, X JE M AR ST A R B TR AR, FEAR S B0 55
TR R, BEARCON |, AR RESE T e, FiREFEES 200 ¥k, JrirE
SENLKERT 180 R E Fidk o THEL R — B 2 G A gs bR 22, 2 fbnitE 22 X



MR BN R ZE . iR EIR, Wby RITHRE B35 5E AL iR 253 A1) 9 274m, 305m
1 288m., 69% [ FE Y (11 /KT 52 Az 25 /8T 300m( & 7a), 73%M AR VR VAR B 8 A7 1% 25 /N T 250m
(B 7d), b, 1 SRBHREE M RZENT 2 SRR (Bl 7b,c,e, D, JRFZHT X
X QUi AT B R, R A IR IR E B R TR E, A SRR
BRIE R ZE /KPR ZR S, R FIT & 808 nT DA R R e AR L . 5 R %
% 6 25 HA R0 AR LK E AR ZE AR L, A SO Fu g R A B RS FE e 1 — MR

i bRk, T RHEEE, RNTEREH, EREAREE, AR T 240
IR FE 27 ST B (R R & R 1) s 00 R 0 B SR T DXk B 5 5 0, pH I SRAS 1) a2 P e i 7R H
SRR RE A 1 2 Eh TR, IR X TR W& B I S ARAAE, R AR X R 5 S S
ERA I RS Z 18] ] REAEAE IR R R 2L T T SE AR b AR 2 MR B , 33 17 A R vE s ko i 5
VS S Y TN Al e T R S P =

@ “Tioy “To

= 15 18
“
— e o — —

4 s 08 o 00 0z 04 06 o4
AT () A (k) ACH R ()

4 3 2 4 a 2 3
L m 2 ' [ [
] ey
a8 ) 00 a2 o4 06 an

Bl 7 M= I & R AR 5 AL AKCF AR R R ZE 70 Al e () () &fEE: (b) (o) 1 5=
(c) (D) 25E#H
Figure 7. Distribution of horizontal and depth errors in earthquake relative location estimates for

the microseismic monitoring array, shown for (a)(d) all events, (b)(e) Cluster 1, and (c)(f) Cluster
2.
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Figure 8. (a) Distribution of earthquake origin times relative to location, as detected by the
microseismic monitoring array. The dashed gray lines represent the water inflow range of the salt
mine area in 2016, 2017, and 2018, respectively (modified from Wang and Hu, 2019). The red line
depicts the salt mine distribution pattern (Shu, 2004), while the green dashed line indicates
possible hidden faults. (b) Events projection on profile A1A2. (c) Events projection on profile
B1B2. (d) Events projection on profile C1C2. (e) Events projection on profile D1D2. Black
dashed lines on A1A2, B1B2, C1C2 and D1D2 indicate possible hidden faults.
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Table 3. Characteristics and mechanisms of earthquake clusters
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Figure A1. Histogram of earthquake numbers above M 1.0 in salt mining areas since 2008
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Figure A2. Histogram of relative location earthquake travel time residual distribution
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Table Al. Criteria for selecting reliable results from Hypoinverse localization results

s H 8 1
I iR <0.5s
KPR <5 km
R IR 2 <10 km
K B3l 77 7 A TR B <180°
w/AN R R <10 km
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Table A2. Comparison of magnitudes for our study and CENC catalog

P % 2021-06-30 2021-06-30 2021-10-01 2021-11-23  2021-12-29
e 07:19:48.59 08:13:9.16 12:52:20.35 10:32:3.44  17:16:40.31

VINg'g 2.12 1.71 1.37 2.75 2.06

Mo cEne 23 1.8 1.4 3.0 22




