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To monitor the status of cavern roof instability induced by solution salt

mining, we deployed a surface microseismic monitoring system for

Dongxing salt mine, Dingyuan county, China. The microseismic

monitoring system consists of 11 three-component geophones installed

in shallow holes of 5 m deep. From 7-month continuous monitoring data,

we have detected a novel type of signal that consists of two events. The first

event has a long duration (>15 s) and generally has higher frequencies at the

beginning. The 2nd event has a shorter duration of ~3 s with lower

frequencies. The two events are separated by ~30–90 s in time. From

May 2017 to November 2017, there are a total of 88 distinct paired signals

with two events in sequence. We propose the first event corresponds to a

series of fracturing processes on the cavern roof, and microseismic signals

associated with different fractures are mixed and overlapped to produce a

mixed signal with a longer duration. Due to a series of fracturing processes,

some zones of cavern roof become instable and some rock debris may fall

from the roof and collide on the cavern floor. This collision can produce a

short duration signal, which corresponds to the 2nd event of the paired

signal. The further analysis of polarities of the first arrivals for the 2nd event

further proves its collision origin. The time interval between two events is

related to the time for the falling rock debris through the brine, which is

controlled by the cavern height and various physical properties of the rock

debris and brine. Through the detailed analysis of paired signals, we can have

a better understanding of the cavity development status for solution salt

mining.
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Introduction

Salt is not only an indispensable necessity for human life, but

also one of the main raw materials for the basic chemical

industry. As a special mining method, solution mining has

been widely used in salt mines to effectively extract subsurface

salt reservoirs, where fresh water is injected into the salt layer

through wells (Berest et al., 2008; Schléder et al., 2008; Liu et al.,

2019; Xing et al., 2021). However, when solution mining

continues, it can create cavities beneath injection wells and

between injection and extraction wells. As a result, geological

disasters such as surface subsidence and sinkholes may be

induced by solution mining, which could result in large

damages for human life and property (Ege, 1984; Waltham

et al., 2005; Ellsworth et al., 2012; Gutiérrez et al., 2014;

Kinscher et al., 2014).

The commonly used methods for monitoring the potential

collapse of solution salt mines include seismic method,

settlement monitoring, hydrophone monitoring, and cavity

scanning (Liu et al., 2020). Seismic method includes two-

dimensional and three-dimensional seismic imaging using

active sources, ambient noise tomography, and

microseismic monitoring. Two-dimensional or three-

dimensional seismic exploration method has been widely

used in salt mining, which can be used to image the

dissolution cavities (Xiong et al., 2019), but it is generally

expensive to conduct the survey and cannot dynamically

monitor the development of dissolution cavities. Surface

subsidence monitoring cannot be used to image cavities

and may not provide sufficient information about the

cavity development. Although the InSAR (Synthetic

Aperture Radar Interferometry) technology has a good

spatial coverage (Valentino, 2016), due to the lack of good

scatterers in the salt mine field it may not be sensitive to the

actual surface subsidence.

Compared with other seismic methods, microseismic

monitoring provides an effective way to monitor the solution

mining process dynamically. It was first applied in the early

sixties (Cook, 1963) and has grown to be a routine tool in daily

mining hazard assessment (Ge, 2005). As solution mining

continues, the cavity roof may become instable and can

produce some fractures. As a result, the fracturing process will

produce some microseismic signals that can be detected by the

microseismic monitoring system (Guarascio, 1987; Trifu and

Shumila, 2010; Nayak and Dreger, 2014; Kinscher et al., 2016).

For example, a local seismic network installed over an

underground salt cavern in the Lorraine basin recorded

microseismic events possibly related to fluid-filled cracking

process and rock-debris falling into the cavern from

delamination of clay marls in the immediate roof (Mercerat

et al., 2010).

Earthquake waveforms are highly complex due to multiple

effects including source mechanism, stress drop, scattering, site-

effects, phase conversions and interference from a multitude of

noise sources (Das and Zoback, 2011; Eaton et al., 2013; Zhu and

Beroza, 2019). In general, the signals generated by the brittle

failure of rock are easily identified. Hydroacoustic monitoring of

the controlled collapse of the Cerville-Buissoncourt salt cavity

has identified two types of events, termed “X” events and

“seismic” events, which could serve as precursory events of

the collapse (Lebert et al., 2011). The “X” events may be

related to the damaging and breaking process in the roof that

involves microcracks appearing and then coalescing. In

comparison, the “seismic” events that occur after the period of

“X” events are likely related to the postrupture rock movements

related to the intense deformation of the cavity roof (Lebert et al.,

2011). Some microseismicity observed in the vicinity of an

underground salt cavern was triggered by a remote M ~

7.2 earthquake that is ~12,000 km away (Jousset and Rohmer,

2012). They documented three types of earthquakes (brittle-like

micro-earthquakes, Long Period events and Very Long Period

earthquakes), similar to those recorded in volcanic or

hydrothermal systems (Jousset and Rohmer, 2012). In

addition to microseismic events, roof failure could also

produce ground shaking events (Dahm et al., 2011).

In this study, we report the characteristic paired signals

that are first observed from solution salt mining from the 7-

month continuous surface microseismic monitoring of the

Dingyuan salt mine in China. For the first time we have

observed paired signals that are induced by cavern roof

instability. No previous research has found this pairing

phenomenon in solution salt mining, and no research has

explained the second event of paired signal associated with the

collision between the fallen debris and the cavern floor. This

paired signal may be related to the detachment process of roof

debris and its impact on the cavity floor. We give a detailed

analysis of the mechanism for forming the observed paired

signals and show their potential applications on assessing the

stability of the cavity roof.

Surface microseismic monitoring system

The Dingyuan salt mine with dozens of wells lies in

Dongxing Town, Dingyuan County of China (Figure 1A).

Millions of tons of salt have been exploited by solution

mining since 1988, which produced many caverns full of

brine in the underground (Xiong et al., 2019). There have

been three surface collapses in the area which seriously

affected the normal production and exacerbated the public

panic on salt mining (Zhang et al., 2018, 2019).

Eleven three-component geophones (VHL5) of Weihai

Sunfull Geophysical Exploration Equipment Co., Ltd. were

installed in shallow holes of 5 m deep covering the area of

1,400 m by 1,000 m (Figure 1B) to monitor solution mining.

The geophones have the response frequency of 5 Hz and have
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the sensitivity of 200 v/m/s. Its temperature sensitivity ranges

fromminus 40°C to 100°C, and its coil resistance is 3,600 Ω. The

sampling frequency is set to be 500 Hz. We use the 7-month

continuous monitoring data fromMay 2017 to November 2017.

The roof boundary of cavern C1 (Figure 2A) has been imaged

from the 3D seismic exploration (Xiong et al., 2019). It is full of

brine and beneath seismic stations S5 and S4. The thickness of

the sediment deposit ranges from 8 to 36 m in this area. The

underlying bedrocks are sandstone, mudstone, gypsum

mudstone and salt, respectively (Figure 1C). The salt

formations in the basin are buried continuously at depths of

~300–600 m. Solution mining is the process of extracting

soluble minerals. Fresh water is injected from the injection

well and the brine is extracted from the extraction well which is

called the dual-well convection. As a result, the caverns

continuously grow as the salt is dissolved (Figure 2B). When

the soluble minerals are mined, salt cavities will be formed and

become larger, which may induce surface collapse hazards.

FIGURE 1
(A) The geographic location of the Dongxing salt mine in eastern China. (B) The distribution of surface geophones of the microseismic
monitoring system. (C) Stratigraphic column of the Dongxing salt mine (modified after Zhang et al., 2018).

FIGURE 2
(A)Map showing the distribution of 11 seismic stations (black dots) and solution caverns (enclosed areas). The red and blue lines represent the
roof and floor boundaries of the caverns, respectively, which are derived from the 3D active seismic imaging. The cavity with thickened lines is the
cavern C1. (B) Layout diagram illustrating the dual-well solution mining. The cavern is full of the brine.
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Accompanied by mining, many physical processes like

fracturing in the roof and debris hitting the floor may

produce microseismic signals which can be received by our

surface microseismic monitoring system.

The paired microseismic signals

With 7 months of observation, we have detected many

signals including natural earthquake signals and

microseismic signals in the salt mine with the standard STA/

LTA algorithm (Allen, 1978). In these waveforms, we detected a

new kind of microseismic signal consisting of two parts, which

is for the first time observed for solution salt mining. The first

part of the paired signal is a long-duration signal of about 15 s.

The second part is a short duration signal. The separation

between two signals ranges from 30 to 90 s (Figure 3). The

durations of the two parts are different and the first one is

longer than the second one. FromMay 2017 to November 2017,

there are a total of 88 distinct paired signals with these

characteristics and they are randomly distributed at any time

of the day.

FIGURE 3
Four examples of paired signals having the window length of 180 s. The title of each waveform is the UTC time for the beginning time of the
record. The horizontal coordinate is the station number and three channels for each station are shown.
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To further compare these two parts of the paired signals, we

analyze their time-frequency properties and initial motions. From

the time frequency analysis of the vertical (Z) component of the

seismic data, we can find that the frequency content of the first part

of the paired signal is below 40 Hz, and it decreases gradually. In

comparison, the frequency of the second part of the signal

concentrates below 10 Hz (Figure 4). The initial motions of the

first signal are random but the initial motions of the second signal

are moving downward in the vertical direction (Figure 5). Usually,

the second signal waveformhas a narrow frequency band (Figure 6).

These characteristics are ubiquitous in our 88 paired signals.

Besides, there is a significant difference between these two parts.

The travel time differences on different stations for the first signals

are almost all less than one second, but the travel time differences on

different stations for the second signals can be up to about 3 s

(Figure 5). Usually the stations S6, S8, and S10 received the second

signal earlier, and the stations S1 and S2 recorded the latest.

Double-pair double-difference location

Event-pair double-difference earthquake location method, as

incorporated in hypoDD (Waldhauser and Ellsworth, 2000), has

been widely used in improving relative earthquake locations. One

advantage of the double-difference location method is that the

relative locations are less affected by velocity uncertainties

because some common path anomalies outside the source

region can be cancelled out due to similar ray paths. Similarly,

station-pair differential arrival times from one event to pairs of

stations can also be used to improve earthquake locations by

cancelling out the event origin time and some path anomalies

inside the source region (Zhang et al., 2010). To utilize

advantages of both double-difference location methods, Guo

and Zhang (2017) developed a double-pair double-difference

location method using differential times constructed from pairs

of events to pairs of stations.

FIGURE 4
Time frequency analysis of the Z-component of the four paired signals at station S2. The top one is thewaveform and the bottomone is the time
frequency spectrogram of the corresponding waveform. (A) The paired signal on 13 May 2017, 19:23:00 UTC. (B) The paired signal on 14 May 2017,
20:56:00 UTC. (C) The paired signal on 18 August 2017, 10:59:00 UTC. (D) The paired signal on 24 August 2017, 02:32:00 UTC.
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We have relocated the first signals with the double-pair

double-difference earthquake location algorithm (Guo and

Zhang, 2017). We set the velocity model according to the

lithology of the overburden (Figure 7A). The initial locations

are constructed by grid search location method. After

double-pair double-difference location, root mean square

values for differential time residuals decrease from

64.59 to 30.26 ms (Figure 7B). Overall. The first

microseismic signals are located around station S5

(Figure 8) where it is under mining.

Discussion

The first event of the paired signal has a longer duration of

~15 s and has a mixed frequency band of 5–30 Hz (Figure 4). It

can be related to multiple fracturing processes on the cavern roof

before the falling of a rock debris. Individual fracturing process

on the roof can emit different microseismic signals and these

signals can be mixed together. In addition, smaller fractures can

coalesce to form larger fractures. As a result, the corresponding

microseismic signals would have lower frequencies (Martínez-

Martínez et al., 2016; Du et al., 2020). This crack generation and

propagation process on the roof is consistent with the time-

frequency characteristics of the first event with higher

frequencies at the beginning and lower frequencies in the later

part. The cotransport of heavy metals and particles by seepage on

the roof will affect the generation of the first event (Bai et al.,

2021). This type of microseismic signal corresponding to a series

of fracturing processes before the detachment of a debris from

the roof has also been found in other solution salt mining (e.g.,

Kinscher et al., 2014).

When the rock debris is detached from the roof, it can

collide with the bottom or the floor of the cavern, which could

also produce seismic signals. The second part of the paired

signal is consistent with this collision process. First, the signal

resulting from collision is expected to be short and actually

the duration of the second part of the paired signal is only

FIGURE 5
The second event waveforms for four paired signals in Figure 3.
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~3 s. Second, for the signal produced by the collision, its

initial motion polarity should be negative in the vertical

component because the equivalent force vector due to

collision points upwards. When we check the polarities of

the first arrivals of second events, most of them are clearly

negative (Figure 5), consistent with this process. Based on the

above analysis, we think the first event of the paired signal

represents the fracture development and the detachment

process for rock debris from the cavern roof, and the

second event represents the collision between the debris

and the cavern floor.

Kinscher et al. (2014) proposed that the process of fracturing

development that could lead to the debris detachment on the

cavity roof in the overlying Marl layer and the overburden can

generate acoustic emissions. The microseismic signals may be

isolated or tremor-like. However, he claimed that due to low

FIGURE 6
Zoom-in waveforms of the second event (left) and the corresponding frequency spectra (right) at five stations for the paired signal observed on
24 August 2017, 02:32:00 UTC. The frequency spectra are computed using the waveforms in the time windows marked by the grey rectangles.

FIGURE 7
(A) P-wave velocity model used for location. (B) Histograms of travel time residuals before (white) and after (white) event relocation.
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energy released by the impacts of falling blocks on the cavity

floor, the related signals may not be detectable by the seismic

instruments. If the floor is covered by the heavy mud layer, most

energy of the collision will be attenuated and absorbed. In our

case, we clearly detect the collision signals, indicating the floor is

not covered by the heavy mud layer that could act as a cushion for

the falling debris.

For the paired signal, the separation time between two events

ranges from ~30 to ~90 s (Figure 3), which should correspond to

the travel time for the debris through the brine. The delay times

between two signals should be controlled by the shape and

density of debris and viscosity of the brine. By assuming the

debris has a circular shape, we can roughly estimate the falling-

velocity of the rock debris (w) in the brine as follows (Ahrens,

2000),

w � C1Δgd2/v + Ct
������(Δgd)√

(1)

where Δ � (ρs − ρ)/ρ,Cl � 0.055 tanh[12A−0.59 exp(−0.0004A)],
Ct � 1.06 tanh[0.016A0.50 exp(−120/A)], A � Δgd3/v2 is the

Archimedes buoyancy index, d is the characteristic diameter

of the debris which means the diameter of the circle, v is the

kinematic viscosity of brine, ρs is the density of the debris, ρ is the

density of the brine, and g is the acceleration of gravity.

The falling velocity of the rock debris in the brine varies from

a few meters per 10 s to a few meters per second which depends

on the shape and size of the debris, the density of the rock and the

temperature of the brine (Figure 9C). The solution is saturated

brine which determines the density of the brine and the

kinematic viscosity of brine. These two values play an

important role in determining the falling velocity of the rock

debris. The ambient temperature and the hydraulic and thermal

conductivity of geotechnical media also play a role in

FIGURE 8
Distribution of event locations for the first events of the paired
signals detected during the 7-month period, The events are
located by the method of double-pair double-difference
earthquake location algorithm (Guo and Zhang, 2017). The
black triangles represent the seismic stations and the red dots
represent the first events of paired signals.

FIGURE 9
Cartoon showing themechanism of the observed paired signals for solution salt mining. (A) The paired signals observed at different stations. (B)
The cartoon showing the physical process producing paired signals. (C) The velocity of the falling bock from the roof through the brine estimated
using Eq. 1.
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determining the falling velocity (Bai et al., 2022). Here we set the

brine temperature as 40°C, density ρ as 1,200 kg/m3, kinematic

viscosity of brine v = 1.9858e-6 m2/s, and the block density ρs =

2,700 kg/m3.

In our case, the cavern has the height of about 200 m. Based

on the estimated falling velocity, the rock debris will spend

dozens of seconds to fall onto the cavern floor, which is

consistent with our observations. Therefore, in theory, the

time interval between two events of paired signal could be

used to characterize the height of the cavern.

It is noted that the first event of the paired signal has travel

time differences within 1 s at different seismic stations. In

comparison, the travel time differences for the second event

of the paired signal are much larger. This is mainly because the

first event of the paired signal travels through the media above

the cavern roof and its shallower layers and seismic velocities

may not change greatly. In comparison, for the second event of

the paired signal, they need to travel through some cavities filled

with brine and seismic velocities may vary greatly in space. As a

result, the travel times to different stations will differ at a larger

degree. This also makes it difficult to locate the second event of

the paired signal because the velocity heterogeneity is very large

and accurate velocity model is difficult to obtain. In

comparison, we can more accurately locate the first events

with the double-pair double-difference earthquake location

algorithm (Guo and Zhang, 2017), which is less sensitive to

velocity heterogeneities. It can be seen that these events are

mostly located around cavern C1 below station S5 (Figure 8).

These events extend a relatively large depth range of ~200 m.

On one hand, this may reflect the fact that cavern roof has

varying heights. On the other hand, this could be due to location

uncertainties due to inaccurate arrival time picks and velocity

models used for location.

In addition to paired signals, we also observed signals similar

to the first event of the paired signal but without the second part

(Figure 10). This could be because the corresponding rock debris

is too small so that the collision cannot produce enough energy to

be detected by geophones. Or it could be because the cavern floor

is covered by heavy mud materials so that the collision energy is

absorbed and attenuated. It could also be due to the fact that there

are some fractures created in the roof due to the roof instability

but without debris falling. Observing the distinct second part

depends on the size of the fallen blocks and the lithological

characters of the fallen blocks and the cavern floor. Only

relatively huge and hard blocks and relatively hard floor of

the cavern can produce obvious collision signals.

Conclusion

By using a surface microseimic monitoring system for the

Dongxing salt mine located in Dongxing county, China, for the

first time we have observed paired signals that are induced by

cavern roof instability. The first event of the paired signal has a

longer duration, which is caused by a series of crack generation

and propagation on the cavern roof before the debris detachment

from the roof. The second event of paired signal is associated with

the collision between the fallen debris and the cavern floor. The

time delay between two events of paired signal corresponds to the

falling time of the debris through brine. Therefore, by using the

paired signal we can better understand the whole process of

fracturing development on the cavern roof before the rock debris

starts to fall, the time for the debris falling through the brine, and

the collision of the debris on the cavern floor.

By using paired signals, it is helpful for better understanding

the cavern roof instability status and thus assessing the cavern

FIGURE 10
Two examples of signals similar to the first part of the paired signals but without the second part having the window length of 180 s. The title of
each waveform is the UTC time for the beginning time of the record. The horizontal coordinate is the station number and three channels for each
station are shown.
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collapse hazard. By locating the first event of paired signals, we

can delineate the spatial distribution of cavern roof. The delay

time between two events of paired signals can be used to

qualitatively estimate the height of the cavern. The

observation of collision signal could be used to derive the size

of the rock debris through some further analysis. The derived

information could be combined to assess the cavern collapse

hazard through some rock mechanics analysis.
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