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Abstract: To determine the relationship between underground mining, groundwater storage change,
and surface deformation, we first used two sets of ENVISAT data and one set of Sentinel-1A data
to obtain surface deformation in eastern Xuzhou coalfield based on the temporarily coherent point
interferometric synthetic aperture radar (TCPInSAR) technique. By comparison with underground
mining activities, it indicated that the surface subsidence is mainly related to mine exploitation
and residual subsidence in the goaf, while the surface uplift is mainly related to restoration of the
groundwater level. The average groundwater storage change in the eastern Xuzhou coalfield from
January 2005 to June 2017 was obtained through the Gravity Recovery and Climate Experiment
(GRACE) data, and the results indicated that the groundwater storage changed nonlinearly with
time. The reliability of the groundwater monitoring results was qualitatively validated by using
measured well data from April 2009 to April 2010. Combining with time of mining and mine closing
analysis, groundwater storage change within the research area had a strong correlation with drainage
activity of underground mining. An analysis was finally conducted on the surface deformation
and the groundwater storage change within the corresponding time. The results indicated that the
groundwater storage variation in the research area has a great influence on the surface deformation
after the mine closed.

Keywords: coal mine area; INSAR; surface deformation; grace; groundwater

1. Introduction

Among the approximately 7.0 billion m3/ year groundwater runoff system in northern China,
approximately 2.7 billion m3/year is related to various mining activities [1]. When the mining activity
is located in or near a groundwater system, it will affect the hydrogeological condition and the
natural cycle and evolution patterns of groundwater system [2,3]. During development and recovery
in mining activities, the groundwater must be drained. Meanwhile, extraction of coal causes the
generation of a large number of cracks in the rock formation (the cracks can even extend to the
surface), which intercept and change the discharging condition of groundwater runoff and tighten
the hydraulic connection of various aquifers. Moreover, the continuous supply of water through
atmospheric precipitation and surface water causes more water inflow to the mine; as such, the mine
becomes the discharging center of groundwater in the mining area [2]. Therefore, the process of
mine exploitation and production is accompanied by changes in water circulation patterns in the
groundwater system [3]. The drainage condition changes caused by the mine closing lead to new
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changes in the already-disturbed groundwater flow. The recharge of groundwater will alter the
hydrodynamic conditions and, thus, can produce geologic hazards. For example, the recharge of
groundwater changes the pore water pressure in rock formations and further changes the effective
stress between collapsing solid skeletons, which will cause secondary surface subsidence in the already
stabilized subsidence region [4,5]. Since the mining space is recharged with water, the rock pillar
will become softened and damaged and eventually collapse, causing geologic hazards on the surface
of the mining area [6]. When the groundwater level in the abandoned mine rises to the level of the
tunnel connected to the adjacent mines, water will flow into the adjacent mines. When the water
level rises, the lateral water pressure increases, and water eventually bursts into adjacent mines in the
form of goaf water, causing the occurrence of water inrush accidents [7]. Therefore, studies on the
relationship between underground mining activity, groundwater level variation in a mine during and
after the mine exploitation, and surface deformation are of important significance. It is necessary to
study the mechanism of mining overburden deformation under the effect of groundwater, improve the
prediction and forecast model of mining subsidence, and prevent the occurrence of a geologic hazard.

To monitor and analyze the surface deformation caused by coal mining, traditional monitoring
methods (such as leveling survey, global navigation satellite system, and three-dimensional laser
scanning) can provide information of point deformation with high accuracy. However, the traditional
monitoring methods have low spatial coverage and are, thus, difficult to effectively monitor the surface
deformation of the entire mining area [8,9]. The differential interferometric synthetic aperture radar
(DInSAR) technique has the advantages of all-day, all-weather, and high-space coverage, and it has been
well applied on the aspects of earthquakes [10], volcanoes [11], glacier movements [12], and subsidence
caused by the exploitation of urban groundwater [13] and mines [8,9,14]. The DInSAR technique
can not only overcome the shortcomings of traditional methods, but can also obtain high-resolution
surface deformation. The monitoring accuracy of DINSAR can reach the centimeter level [15]. However,
because the DINSAR technique is seriously affected by atmospheric delay noise and spatio-temporal
incoherence, it has limited capability to extract long-term surface deformation.

To overcome the shortcomings of the DINSAR technique, the persistent scatterer (PS) InNSAR
technique [16], the small baseline subset (SBAS) technique [17], interferometric point target analysis
(IPTA) [18], the coherence pixel technique (CPT) [19], and the temporarily coherent point (TCP) InNSAR
technique [20-23] have been successively proposed. Moreover, these multi-temporal INSAR techniques
have been fairly well applied in mining areas, such as the Nord /Pas-de-Calais coal basin, Northern
France [24], Luxembourg region, French-German border [25], Azul mine, Brazil [26], La Union Mining
District, Spain [27], and the Yulin mining area, China [28]. Along with the development of the
SAR imaging technique, large-scale imaging models of SAR image, such as ScanSAR and Terrain
Observation with Progressive Scans SAR (TOPSAR), make it possible to monitor long-term surface
deformation over large regions.

To monitor and analyze groundwater level variation caused by coal mining, representative
wells, springs, drill holes, and operating mines are selected for the field measurement [29].
Although traditional measurement methods can accurately measure variations in groundwater level,
because hydrogeological conditions in mining areas are complicated, it is very difficult to reflect
groundwater variation of the entire region through data from a limited measurement point. Moreover,
the measurement location will be closed after the end of the exploitation of the mine. Therefore,
after the mine is closed, it is very difficult to monitor groundwater variation in the mining area.
The Gravity Recovery and Climate Experiment (GRACE) satellite was jointly developed by the National
Aeronautics and Space Administration (NASA) of the United States and the German Aerospace Center
and successfully launched in March 2002. The time-varying Earth gravity field detected by the GRACE
satellite can be used to obtain the terrestrial water storage change based on the mass change of the
Earth. Many studies using GRACE data to determine terrestrial water reserves confirm that the
GRACE data is practical and effective for detecting groundwater storage change [30-33]. This shows
a clear relation between surface deformation and groundwater storage change through the analysis
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of INSAR and GRACE data [34-36]. However, the studies that combine the InNSAR and GRACE data
to investigate the correlation between groundwater storage change and surface deformation caused
by mining are very limited. The variation in the groundwater storage caused by mining activity is
different from the variation of urban groundwater. The variation range of groundwater caused by
mining is small, but the water loss is rapid, and the flow volume is large. Moreover, as mining activity
continues, the goaf easily becomes the groundwater gathering center, therefore, it enhances water
discharge. After a mine is closed, and the pumping activity stops, the groundwater rapidly rises and
quickly fills the goaf. Although the spatial resolution of GRACE is low, the high signal-to-noise ratio of
mass change caused by a large-amplitude groundwater storage change in a concentrated region can be
detected by the GRACE data [36]. Some studies have indicated that when the same mass change is
concentrated in a small region, it can be detected by GRACE [37,38]. Therefore, GRACE data can be a
good source for monitoring the variation in the groundwater storage of a mining area.

To determine the relationship between mining activity, variation in the groundwater storage,
and surface deformation, we first used 13 scenes of descending ENVISAT data (track: 361, frame: 2925),
10 scenes of descending ENVISAT data (track: 404, frame: 2907), and 32 scenes of ascending Sentinel-1A
data to obtain the line-of-sight (LOS) surface deformation in the eastern Xuzhou coalfield (Figure 1a)
based on the TCPInSAR technique. Then, the GRACE data and Global Land Data Assimilation
System (GLDAS) data are used to obtain the average variation of groundwater storage in the research
area from January 2005 to June 2017 and the reliability of acquired groundwater results is verified
by comparing with the measured groundwater level data. Finally, the relationship among mining
activities, surface deformation, and groundwater storage variation are analyzed comprehensively and
the correlation between the groundwater storage variation and surface deformation in the research
area is discussed.
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Figure 1. Overview of the research area. (a) Geographical location of the research area. The red, blue,
green, purple, and orange rectangular boxes are, respectively, the coverage range of the Sentinel-1A
data, the ENVISAT (track: 361, frame: 2925 and track: 404, frame: 2907) data, the GLDAS data
and the GRACE data; (b) mining area distribution map. The base map in Figure 1b is the Landsat8
optical image.

2. Background of Study Area

2.1. Eastern Xuzhou Coalfield

The Eastern Xuzhou coalfield is located in Jiawang district, which produces more than 4 million
tons of raw coal annually. The F5 fault divides the Eastern Xuzhou coalfield into two mining areas—the
south and the north (as shown in Figure 1b). The Jiawang mining area is north of the F5 fault and is
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approximately 38 km?. It is generally an incomplete syncline structure surrounded by mountains on
three sides. The surrounding bedrock directly crops out at the surface. In addition to the two mines of
the Qingshanquan and Hangiao of the Xuzhou Coal Mining Group Corporation, there were more than
160 local coal mines. The mining history exceeds 100 year, and the coal mines that were successively
exploited include the Lower Shihezi Formation Coal Mine 1 and 3, Shanxi Formation Coal Mine 7,
and Taiyuan Formation Coal Mines 17, 20, and 21. Since the coal resources are depleted, the large and
small coal mines in the mining area have all been closed. The Panjia’an mining area is situated south of
the F5 fault, is approximately 57 km?, and is generally an incomplete syncline structure. The southern
part is the outcrop area of coal strata and the northern part are adjacent to the Jiawang mining area.
There were once several mines in Quantai, Qishan, Dongzhuang, and Dahuangshan, which are now
all closed. The spatial distribution of mines and the mining closing date are reported on the Figure 1b.

2.2. Hydrogeologic Overview

The basement of the Eastern Xuzhou coalfield is of Cambrian and Ordovician karstic limestone.
The limestone strata are exposed in the erosive low-mountain zone on the basin margin, where the
infiltration of atmospheric precipitation is convenient, and water abundance is high. The upper layer
of Ordovician limestone is deposited with the thin-limestone-layer-intercalated purple shale of the
Benxi Formation, and the permeability is weak. It is overlaid by the Taiyuan Formation, which contains
thirteen layers of karstic limestone. The upper layer of the Taiyuan Formation is of Permian age and is
made of sandstone, sandy shale, shale, and coal seam, with some sandstone crack aquifers, and the
water abundance is low.

The main aquifer of the Eastern Xuzhou coalfield is the Quaternary sandy-gravel strata, the six
strata of sandstone-fissured aquifers of the Lower Shihezi Formation, the 13 strata of limestone
dissolution fissure aquifers of the Taiyuan Formation, the limestone dissolution crack aquifer of the
Benxi Formation, and the Ordovician limestone karst aquifer.

According to the incomplete statistics, there are a total of 109 water wells in this area, and the
annual water withdrawal is as high as 21.764 million m3. In addition, the annual water discharging
amount in the mining area is 45.608 million m?, and the total yearly water extraction amount from

underground is approximately 67.372 million m°.

3. Datasets and Methods

3.1. Experimental Data

We collected a total of 55 SAR scenes. In particular, the 13 scenes of descending ENVISAT
data (track: 361, frame: 2925) were acquired from 17 June 2006 to 2 February 2008; the 10 scenes of
descending ENVISAT data (track: 404, frame: 2907) were acquired from 1 December 2009 to 12 October
2010; the 32 scenes of ascending Sentinel-1A data were acquired from 4 October 2016 to 15 January
2018. The images footprints are shown in Figure 1a, and the imaging parameters of different images
are shown in Table 1.

Table 1. Imaging parameters of SAR images.

Incidence Resolution Repeat Waveleneth/Band Polarization Number

Angle (Azimuth X Range) Cycle 8 Mode of Images
ENVISAT(Track:361) 33.7° 393 m x 7.80 m 35 days 0.056 m/C \'A% 13
ENVISAT(Track:404) 22.8° 4.05m x 7.80 m 35 days 0.056 m/C 'A% 10
Sentinel-1A 39.2° 13.94 m x 2.33 m 12 days 0.056 m/C VH 32

The experiment adopted the 0.5° GRACE Mascons monthly solution data provided by the Center
for Space Research (CSR) (http:/ /www?2.csr.utexas.edu/grace) [39] to obtain the mass change in the
research area from January 2005 to June 2017. To eliminate the influences of soil moisture content
and snow water equivalent, the GLDAS hydrologic model data was adopted based on the Noah land


http://www2.csr.utexas.edu/grace

Remote Sens. 2018, 10, 1392 5 0f 20

surface model (https://ldas.gsfc.nasa.gov/gldas/). The spatial resolution of these data is 0.25°, and it
exhibits as the monthly solution on the temporal resolution.

3.2. TCPInSAR Technique

A feature of the TCPInSAR technique is that the selected TCP do not need to maintain coherence
during the entire monitoring period and that the calculation of surface deformation does not need
phase unwrapping [20,21,28]. The procedures of the TCPInSAR technique include selection of
TCP, TCP network construction, estimation of arc segment ambiguity, elimination of arc segments
with ambiguity, and deformation calculation. The code of TCPInSAR technique was provided by
Zhang et al. [40].

Firstly, three images on 28 April 2007, 16 March 2010, and 9 March 2017 of three groups’ images
were selected as the master images, and other images were all registered and re-sampled with the
master images. To reduce the influence of spatiotemporal incoherence, the maximum spatiotemporal
baselines of the three groups SAR images were set to 176 days, 106 days, 60 days, and 1200 m, 504 m,
and 150 m, respectively. A total of 91 interferometric pairs (Figure 2) in the three groups’ images were
generated by GAMMA software. The terrain phase was eliminated by the Shuttle Radar Topography
Mission (SRTM) digital elevation model (DEM) 3 arc second data provided by the NASA [41]. In order
to improve the orbit accuracy of the ENVISAT data, the DORIS precise orbit data provided by the
European Space Agency (ESA) were adopted.
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Figure 2. Spatiotemporal baseline map of interferometric pairs of three image sets. The red dot denotes
the master images, the green square denotes the slave images. (a) Interferometric pairs of ENVISAT
data (track: 361, frame: 2925); (b) interferometric pairs of ENVISAT data (track: 404, frame: 2907);
(c) interferometric pairs of Sentinel-1A.
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In the original TCPInSAR technique, the TCP is extracted through statistical analysis of the offset
information of pixel points. Because the computation was complicated and required a great deal
of time, the experiment adopted the coherence information of the interferometric map to select the
TCP. To reduce the influence of atmospheric noise and the number of arc segments with ambiguity
and increase the number of local arc segments, the TCPInSAR technique adopts the local Delaunay
triangulation to construct the arc segments between TCPs [21].

In the ith interferogram, the wrapped phase goflm of a TCP (I, m) can be expressed as:

i _ i i i i i i
(Pl,m - W{(Pdefo,l,m + (Ptopo,l,m + (Patmo,l,m + (Porbit,l,m + (Pdop,l,m + (Pnoise,l,m} (1)

where W{-} is the wrap operator; gofi efom is the phase caused by the surface deformation; goio poLm is
the phase caused by the terrain error; ¢}, ; , is the phase caused by the atmospheric delay; ¢, .
is the phase caused by the orbit error; ¢/, plm 18 the phase caused by Doppler centroid difference;
and ¢! ..., is the noise phase, which includes the phase caused by the systematic thermal noise
and incoherence.
The phase difference Agof,m’l,,m, at the arc constructed by TCP (I, m) and TCP (', m") can be
expressed as:
A q);,m,l’,m’ = D‘;,m A hl,m,l’,m’ + IBi AV + w;,m,l’,m’ 2)

where Al ., is the difference of the topography residuals at two TCPs (I, m) and (I, m');
“;,m = _47TBiL,l,m / Ar;’msinQ;"m is the corresponding coefficient; B, is the perpendicular baseline;
A is the wavelength; r is the slant range from the sensor to the ground; 0 is the incidence angle; AV is

the differential deformation rate vector; B, = % (tx —tx_1) is the corresponding coefficient;

and w! , , includes differential phase related to atmospheric artifact, orbital error, Doppler centroid
difference, and other noise [23,24].
The observation model for arcs can be expressed with Equation (3) [22,23]:

g =a| S ] W
_ 1 2 1
Ago - |:Aq)l,m,l’,m’ A q)l,m,l’,m’ e A q)l,m,l’,m’} (3)
_ 1 2 I
W= [wl,m,l’,m’ A wl,m,l’,m’ e c"Jl,m,l’,m’}

where Ag is a phase differences vector between two adjacent TCPs in a total of I interferograms; A is
the design matrix include height-to-phase conversion factors and time combination matrix; and W is a
stochastic vector.

Here, parameters AV and Ah; ,,, y ,y can be calculated with the least-squares method [22,23].
However, because some arc segments have phase ambiguity and there is lack of a priori knowledge
on the statistical model of ambiguity, Zhang et al. [22,23,40] proposed to use the method of variance
component estimation to evaluate the accuracy of the design parameters and used a least-squares
estimator to eliminate the arc segments with ambiguity from the initial solution. Finally, the retained
arc segments are used to estimate the ultimate solution based on the least-squares method.

3.3. Calculation of Groundwater Storage Change

To determine the variation of groundwater storage in the research area, the 0.5° GRACE Mascons
monthly solution was adopted obtained from the CSR [39] to obtain the terrestrial water storage
change from January 2005 to June 2017. The change in terrestrial water storage retrieved from the
GRACE data is the total change in groundwater, snow cover, ice sheets, soil moisture, vegetation water,
and surface runoff. In particular, snow cover, ice sheets, soil moisture, vegetation water, and surface
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runoff are all classified as surface water. The groundwater storage change can be obtained by the total
change of terrestrial water subtracted by the change of surface water. The influence of surface runoff,
ice sheets and vegetation water in the research area were neglected when calculating the groundwater
storage change because they are small.

A GWS = ATWS — ASMS — ASIS 4)

where AGWS is the change of groundwater storage; ATWS is the change of terrestrial water storage,
which can be obtained from the GRACE data; ASMS is the change of soil moisture on the surface;
and ASIS is the snow water equivalent. The 0-0.1 m, 0.1-0.4 m, 0.4-1 m, and 1-2 m soil data and
snow data provided by the 0.25° x 0.25° GLDAS-Noah hydrological model were adopted to obtain
the change in soil moisture and snow water equivalent from January 2005 to June 2017 in the research
area. To ensure that the spatial resolution of terrestrial water storage change obtained by GRACE data
is consistent with the surface water storage change obtained by GLDAS data, the kriging interpolation
was adopted to resample the GLDAS data with the same resolution as the GRACE data.

4. Results

4.1. InSAR Results

In order to analyze the results of INSAR monitoring, we have statistically analyzed the deformation
of the entire monitoring area during the three monitoring periods through the number of coherent
points (NCP), average deformation rate (ADR), and standard deviation (SD). The results are shown
in Table 2. According to the theory of mining subsidence, the area is defined as stable when the
surface deformation is less than 10 mm [2]. However, the magnitude of surface deformation caused by
groundwater level change is usually less than the surface deformation caused by mining. Combining
the statistical information in Table 2, when the average deformation rate is between —5 to 5 mm/year,
the area is defined as stable. Statistical information of the deformation outside the boundary of the
mining area (OBMA) is also shown in Table 2, which reflects the accuracy of the monitoring results to a
certain extent. The detailed deformation of each monitoring period in the study area is analyzed below.

Table 2. Statistical information of deformation in the study area.

.InS.AR ] NCP ADR SD NCP-OBMA ADR-OBMA SD-OBMA
Monitoring Time (mm/year) (mm/year) (mm/year) (mm/year)
2006/06-2008 /02 14,555 0.0 25 11,378 0.0 2.0
2009/12-2010/10 59,568 0.1 4.8 44,123 0.2 42
2016/10-2018/01 135,920 0.0 3.5 86,741 0.0 34

Figure 3 shows the LOS deformation for the eastern Xuzhou coalfield obtained with 13 scenes of
descending ENVISAT data from June 2006 to February 2008. Since the SAR image cannot cover the
entire research area, the deformation results were partly covering the regions of the Qingshanquan,
Quantai, and Dahuangshan mines. As shown in Figure 3a, the areas outside the mining area boundary
were stable, and the deformations were concentrated in the areas of the Quantai mine and southwest of
the Dahuangshan mine. Only part of the area of the Qingshanquan mine was in the subsiding condition.
The deformation was mainly concentrated in the Eastern Xuzhou coalfield. There is a preferable spatial
correlation between surface deformation and the mining area. The maximum subsidence rate located
in the Quantai mine was —25.6 mm/year, and the maximum uplift rate located in the Dahuangshan
mine was 10.3 mm/year. Figure 3b shows the LOS time-series deformation in locations with rapid
deformation in the mining area. The LOS time-series deformation was obtained by averaging TCPs in
a black circle of Figure 3a.

Figure 4 shows the LOS deformation in the eastern Xuzhou coalfield obtained from 10 scenes
of ENVISAT images from December 2009 to October 2010. According to Figure 4a, most of the areas
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outside the mining area boundary were stable, except for the uplift phenomenon occurring near the F5
fault in the south of the Hanqgiao mine and the southwest of the Qingshanquan mine (for the reasons
see the Section 5). Some slow deformation phenomena appeared in the mountainous areas outside
the mining area boundary. These slow deformations are related to the residual error of the DEM.
The deformation was mainly concentrated in the Eastern Xuzhou coalfield. There is a preferable spatial
correlation between the surface deformation and the mining area. The maximum subsidence rate in
the territory of the Qishan mine was —39.5 mm/year, and the maximum uplift rate in the territory of
the Hangiao mine was 24.9 mm/year. By comparing this result with the results for October 2006 to
February 2008, it can be seen that the subsidence phenomenon appeared in the southwestern region
of the Dahuangshan mine, and the subsidence velocity reached —20.3 mm/year. The Quantai mine
was still dominated by subsidence. However, an uplift phenomenon occurred near the F5 fault in
the Quantai mining area. One year after the Qingshanquan mine was closed, an uplift phenomenon
appears in the southwestern region of the Qingshanquan mine, while most regions in the northeast
were still dominated by slow subsidence. Although the Hangiao mine and the Qingshanquan mine
were closed at the same time, there was an obvious difference in the situation of surface deformation.
The range and velocity of surface uplift in the Hangiao mine were obviously larger than that in the
Qingshanquan mine (for the reasons see Section 5). In the Qishan mine, the surface is dominated by
subsidence. Eight years after the Dongzhuang mine was closed, the overall deformation of the mining
area was slow.
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Figure 3. The LOS deformation from June 2006 to February 2008. (a) The LOS annual average
deformation rate. The red-black circles show the locations of the main wells in the mining area.
The black circles show the location of the pixels whose time-series are showed in (b), and the base map
is the intensity image of ENVISAT obtained on 16 March 2010. (b) The LOS time-series deformation.
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Figure 4. The LOS deformation from December 2009 to October 2010. (a) The LOS annual average
deformation rate. The red-black circles are the locations of the main wells in the mining area. The black
circles show the location of the pixels whose time-series are showed in (b), and the base map is the
intensity image of ENVISAT obtained on 16 March 2010. (b) The LOS time-series deformation.

Figure 5 shows the LOS deformation obtained from 32 scenes of Sentinel-1A data from October
2016 to January 2018. As showed in Figure 5a, most of the areas outside the mining area boundary
were stable, except for the subsidence phenomenon in the western area. The subsidence area was
located in the rural-urban fringe zone of the Tongshan district, Xuzhou. According to the planning of
new urbanization and rural-urban development integration in Xuzhou (2015-2020) [42] promulgated
by the Xuzhou government, the subsidence of the region may be caused by the compaction of soil
due to buildings constructed or/and the water use of industry and agriculture. The deformation was
mainly concentrated in the Eastern Xuzhou coalfield. There is a preferable spatial correlation between
surface deformation and mining area. The maximum subsidence rate occurring in the Qishan mine
was —39.8 mm/year, and the maximum uplift rate occurring in the Hangiao mine was 24.1 mm/year.
The comparison with the results from December 2009 to October 2010 indicates that the overall
deformation in the Dahuangshan mine was insignificant. Only part of it displayed uplift, and max
rate was 15.7 mm/year. The overall deformation of Qingshanquan mine was insignificant during the
eight years after the mine was closed. Eight years after the Hanqiao mine was closed, the range of
surface uplift region noticeably decreased. Most of the region became stable, and the maximum uplift
rate also declined by 0.8 mm/year. However, the surface deformation of the Dongzhuang mine was
dominated by uplift of 14 mm/year. After the Qishan mine was closed in September 2016, due to the
influence of residual subsidence in the goaf, the surface in the mining area was still dominated by
subsidence. Although the Quantai and Qishan mines were closed at the same time, an apparent uplift
phenomenon appeared in the Quantai mine (for the reasons see Section 5).
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Figure 5. The LOS deformation from October 2016 to January 2018. (a) The LOS annual average
deformation rate. The red-black circles show the locations of the main wells in the mining area.
The black circles show the location of the pixels whose time-series are showed in (b), and the base map
is the intensity image of ENVISAT obtained on 16 March 2010. (b) The LOS time-series deformation.

4.2. GRACE Results

The mass change of the Eastern Xuzhou coalfield was caused jointly by the mining and drainage
activity of the groundwater. However, the annual raw coal yield (more than 4 million tons) in the
research area was approximately 6% of the mass of the extracted annual groundwater (67.372 million
tons). Therefore, the influence of underground mining activity was neglected, when the mass change
in the research area was obtained from the combined GRACE and GLDAS data.

The groundwater storage change obtained by GRACE and GLDAS from January 2005 to June 2017
was shown in Figure 6. The mean long term trend of the groundwater storage change was 41 mm/year
in the Eastern Xuzhou coalfield (Figure 6a). The time series of the groundwater storage change in the
Eastern Xuzhou coalfield was shown in Figure 6b which exhibited a non-linear trend. From 2005 to
2008, the groundwater storage in the research area exhibited a downtrend. In 2008-2011, the regional
groundwater storage exhibited a slow uptrend. However, after 2011, the regional groundwater storage
exhibited a steep decreasing trend. Then, after 2017, the mass change again had an uptrend. Due to
the lack of GRACE data, the variation in the subsequent groundwater storage cannot be monitored.
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Figure 6. (a) Spatial pattern of the groundwater storage change trend obtained by GRACE and GLDAS.
The black line represents the abandoned coal mine. (b) Time series variation in the groundwater storage
of the research area.

5. Discussion

5.1. The Relationship between Underground Mining, Groundwater Level Change, and Surface Deformation

In order to analyze the relationship between surface deformation and underground mining
activities, the influence of the change of groundwater level on the surface deformation after the mine
closure, we have statistically analyzed the surface deformation of each mining area during the three
monitoring periods (I: 2006 /06-2008 /02,1I: 2009 /12-2010/10, III: 2016/10-2018 /01) through maximum
subsidence rate (MSR), maximum uplifting rate (MUR), ADR, SD (as shown in Table 3), and then the
typical deformation of each mining area is analyzed by combining the time of mining and mine closing.
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Table 3. Statistical information of deformation of each mining area.

MSR (mm/year) MUR (mm/year) ADR (mm/year) SD (mm/year)

Mining Area  Closing Time

1 II 111 I II 111 I II III 1 II III
Dahuangshan 2000/01 -81 —-203 —-168 103 105 157 16 -07 —-04 23 3.3 2.8
Dongzhuang 2001/11 - -7.5 —12.5 - 7.8 14.1 - 1.1 0.9 - 2.3 3.5
Qingshanquan 2008/12 -67 —-167 177 35 201 144 -16 -16 07 1.8 45 3.5
Hangiao 2008/12 - —-250 184 - 249 241 - 3.5 0.4 - 6.8 2.6
Quantai 2016/09 —-256 -216 179 8.6 212 215 -12 03 —-01 46 5.3 5.3
Qishan 2016/09 - —-39.5 —39.8 - 141 179 - -25 -1.0 - 6.8 49

5.1.1. Dahuangshan Mine

After a major casualty accident from mine water inrush in the Dahuangshan mine in January 2000,
the mine was sealed and the drainage activity stopped which made the level of groundwater rise [43].
After six years of the mine closure, although the groundwater storage in the entire Eastern Xuzhou
coalfield exhibited a downtrend during October 2006 to February 2008 (Figure 6b), the surface uplift
phenomenon appeared in the Dahuangshan mine (Figure 3b). It was possibly caused by the restoration
of the local groundwater level. However, 10 years after the Dahuangshan mine closed, although the
groundwater storage in the entire Eastern Xuzhou coalfield exhibited an uptrend during December
2009 to October 2010 (Figure 6b), continuous subsidence of the surface occurred in the southwestern
region of the mining area (Figure 4b). The reason is that after the mine was closed, there are two
main factors controlling the surface deformation, that is, the change of groundwater level and the
residual deformation in the goaf. Since the groundwater level was restored in the Dahuangshan mine,
the long-term water erosion reduced the friction of the fractured rock mass, which leads to the further
compaction of fractured rock mass [4,5], thus, the goaf was activated and the surface subsidence was
accelerated. However, After November 2016, the groundwater storage in the entire Eastern Xuzhou
coalfield exhibited a uptrend again (Figure 6b), and a surface continuous uplift phenomenon appeared
again during the period from October 2016 to January 2018 in the Dahuangshan mine (Figure 5b),
the reason may be that the effective stresses on the soils decreases due to the further rise of the
groundwater level, which makes the soil loose [44].

5.1.2. Qingshanquan and Hangiao Mines

Although the groundwater storage in the entire Eastern Xuzhou coalfield exhibited a uptrend
from December 2009 to October 2010 (Figure 6b), a slow subsidence occurred instead of an uplift in the
Qingshanquan mine (Figure 4a) because only one year passed since the mine was closed. Therefore,
the residual subsidence of mining has more influence on the surface deformation than the uplift caused
by the groundwater level rising. Although the Hanqiao and the Qingshanquan mines were closed at
the same time, the range and velocity of surface uplift in the Hanqiao mine are obviously larger than
that in the Qingshanquan mine (Figure 4a). The reason is that the Hanqiao mine is located at the center
of the Jiawang coal-bearing basin, and the mine water of different coal mines and underground runoff
converge to the Hanqiao mine through various channels [45]. Therefore, after both mines were closed,
the groundwater restoration was faster in the Hangiao mine. When the Hangiao mine was affected by
the groundwater restoration, the response time of surface deformation was short. Therefore, a large
area of uplift appeared within a short time in the Hangiao mine after the mines were closed, while the
influence of residual mining subsidence is smaller. The cause of uplift across the mining area boundary
is that the influence of the groundwater recovery exceeds the mining area boundary after the Hangiao
and Qingshanquan mines were closed. However, the F5 fault plays a controlling role in groundwater
flow [46], so the uplift phenomenon in the vicinity of the F5 fault in the south of the Hangiao mine and
the southwest of the Qingshanquan mine appears (Figure 4a).

After November 2016, the groundwater storage in the entire Eastern Xuzhou coalfield exhibited
an uptrend (Figure 6b). Although the surface deformation of the Hangiao mine was dominated by
uplift during the period from October 2016 to January 2018 (Figure 5a), a subsidence phenomenon
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of the surface appeared from April to September in 2017 (Figure 5b). The reason is that long-term
water erosion reduced the friction of the fractured rock mass, which leads to the further compaction
of fractured rock mass [4,5]. Thus, the surface subsidence rate is greater than the uplift rate.
After September 2017, the surface uplifted again due to the continuous rebound of the groundwater
level (Figure 5b).

5.1.3. Quantai and Qishan Mines

Although the groundwater storage in the entire Eastern Xuzhou coalfield exhibited a downtrend
during October 2006 to February 2008 (Figure 6b), it is not the main reason of the surface subsidence of
Quantai mine. The surface continuous subsidence appeared because of the exploitation of Quantai
mine (Figure 3b). However, before the closure of the Quantai mine, an uplift phenomenon occurred
near the F5 fault in Quantai mining area from December 2009 to October 2010 (Figure 4a). The reason
is that the groundwater went up and gushed into the Quantai mining area when the Qingshanquan
mine was closed and drainage was stopped in December 2008, and due to the presence of the F5 fault
there was no water gushing out [46]. Meanwhile, the Quantai and Qishan mines” surface subsidence is
mainly caused by the exploitation of the mine (Figure 4).

After the drainage facilities were stopped in September 2016, an uplift phenomenon and a
subsidence phenomenon appeared in Quantai and Qishan mines, respectively (Figure 5a). The reason
is that the Quantai mine stopped the exploitation before September 2016. However, in order to prevent
the occurrence of water inrush accidents in the Qishan mine, the drainage facility in Quantai was
stopped until all wells in the Qishan mine were closed [46]. Therefore, during the period from October
2016 to January 2018, the residual subsidence in Quantai mine was smaller than in the Qishan mine.
When the influence of the uplift caused by groundwater is stronger than the residual subsidence,
the surface showed the uplift phenomenon (in the Quantai mine (Figure 5b)); instead, the surface
showed the subsidence phenomenon (in the Qishan mine (Figure 5b)).

5.2. The Relationship between Groundwater Storage Change and Underground Mining

Since the spatial resolution of GRACE data is low, it can only reflect the change of the average
groundwater storage in the Eastern Xuzhou coalfield. Therefore, we comprehensively analyze the
relationship between underground coal mining activities and groundwater storage change in the
whole coalfield.

From 2005 to 2008, except the Dahuangshan and the Dongzhuang mines, which were closed in
2000 and 2001, respectively, mining activities and a large amount of drainage activities were ongoing in
all mines in the entire Eastern Xuzhou coalfield. Therefore, the groundwater storage in the entire region
exhibited a downtrend during this period (as showed in Figure 6b). From 2008 to 2011, because the
Qingshanquan and the Hanqiao mines were closed in December 2008, and the pumping was stopped.
Since the Hangiao mine is located at the center of the entire basin [45], the restoration speed and flow
amount of groundwater are both large, which caused the mass of the groundwater inflow to be greater
than the mass of groundwater drainage in the Quantai and the Qishan mines. Therefore, groundwater
storage slowly increased. After 2011, the increase of the groundwater level in the abandoned Hangiao
mine enhanced the water head pressure and caused the mine water to burst into the Qishan mine
through faults and weak aquifers, leading to the occurrence of a major water inrush hazard in the
Qishan mine, and the water inflow reached 13,800 m>/h [47,48]. To ensure the safety of the coal mine,
more than 0.2 million m3
the Qishan coal mine [47]. Moreover, after the Quantai mine was closed, the rise of the water level
threatened the safe production of the adjacent Qishan coal mine. Therefore, before the Qishan mine
was closed, the drainage activity continued in the Quantai mine [46], and the mass of the groundwater
in the entire region decreased again. After 2017, the mass had an uptrend again. The reason is that in
September 2016, the mines in the entire eastern Xuzhou had been closed, and the groundwater storage
mostly recovered. However, due to the lack of GRACE data in September and October 2016, we are

mine water was extracted daily from the abandoned Hangiao coal mine and
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not sure whether the groundwater recovered immediately or there was a time delay after the closure
of the mine.

To verify the reliability of groundwater storage change in the research area obtained by combining
the GRACE and GLDAS data, the groundwater level data was collected in the Hangiao mine from
April 2009 to April 2010 (measured well location is shown in Figure 1b) [49]. Since the equivalent
water height comparable to the GRACE results can only be obtained by multiplying the variation
in the groundwater level by the porosity of soil [50], we only qualitatively compared their variation
trend and did not make any quantitative comparison. According to Figure 7, the agreement between
the variation trends of two datasets is good, and both exhibit the uptrend. The groundwater storage
change obtained by the GRACE data is reliable, and the correlation coefficient of two datasets is
0.51. The following are possible reasons that cause the low correlation coefficients between two
datasets: (1) the resolution of the GRACE data is too low, while the area of the research region is small,
which reduces the signal-to-noise ratio; (2) the GRACE data reflect the overall change of groundwater
storage in the research area, while the data of the measured water level only reflects the change of
groundwater level in the Hangiao mine; and (3) there are not only underground drainage activities in
the research area, but also underground mining activities.

200
—&— Monitoring Well
—&— Groundwater Storage from GRACE

=)

-200

Groundwater Level (m)
Groundwater Storage (cm)

-400 -10
Mar(9 May09 Jun09 Aug09 Oct09 Nov09 Janl0 Marl0 Aprl0
Time (mmmyy)

Figure 7. Validation of GRACE results.

5.3. The Relationship between Surface Deformation and Groundwater Storage Change in the Eastern
Xuzhou Coalfield

The regional mass change is mainly concentrated in the Eastern Xuzhou coalfield. Therefore,
for the convenience of analyzing the correlation between the surface deformation and the groundwater
storage change, masking was performed on the INSAR monitoring results for locations outside the
mining boundary, only TCP with a deformation rate outside —5-5 mm/year was statistical analyzed
through NCP, MSR, MUR, ADR, and SD. The results are shown in Table 4. Since the change of
groundwater level causes the surface deformation to usually have a retardance [51], by combining the
InSAR monitoring results and the actual mining activities, the times were extended forward by one
year while analyzing the groundwater storage change.



Remote Sens. 2018, 10, 1392 15 of 20

Table 4. Deformation information and groundwater storage variation rate.

SAR NCP MSR MUR ADR SD GSVR Corresponding
Imaging Time (mm/year) (mm/year) (mm/year) (mm/year) (mm/year) GRACE Period
2006/06-2008/2 339 —25.6 10.3 —6.2 7.5 -1.0 2005/1-2008/2
2009/12-2010/10 4769 -39.5 249 -0.2 10.8 1.9 2008/12-2009/12
2016/10-2017/6 8856 -39.6 24.6 -25 8.9 —6.9 2015/12-2016/8
2017/6-2018/1 12647 —40.0 34.1 0.1 9.8 0.9 2016/11-2017/6

According to Table 4, the average deformation rate in the monitored area during June 2006
to February 2008 was —6.2 mm/year. The deformation of the monitoring area was dominated by
subsidence. Through the regression analysis on the groundwater storage obtained from January
2005 to February 2008, the groundwater storage variation rate (GSVR) during the entire period was
—1.0 mm/year (Figure 8). During this period, Only Dahuangshan and Dongzhuang mines were closed.
Therefore, although the trend of surface deformation and groundwater storage change is consistent,
the main controlling factor of overall average deformation in the mining area was mine exploitation.
The contribution of groundwater storage change to surface deformation is very small. Since the SAR
data did not cover the entire research area, the estimated ADR may be smaller than the actual situation.

N I I
——Groundwater | |
—Fit curve

y=—0.10z — 0.61

Groundwater Storage (cm)
L

1 1 | 1
Mar05 Oct05 May06 Nov06 Jun07 Dec07 (+€2)

Time (mmmyy)

Figure 8. Variation in groundwater storage from January 2005 to February 2008.

The research area had an average deformation rate of —0.2 mm/year during December 2009 to
October 2010. The uplift and subsidence of the monitoring area were evenly matched. Through the
regression analysis on the groundwater storage change obtained from December 2008 to October 2010,
the groundwater storage change rate is 1.9 mm/year from December 2008 to December 2009 and
—5.0 mm/year from December 2009 to October 2010 (Figure 9). Due to the groundwater changes that
cause surface deformation, which usually has retardance [51], SAR image monitoring time should
correspond to the GSVR analysis time from December 2008 to December 2009, as shown in Table 4.
During this period, only Quantai and Qishan mines were being exploited, and the local groundwater
recovered rapidly and caused a wide range of uplift after the Hangiao mine was closed [45] (Figure 4a).
Therefore, the subsidence caused by coal mining and the uplift caused by groundwater rebound were
evenly matched. The estimated ADR of the whole mining area is small.
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Figure 9. Variation in groundwater storage from December 2008 to October 2010.

Through the regression analysis of the groundwater storage change from December 2015 to
June 2017, it can be seen that the variation rate of groundwater storage was —6.9 mm/year from
December 2015 to August 2016 (the GRACE data for October and November 2015 and September 2016
were absent) and 0.9 mm/year from November 2016 to June 2017 (because the GRACE data do not
include the data for October 2016) (Figure 10). There are two trends in the change of groundwater
storage during this period. Combined with previous analysis, the surface deformation caused by
the groundwater storage change could be delayed of about one year. Therefore, in order to obtain
the surface deformation in the corresponding groundwater storage change, the Sentinel-1A data are
divided into two parts according to the cut-off time of GRACE data. Figure 11 shows the LOS annual
average deformation rate. According to Table 4, the monitoring results from October 2016 to June 2017
generally indicated subsidence, and the subsidence rate was —2.5 mm/year. The overall subsidence
of the research area during the period from October 2016 to June 2017 should correspond to the
GSVR from December 2015 to August 2016. Although all the mines were closed after September 2016,
the ADR increased compared with the previous stage. The reason is that the Qishan and Quantai mines
were closed only for half a year, which is greatly affected by residual subsidence, and the groundwater
in the whole mining area continues to decline. Therefore, the subsidence of the entire mining area is
the combined effect of residual subsidence and groundwater reserves reduction. The deformation
in the entire region was stable during June 2017 and January 2018, and the average deformation
rate was 0.1 mm/year. The overall stable of the research area during the period from June 2017 and
January 2018 should correspond to the GSVR from November 2016 to June 2017, as shown in Table 4.
Corresponding to this SAR monitoring period, the groundwater has recovered in the entire mining
area. And the residual subsidence decreases with the increase of time. Therefore, the deformation of
the entire mining area is relatively stable because the uplift caused by groundwater rebound offset the
residual subsidence caused by the goaf.
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Figure 10. Variation in groundwater storage from December 2015 to June 2017.
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Figure 11. (a) The LOS annual average deformation rate from October 2016 to June 2017; and (b) the
LOS annual average deformation rate from June 2017 to January 2018. The red-black circles show the
locations of the main wells in the mining area, and the base map is the intensity image of ENVISAT
obtained on March 16, 2010.

6. Conclusions

Through 13 scenes of ENVISAT data from 17 June 2006 to 2 February 2008, 10 scenes of ENVISAT
data from 1 December 2009 to 12 October 2010, and 32 scenes of Sentinel-1A data from 4 October 2016
to 15 January 2018, the experiment successfully obtained the surface deformation for mines under
exploitation, the goaf, and the closed mine in the research area based on the TCPInSAR technique.
According to the INSAR monitoring results, mining activity, and groundwater variation, the main
reasons causing the surface subsidence were underground mining and residual subsidence in the goaf,
and the main reason for the surface uplift was groundwater rise following mine closure.

By combining the GRACE data and GLDAS data, the average groundwater storage change was
obtained in the research area from January 2005 to June 2017, which was nonlinear with time. Moreover,
through the measured well data from April 2009 to April 2010, the reliability of the groundwater



Remote Sens. 2018, 10, 1392 18 of 20

storage change results was qualitatively validated. The analysis combining the time of mining and
mine closing indicates that there was a very strong correlation between the drainage activity of
underground mining and the groundwater storage change.

By analyzing the INSAR monitoring results and the results of groundwater storage change
obtained by the GRACE data, the correlation between groundwater storage change and surface
deformation can be better understood. During the period of coal mining, the change of groundwater
storage has little effect on surface deformation in the study area, and mining activity is the main factor
of surface deformation. After the closure of the mine, the surface deformation mainly depends
on two factors: the residual subsidence and the groundwater storage change. The recovery of
groundwater will result in the surface uplift, which may also cause the goaf activation and accelerate
the residual subsidence.

Since the measured data of surface deformation in the research area cannot be collected, the InSAR
monitoring results were only qualitatively analyzed. The statistical analysis is biased because there are
no coherent points in some regions of INSAR monitoring results due to the influence of incoherence.
GRACE data could detect large signal changes in a small region; however, because the GRACE data had
low resolution, the influence of noise and signal leakage reduced the accuracy of the monitoring results.
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