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The exploitation of underground fluid is an important factor leading to land subsidence. The effects of mining depth, frequency,
and mode on land subsidence are also different. The objective of this study was to develop a multisource method—including
optical remote sensing interpretation, Interferometric Synthetic Aperture Radar (InSAR) technology, and unmanned aerial
vehicle (UAV)—to reveal the long-term temporal and spatial evolution law of subsidence characteristics driven by groundwater
and oil extraction, as well as to reveal the formation mechanism and seasonal response law of land subsidence under the action
of different driving factors. In this paper, we select the western region of Jilin Province located in Songnen Plain as the study
area. The subsidence funnels in the study area are distributed in a porphyritic manner, and the distribution of the subsidence
funnels has a certain correlation with the distribution of the pumping wells. In farmland areas, the subsidence is mainly caused
by pumping groundwater. The annual land subsidence rate in the study area is -3.14 mm/a, and the maximum deformation
rate in the study area is -22.05 mm/a. The subsidence is affected by the season, shown by the fact that it rises in the dry season
and decreases in the rainy season. The subsidence in the west of Songnen Plain is caused by oil pumping and groundwater
pumping, and groundwater pumping is dominant. The exploitation of underground fluid transfers the pressure borne by water
or oil to the soil skeleton so as to increase and consolidate the effective stress of the soil layer and lead to land subsidence. The
continuous observation of the surface in the western area of Songnen Plain is helpful to guide the safe production of
agriculture and industry and ensure the smooth development of local industry and agriculture.

1. Introduction

As a common geological disaster all over the world, land
subsidence is generally caused by a series of natural and
human factors, in which human activities are dominant
[1]. The land subsidence caused by such factors is very slight
in the initial stages and difficult to measure, but in the
medium term, the subsidence intensifies and the scope of
influence expands, resulting in huge harm, damage to ground
facilities, and may induce earthquakes in serious cases.

With the development of humankind, the problem of
land subsidence is becoming more and more serious. More
and more technical means and theoretical models are

applied for the prevention and control of land subsidence.
At present, there are many studies in theoretical models
and numerical simulations, including the seepage field
model [2], stress field model [3], and coupling simulation
[4]. Monitoring methods for land subsidence include defor-
mation meter [5] and GNSS [6]. These methods have the
characteristics of high measurement accuracy and simple
operation. However, these monitoring methods also have
some shortcomings, such as limited monitoring points and
only macroscopic observation of land subsidence character-
istics. They are not suitable for large-area and automatic
monitoring, and it is difficult to accurately grasp the overall
distribution characteristics of subsidence [7].
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Interferometric Synthetic Aperture Radar (InSAR) uses a
variety of analysis methods to process radar images, which
can obtain the surface elevation and micro deformation
information of the target area [8], and this method has great
advantages in monitoring regional surface deformation.
Massonnet first used Differential Interferometric Synthetic
Aperture Radar (D-InSAR) to obtain the settlement of the
Landers earthquake in 1993 [9]. Since then, a series of
InSAR time series analysis methods have been widely used
in the monitoring process of land subsidence, such as Persis-
tent Scatterer Interferometric Synthetic Aperture Radar (PS-
InSAR) [10] and Stanford Method for Persistent Scatters
(StaMPS) [11]. Some scholars also use InSAR to monitor
the areas of land subsidence caused by different factors and
analyze the possible causes of subsidence in combination
with corresponding models and data [12, 13]. The small
baseline set technology (SBAS-InSAR) has the advantages
of obtaining small deformation information and long-time
series of slow surface deformation [14]. In recent years, it
has been widely used in deformation monitoring of landslide
[15, 16], land subsidence [17, 18], debris flow [19], and vol-
canic activity [20, 21]. SBAS-InSAR technology has been
successfully used to monitor and analyze land subsidence
in Beijing [22], Suzhou [23], Semarang [24], Tianjin [25],
Lagos [26], and other places. In oilfield areas [27, 28], it
shows high accuracy and reliability.

In the oil field area in particular, the land subsidence
may be caused by a variety of factors. For example, a large
oil field in the Zagros fold thrust belt in southwest Iran
may be comprehensively affected by tectonic activity, under-
ground pressure reduction, hydraulic fractures, reservoir
rock physical properties, and oil production [29]. A large
number of studies have attributed the main cause of land
subsidence to the exploitation of underground fluid
[30-32]. In most areas, the groundwater level will decline
and with the exploitation of groundwater, which will
increase the effective stress of the relevant soil layers and
consolidate the soil layer, thus causing land subsidence.
The formation mechanism of land subsidence caused by oil
and gas exploitation is similar to that of groundwater exploi-
tation. However, in the process of oil and gas field exploita-
tion, a large amount of water is needed to inject water into
the reservoir, and groundwater will be extracted during this
period. Pumping oil will lead to land subsidence, and the
groundwater injected in order to improve oil recovery will
also lead to land uplift or uplift [33]. Therefore, in the study
of oilfield surface subsidence, both pumping and oil pump-
ing can dominate land subsidence [34]. In most cases, oil-
field subsidence may not have a significant impact on
surface structure [35]. However, oilfield subsidence will
affect the local ecological environment, underground hydro-
logical system, and surface drainage pattern for a long time
[36] and indirectly affect land subsidence through other fac-
tors. Therefore, there is a high correlation between land sub-
sidence and groundwater extraction, oil, and gas fields in
time and space [37].

The saline land area in western Songnen Plain is the
frontier of the national strategic project “land consolidation
in Western Jilin.” In the process of preliminary research,
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whether its development direction poses a threat to existing
projects and creates engineering disasters is worthy of fur-
ther discussion and research. Oil and gas exploitation and
groundwater extraction can easily lead to land subsidence.
Land subsidence is a slow and imperceptible geological
disaster phenomenon in its early stages, which brings about
many hazards to the subsidence area, such as the destruction
of underground pipelines, roads, and railways, and causes
many secondary disasters at the same time. In addition, it
affects the normal operation of the national strategic project
“land consolidation in Western Jilin” and the water diver-
sion project, endangers the ecological environment in West-
ern Jilin, and restricts the normal evolution of Western Jilin.
The intensification of land subsidence and ecological envi-
ronment change in the west of Jilin Province has attracted
great attention from many scholars.

The innovation of this paper is to use multisource data to
reveal the characteristics of land subsidence caused by differ-
ent driving factors. InSAR technology can be used to realize
the monitoring and feature analysis of large areas and long
time series. High-resolution optical remote sensing images
can not only identify the deformed areas but also conduct
a large-scale investigation of the ground features in the study
area. The UAV aerial survey can carry out high-precision
measurement and can observe the settlement deformation
more carefully and intuitively. The characteristics of land
subsidence in this area are discussed by combining multi-
source data.

The objectives of this study are to discuss the character-
istics of land subsidence in the western area of Songnen
Plain and analyze the relationship between land subsidence
and the exploitation of groundwater and oil by using optical
remote sensing, InSAR technology, and UAV aerial survey.
The main purposes of this study are as follows: (1) to clarify
the distribution characteristics and laws of land subsidence
in Qian’an oilfield and its surrounding areas in western
Songnen Plain, finding out the spatial relationship between
land subsidence and oil wells; (2) to reveal the long-term
temporal and spatial evolution law of typical subsidence
areas and clarify the spatial deformation characteristics of
land subsidence funnels under the action of different driving
factors; and (3) to reveal the formation mechanism and sea-
sonal response law of land subsidence under the action of
different driving factors. Using multisource data to analyze
the land subsidence in the study area, we summarize the
main causes of land subsidence, providing ideas and sugges-
tions for the analysis of similar land subsidence.

2. Geological Settings

The study area is located in 123° 55’ 20" E-124° 23" 04" E,
45° 05" 20" N-44° 47’ 57.02" N, and the area is about
1209.64km”. The study area belongs to an alluvial plain
landform, which is located in the northwest of Jilin Province
(Figure 1). The overall terrain is flat, slightly higher in the
southwest and lower in the northeast. The geological struc-
ture belongs to Songliao Basin, which was formed in the late
Jurassic (J) and early Cretaceous (K) eras. The study area is a
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FIGURE 1: Location and geomorphological of study area.

part of the Mesozoic and Cenozoic Songliao giant fault
basin, bounded by the Qianguo-Changling line, forming
the eastern uplift belt and the central depression belt,
generally depositing the quaternary system with a thickness
of 80-120 m, including platform formation (Q,), Huangshan
formation (Q,"), Daginggou formation (Q,?), and Guxiang-
tun formation (Q,). The underlying system is Neogene,
including Miocene Daan formation (N,), Pliocene Taikang
formation (N,), and Neogene Pliocene to Quaternary lower
Pleistocene (NZZ—QI) Baitushan formation. The Mesozoic
strata in the basin are relatively developed, in which Jurassic
(J) is siltstone, mudstone, and volcanic rock with thin coal.
The stratum includes multiple cycle layers composed of con-
glomerate, sandstone, and shale and is rich in oil resources,
such as in Qian’an oilfield and Daqingzijing oilfield.

The study area is dry and windy in spring and autumn,
hot in summer, and cold in winter, belonging to a temperate
semiarid continental monsoon climate. The annual average
temperature in the study area is 5.6°C, and the average
annual precipitation is 425.8 mm. The rainy season is from
May to September. The average precipitation in the rainy
season can reach 413.37mm. The precipitation is concen-
trated in summer and significantly lower in winter. The
annual evaporation far exceeds the rainfall, which is
1849.01 mm. The groundwater in the area is composed of a
pore phreatic aquifer and three overlapping confined water
aquifers and is rich in groundwater resources, while the sur-
face water resources are poor, mainly the exploitation of
groundwater.

3. Data and Methods

3.1. Small Baseline Subset Interferometric Synthetic Aperture
Radar (SBAS-InSAR). The data selected for this study

include the L-band ALOS-2 PALSAR data of Japan Space
Agency (Figure 1). The satellite has the characteristics of
strong penetration, antiloss of coherence, and penetrating
clouds [38]. It is widely used in the monitoring of landslides,
land subsidence, earthquakes, and other geological hazards.
The data are obtained along the same track descending
direction, and the time span is from November 21, 2014 to
October 18, 2019. There are 13 periods of data in total.
SBAS-InSAR is a new time series analysis method, which
uses short interference to overlay and analyze the track
image (Figure 2(a)). In order to extract the surface deforma-
tion information for the purpose of efficient and accurate
monitoring, a DEM (Digital Elevation Model) of 30 m Shut-
tle Radar Topography Mission Digital model (30m SRTM
DEM) was used for topographic reference.

There are 13 periods of data during this period (Table 1).
These data are processed by SBAS-InSAR method to obtain
ground deformation data. SBAS-InSAR was proposed by
Berardino et al. [39]. This method can further realize long
time series and millimeter-level monitoring on a regional
scale. By processing N+1 SAR images in the same area, we
select one as the main image, register the other images to
the main image, set a reasonable threshold to generate a dif-
ference image to improve the interference of the interfero-
gram, and then obtain the nonlinear deformation of the
time series by using the methods of phase unwrapping, fil-
tering, and singular value decomposition. This can effec-
tively solve the problems of discontinuous and sparse time
sampling so as to obtain higher spatial resolution, overcome
the limitations of time and space decorrelation and atmo-
spheric effect in traditional InSAR, reduce the demand for
SAR data, and improve its operation efficiency. According
to the image data and topographic features obtained in the
study area, the steps of data processing mainly include data
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TaBLE 1: Data list of ALOS-2 in study area.
Serial Imaging Polarization =~ Cumulative time
number time mode baseline (/d)
1 20141121 HH 0
2 20150703 HH 224
3 20151120 HH 394
4 20160721 HH 637
5 20161118 HH 757
6 20170310 HH 869
7 20170630 HH 981
8 20171103 HH 1107
9 20180504 HH 1300
10 20180810 HH 1398
11 20181019 HH 1468
12 20190503 HH 1664
13 20191018 HH 1836

conversion to generate a connection map, differential inter-
ference to generate an interferogram, phase unwrapping,
orbit refining and releveling, and then inversion and geocod-
ing of the obtained interferogram. The processing flow chart
of SBAS-InSAR is shown in Figure 3.

3.2. Unmanned Aerial Vehicle High-Resolution Optical. As a
popular approach in remote sensing technology, unmanned
aerial vehicle (UAV) can quickly and accurately obtain high-
precision data in the study area. The UAV is used to carry
out multistage photogrammetric observation on eight typical
areas in the study area, which is compared with the results
interpreted by SBAS-InSAR technology, especially to
observe the impact of irrigation season on the surface in

the study area (Figure 2(b)). According to the surface condi-
tions in different regions, the UAVs selected in this study are
DJI M300 and DJI spirit 4. The eight typical areas photo-
graphed are mainly near Rangzi town. They flew for four
periods in March, April, May, and August in 2021, respec-
tively. The flight altitude is 300 m, and the total flight area
is 57.95km? in total, obtaining 8734 photos. Through image
processing and other operations, the regional DEM, DOM
(Digital Orthophoto Map), DSM (Digital Surface Model),
and other data are obtained for interpretation comparing
with InSAR interpretation results. Using UAV high-
resolution optical, DEM, DSM, and DOM with a resolution
of 3cm and accuracy of 1.5cm can be obtained.

Using InSAR technology can realize the preliminary
judgment of a large-scale regional settlement funnel, while
for the surface situation in the study area, high-resolution
remote sensing images and UAV high-resolution optical
need to be used. In this paper, the distribution of surface
pumping wells in the study area is interpreted by using a
1.69 m resolution optical remote sensing image. As the water
well is small and difficult to interpret by remote sensing
image, the UAV high-resolution optical was used for mea-
surement, and the position distribution of the water well
was interpreted using the UAV high-precision image.

4. Results

In this study, we used several investigation techniques,
including InSAR, optical remote sensing interpretation,
and UAV mapping, to identify and analyze the land subsi-
dence in the typical area of Western Songyuan Plain.
SBAS-InSAR technology can help us realize the analysis of
surface deformation in a large scale and can target and
obtain the areas that need typical verification. Therefore,
the large-scale census using InSAR techniques is very
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necessary. However, the resolution of the ALOS-2 data is  to realize the fine analysis of surface deformation through
only 10m, and the fine deformation characteristics of the  high-resolution differential observation, and high-resolution
surface are difficult to be identified by InSAR. It is necessary =~ UAV mapping can achieve this goal. Therefore, according to
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the interpretation results of InSAR, we select typical areas of
farmland and oil wells, selecting eight areas for UAV aerial
photography and two typical areas for elaboration.

4.1. Subsidence Spatial Pattern. SBAS-InSAR is used to
extract the surface deformation features of ALOS images
covering the study area and to obtain the annual average
surface velocity along the line of sight of satellite radar. In
Figure 4, the blue positive value represents growth of land
deformation, that is, land uplift. Additionally, the red nega-
tive value represents the negative growth of land deforma-
tion, that is, land subsidence. On the whole, the data
coverage is good, and the coherence is high. The results
show that the subsidence occurs widely in the study area,
and this subsidence is distributed in a patchy pattern. There

is no large-area overall deformation. A total of 747 subsi-
dence funnels are circled. Most of them are oval or approx-
imately circular in shape, with different areas. The speed
change rate of land subsidence gradually increases from
the outside to inside, which corresponds with the character-
istics of land subsidence funnel. The overall annual land sub-
sidence rate in the study area is -3.14 mm/a. Assuming that
the ground uplift is negligible, the rate range of each land
subsidence funnel is 0-15.14 mm/a. The maximum deforma-
tion rate in the study area is -22.05 mm/a. However, due to
the constraints of scatter changes, radar wave transmittance,
and other factors, incoherence occurs around and in a lake
area, with no coherent points.

Seen from Figure 5, there is a large area of oilfields in the
study area. Through the interpretation using the remote
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sensing images of Google Earth, the location and scope of
pumping wells are preliminarily delineated, and 1275 pump-
ing wells are delineated. From the interpretation results, the
distribution range of pumping wells is basically consistent
with that of oilfields. The InSAR results show that the land
subsidence in the study area is distributed in a patchy man-
ner, shown in Figure 5, and the location of the pumping
wells can be observed near most land subsidence areas, espe-
cially in the oilfield area. In addition, the long-term extrac-

tion of groundwater resources in farmland areas will also
cause land subsidence to varying degrees. Therefore, there
is land subsidence distributed in spots in nonoilfield areas,
i.e., farmland.

The distribution range of oil wells interpreted by remote
sensing is basically consistent with the boundary of Qian’an
oilfield (Figures 5(a) and 5(b)). The density of oil wells in the
south of the oilfield (zone A and zone B) is large, and there is
still a small amount of distribution outside the oilfield
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boundary. The density of oil wells in zone A is the largest,
but the density of subsidence funnels in zone A is very
low. The distribution density of oil wells in zone B is also rel-
atively large, and the density of subsidence funnels is also
relatively high. There are basically no oil wells in zone C
and zone D, but Figure 5(d) shows that there are many sub-
sidence funnels in zone C and zone D, which are densely dis-
tributed. According to remote sensing interpretation, these
areas are farmland areas. Therefore, it can be seen that the
farmland and oilfield areas in the study area have a large

density of subsidence funnel distribution. Oil pumping and
groundwater pumping will lead to different degrees of land
subsidence, in which the proportion of farmland settlement
funnel is large, and the distribution density is also large.
The study area comprises mainly farmlands, and the extrac-
tion of groundwater may be the main driving factor of land
subsidence.

4.2. Temporal Evolution. In order to clarify the evolution law
of surface deformation in the study area in time series,

Downloaded from http://pubs.geoscienceworld.org/gsallithosphere/article-pdf/doi/10.2113/2022/2904927/5628721/2904927 .pdf

bv auest



Lithosphere

20151120

0 300 600
)

Deformation (mm)

®-137--50 ©-5--0

®-50--35 © 0-35

© -35--20 ® 35-70
-20--5

FIGURE 8: InSAR deformation map of farmland regional time series.

typical land subsidence areas are selected for time-series
analysis at the locations of oilfields and farmland
(Figures 6 and 7). From November 21, 2014 to October 18,
2019, the ground surface of the study area experienced a
process from subsidence to uplift and then back to subsi-
dence, but the subsidence features are different in different
regions, indicating that the main reasons for land subsidence
are different and the mechanisms are also different.

Figure 6(d) is a sequence variation box diagram of defor-
mation at the oilfield. These data are considered combined
with rainfall. It is found that there are three periods from
subsidence to uplift since the data recording day. The period
of subsidence is longer than that of surface uplift, and the
deformation variables of subsidence are more than those of
uplift. The overall surface is in a state of downward subsi-
dence and deformation. The subsidence period on July 1,
2016 is the longest, and this subsidence lasted until August
10, 2018. The subsidence time lasted for 771 days, after
which the surface began to uplift. The seasonal change in

this area is not obvious. The rainy season lasts from May
to September every year, and the dry season is from October
to April of the next year. However, subsidence occurred in
the rainy seasons of 2015, 2016, and 2017. In particular,
the strongest rainfall in the last five years was from May to
September 2017, which kept the state of subsidence until
the next year. This feature is also illustrated by the InSAR
timing variation diagram of this area in Figure 8. As of
August 10, 2018, the settlement deformation of the oilfield
area has increased year by year, but since then, the surface
elevation has recovered until October 18, 2019.

Figure 7(d) is the time-series box diagram of farmland
area. From the deformation observed from November 21,
2014 to October 18, 2019, the land has experienced three
processes from uplifting to settlement. Compared with the
period of subsidence and uplift, there is no continuous sub-
sidence for several consecutive years in the oilfield area, but
there are more regular changes. The surface deformation is
affected by seasonal changes. Groundwater is pumped to
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irrigate the farmland and to accelerate the consolidation and
subsidence of the soil [40]. Underground fluid and solute
migrate in fractures [41]. In the rainy season, the farmland
is irrigated by rainfall, and the rainfall also replenishes the
groundwater. However, because of low precipitation of the
study area, the corns in farmland need irrigation. Therefore,
the rate of ground surface uplifting or subsidence in rainy
season is significantly slowed. During the period from May
to September 2017, a rainfall-abundant period, the ground
surface rose significantly and then began to subside in the
dry season, and the results in Figure 9 show that the area
is still in a state of land subsidence by October 18, 2019,
forming a sharp contrast with the oilfield area. This shows
that the groundwater has been extracted by pumping wells,
indicating that this is the main reason of farmland subsi-
dence. Figures 10 and 11 were the UAV orthophotos and
field survey in oilfields and farmland.

Both the oilfield area and farmland area have experi-
enced several periodic stages of subsidence uplift, rather
than continued subsidence. The period of subsidence in
the oilfield area is long, while the time period of farmland
subsidence represents seasonal changes. The overall perfor-

mance is “subside in dry season and uplift in rainy season.”
The seasonal effect in the oilfield area is not obvious. Except
for slight uplift, it has experienced a long period of subsi-
dence time. Moreover, the layers exhibit different pore space
structures and hydraulic properties due to grain size contrast
[42]. This may also lead to different characteristics of land
subsidence in different regions.

4.3. Subsidence Characteristics.  The InSAR results in
Figures 6 and 7 show that the subsidence rate in oilfields
and farmland is stable. Even in two different landscape areas,
the land preparation subsidence rate ranges of the two sub-
sidence areas are relatively similar, ranging from 5.83 mm/
a to -20.43mm/a. The subsidence shape at the oilfield is
approximately an oval, with a long axis diameter of 1.3km
and a short axis length of 0.55km. This area is a saline soil
land with poor coherence and fewer rate points, so only
402 subsidence points have been detected. The subsidence
rates shown in Figures 6(b) and 6(c) are profiles of the sub-
sidence area at the selection area. It can be observed from
this section that the deformation rate gradually increases
from the boundary to the middle of the area. The maximum
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deformation rate can reach -20.43mm/a. The maximum
deformation value is 136.12 mm, which is located in the cen-
ter of the subsidence range, and the deformation rate
decreases gradually on both sides. It conforms to the charac-
teristics of the subsidence funnel. In Figures 7(b) and 7(c),
the subsidence model selected at the farmland is approxi-
mately circular, with a diameter of 1.0km. The subsidence
rate ranges from 5.82mm/a to -20.43 mm/a. This area has
good coherence, and a total of 4115 coherent points were
detected. Figure 7 is a cross-sectional view of the subsidence
funnel. An obvious funnel shape can be seen from the scatter
diagram and fitting curve of the two sections. Additionally,
the maximum point of the A-A’ profile deformation rate also
reaches the maximum—20.43 mm/a.

Figure 10(a) shows the high-resolution optical of UAV
in the settlement funnel of the oil field area. There is land
subsidence around the pumping well funnel (Figure 10(b)).
There are canals passing through the funnel in the south,
and the surface elevation is significantly lower than the land
on both sides. Figure 11(a) shows the high-resolution optical
of UAV in the settlement funnel of farmland area. The sur-
face conditions that cannot be clearly interpreted by optical
remote sensing, such as pumping wells, can be interpreted
by UAV high-resolution optical (Figure 11(b)). There are
several water wells within the subsidence funnel, and the
south of the funnel is residential land. Pumping ground-
water from daily life may be the cause of land subsidence
in this area.

5. Discussion

Land subsidence is a complex process, and its formation
mechanism is related to the formation history, natural con-
ditions, culture, and economy of the region. Both natural
and human factors have influenced the area. In addition to

oil pumping and water pumping, it may also be affected by
tectonic activities, earthquake and other factors. Some prop-
erties of sediments and rock mass will affect the occurrence
of land subsidence [43-46]. The study area is located in a
plain area with open terrain and a large number of saline
alkaline lake bubbles (Figure 4). Affected by the climate,
the evaporation of bubbles in the lake causes the change in
the water and soil environment and may also cause land
subsidence. Figure 4 shows that there is indeed settlement
around the lake bubble, but the settlement is distributed in
a patchy manner and does not occur in a large area around
the lake bubble. Therefore, the evaporation of the surface
lake bubble will cause land subsidence to a certain extent,
but it cannot become the main factor. Affected by tectonic
activities, earthquakes occurred in the study area from July
2017 to August 2018. However, compared with the time-
series box diagram in Figures 5(d) and 8(d), there is not
much change in the overall subsidence law.

Therefore, the consolidation of natural sediments is the
main natural cause of subsidence in the study area. Com-
bined with the interpretation results of remote sensing
images and the results of on-site UAV high-resolution opti-
cal, we find that the development of oil resources and the
extraction of groundwater in the study area have also
become the main man-made reasons in the area. The InSAR
results show that the settlement in the study area is distrib-
uted in a patchy manner as a whole. Compared with the
known studies on land subsidence in some cities [22, 23,
25], most of the land subsidence is uneven subsidence, that
is, it is generally stable, and large-area subsidence occurs in
one or several regions. Among those studies, the pumping
of groundwater has become the main reason of ground sub-
sidence, but the exploitation of groundwater in the study
area is not concentrated in a certain area. UAV high-
resolution optical confirmed that in the study area, water wells
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FiGure 11: UAV and field survey. (a) UAV orthophoto in farmland; (b) groundwater pumping well; (¢) in situ photos of groundwater

pumping well.

are distributed around farmland for drinking and irrigation.
Moreover, oil pumping wells are distributed around. This
pumping engineering is distributed in point form, and leading
land subsidence is characterized by patchy distribution.

In order to more clearly to explore the relationship
between pumping and land subsidence, the production of
Jilin Oilfield from 2015 to 2019 and the average cumulative
subsidence of the corresponding year are selected to draw a
scatter diagram and fit it [47]. According to the fitting results
(Figure 12(a)), the oil field production is significantly corre-
lated with the average cumulative settlement. This shows
that pumping is the main cause of land subsidence in the oil-
field area.

Figures 12(b) and 12(c) show the relationship between
rainfall, evaporation, and buried depth of groundwater level
of phreatic water and confined water in the study area in
2016 [48]. Affected by human activities, the confined water
is in the stage of centralized mining from April to Septem-
ber. The water level drops and then recovers. Therefore,
the surface subsidence and uplift in the rainy season will
be affected to a certain extent. The phreatic water level
changes obviously under the influence of rainfall and evapo-
ration. From January to April, the rainfall is lower, the evap-
oration intensity is high, and the groundwater level drops. In
May, the groundwater level increases with the increase in
rainfall. In September, the rainfall decreases, and the water
level drops. The change in groundwater level is similar to
the trend of land subsidence in farmland.

The subsidence mechanism of farmland is schematic in
Figure 13. The geological structure in the study area is rela-
tively stable. The developed strata are mainly Cretaceous
Neogene strata. The deformation rate through natural con-

solidation subsidence is usually less than 5 mm/a [49], while
the maximum deformation rate in the study area can reach
-22mm/a. Additionally, the extraction of groundwater
causes water-level depression [50], especially in the distribu-
tion area of underconsolidated or semiconsolidated soil
layers, which will accelerate the process of consolidation
and ground subsidence. Therefore, the extraction of ground-
water may be the main cause of land subsidence in the study
area. The time evolution results show that the subsidence
has an elastic behavior along with seasonal changes; that is,
the water level drops due to the extraction of groundwater
in the dry season, and the support provided by pore pressure
is transferred to the soil skeleton, resulting in the subsidence
of the ground. The groundwater level is supplemented dur-
ing rainfall [51].

On the other hand, the subsidence period of the oilfield
is longer than that of farmland area, and there is no seasonal
change, which may be caused by more complex reservoir
pressure changes. However, the deformation value in oilfield
is similar to that of farmland, indicating that both oil and
water pumping cause ground subsidence. The burial depth
of groundwater in the study area is generally 3-6m, while
the burial depth of pressure water is 25m to 95m [52].
The reservoir storage depth is 1518 m to 2072 m, with an
average of 1800m [53]. The land subsidence caused by
groundwater pumping will be more obvious than that of
oil pumping. Based on remote sensing interpretation, we
confirm that there is less industrial development in this area,
except in the oil well, and mainly in farmland, rural con-
struction land, and grass land. Groundwater pumping wells
are widely distributed, which can be used to irrigate farm-
land. Moreover, the farmland in this area was distributed
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mostly in the study area. Therefore, it could be speculated
that the reason for land subsidence in the study area is dom-
inated by groundwater pumping, followed by oil extraction.

FIGURE 13: Schematic diagram of regional subsidence mechanism of farmland.
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The subsidence mechanism of the oilfield is schematic in
Figure 14. In the oilfield, the distribution of subsidence fun-
nel is basically consistent with the boundary of the oilfield.
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However, from the position distribution of pumping wells,
there is not much of an inevitable relationship with the posi-
tion of subsidence funnel. Seen from Figure 4, areas where
oil wells are concentrated, there is no result of subsidence
funnel concentration. One subsidence funnel was also
accompanied by several oil wells. The distribution position
of pumping wells cannot represent the real distribution of
underground oil storage scope. Moreover, due to the deep
burial of underground oil and gas resources, the impact on
the surface may not be fully reflected [54]. Oil production
and the decline in groundwater level will cause local drain-
age in the upper part of the aquifer, release the pore pres-
sure, destroy the stress structure of the original framework
of the aquifer, produce compression deformation, and con-
duct it to the ground, resulting in ground deformation.
Large-scale and high-intensity oil recovery may lead to stress
release and variation deep underground and make local
structures active, resulting in stratum dislocation and even
shallow earthquakes, thus causing damage to mines, slopes,
etc. [55]. Oil exploitation also brings people environmental
problems that cannot be ignored. Oil exploitation reduces
the underground pressure of the reservoir and causes reser-
voir compaction. When the compaction value reaches a cer-
tain order of magnitude, it will lead to surface subsidence.

6. Conclusions

The main purpose of this study is to analyze the characteris-
tics of land subsidence in the western part of Songnen Plain
by means of multisource remote sensing and analyze the
relationship between land subsidence and the exploitation
of groundwater and oil. A combination of optical remote
sensing interpretation, InSAR analysis, and UAV high-

resolution optical could help make this possible. This study
used the western area of Songnen Plain as a case study and
produced several findings, as below.

(1) The land subsidence in the western part of Songnen
Plain is distributed in a porphyritic pattern, and the
distribution of subsidence funnels is more concen-
trated in farmland areas than in oilfield areas. On
the whole, the distribution range of subsidence fun-
nels is basically consistent with that of pumping
wells, while in the area with dense distribution of
pumping wells, the distribution of the subsidence
funnel is not dense. The distribution of the settle-
ment funnel is spatially correlated with that of
pumping wells, but not highly correlated

(2) Land subsidence in the western area of Songnen
Plain is mainly caused by the exploitation of ground-
water and oil. The long-term exploitation of ground-
water causes uneven land subsidence, showing a
trend of lifting in the dry season and decreasing in
the rainy season. The groundwater is supplemented
in the rainy season to help recover the surface eleva-
tion uplift. Oil pumping causes the oilfield area to be
in a continuously subsiding state, which is not
affected by the seasonal precipitation. During this
period, due to water injection to the reservoir or to
other reasons, this will cause short-term ground
uplift and then continue to be in a subsiding state

(3) The extraction of underground fluid transfers the
pressure that should be borne by water or oil to
the soil skeleton, which increases and consolidates
the effective stress of the soil layer, resulting in land
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subsidence. There is no high correlation between
the subsidence funnels and the range of the oil
pumping area, but more are distributed in farmland
areas. The dominant factor of land subsidence in
western Songnen Plain is agricultural pumping irri-
gation. The groundwater level will be affected by
rainfall and other factors. Rainfall not only supplies
groundwater but also helps farmland irrigation.
Rainfall alleviates the land subsidence in the west-
ern part of Songnen Plain to a certain extent
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