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The main purpose of this study was to analyze the effect of coal mining on the springs in the Yushenfu mining area of China. The
results of two springs and hydrological surveys conducted in 1994 and 2015 were compared to study the occurrence and evolution
of springs before and after large-scale mining. The mechanism of spring evolution and ecological effects of domain evolution were
analyzed by combined groundwater monitoring and evaluation of coal mining intensity. The results show that the maximum
amount of single water inflow of spring with sand infiltration recharge was more than 10 L/s, the total amount of single water
inflow of spring with mixed infiltration recharge was the highest, and the ecological effect of spring with loess infiltration
recharge was the most significant. In the study area, 2580 springs (group) were distributed with a total flow of 4998.9428 L/s
before 1994 and 376 residual springs (group) were present with a total flow of 996.392 L/s in 2015. Large-scale mining decreased
the regional groundwater level, thus decreasing the amount of spring water. The high intensity of mining decreased the number
of springs (group) and area of water and wetland in the study area. This directly affected the watershed ecology; the ecological

degradation was significant.

1. Introduction

Water is very important for human life, production, and eco-
logical environment. Springs are the origin of water resources.
The occurrence and evolution of springs determine the state
of groundwater and surface water. Therefore, it is important
to study the characteristics of spring water.

Coal mining of China is moving to the west; Western
China has become the main coal-producing area, accounting
for 70% of the China’s coal output. However, Western China
generally lacks water resources and has a fragile ecological
environment [1]. By studying the effect of coal mining on
the environment, the scientific community has already made
a conclusion: coal mining directly affects the ecological

environment [2, 3] and small-scale mining activities also
cause severe damage to the ecosystem [4]. Therefore, in the
early stage of coal mining in Western China, some experts
realized the importance of water resources and environment
in the ecologically fragile mining area [5, 6], proposed the
concept of “water-preserved mining” [7, 8], and carried out
a series of research [9-19].

The distribution characteristics and forming conditions
of spring in the southern edge of Mu Us Desert were analyzed
by Wu and other researchers. Ma and other scholars classified
the influence degree of coal mining on springs and discussed
the influence mechanism of coal mining on springs. In addi-
tion, the effect of coal mining on water resources and ecolog-
ical environment has been extensively investigated [2, 3, 20].
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This study analyzed the mechanism of spring evolution
in the Yushenfu mining area by comparing the evolution of
springs in the Yushenfu mining area in northwest China
around 21 years ago and combining the study of collapse
caused by coal mining.

2. Materials

2.1. General Situation of the Study Area. The study area,
Yushenfu mining area, is located in Shaanxi Province of
China. The study area is ~7800 km?, north latitude of 38°10'
-39°30" and east longitude of 109°0'-110°60" (Figure 1).
The altitude of the study area is ~1200 m, the highest point
is 1448.7 m, and the lowest point is 932 m. Three types of geo-
morphology are present, namely, aeolian landform, sand-
covered loess ridge and hilly, and loess ridge and hilly.
According to the meteorological observation in Yuyang Dis-
trict, the annual average precipitation is 420.4 mm with the
maximum annual rainfall of 565.3 mm and the minimum
annual rainfall of 270.8 mm. Precipitation mainly occurred
in July to September, accounting for 62.9% of the annual
precipitation.

The Yushenfu mining area is in the Ordos Basin of
North China. The geological tectonic is simple. The strata
are from the old to the new: Upper Triassic Yongpoing for-
mation (T,y), Yan’an formation (J,y), Zhiluo formation
(J,2), Anding formation (J,a) of Middle Jurassic, Lower Cre-
taceous Luohe formation (K,I), Neogene Pliocene series
Debao formation (N,b), Quaternary Middle Pleistocene
series Lishi formation (Q,[), Quaternary Upper Pleistocene
Salawusu formation (Q;s), aeolian deposit (Q,eol), and allu-
vial deposit (Q,al) of Quaternary Holocene series. The main
coal bearing strata are Middle Jurassic Yan’an formation.
The main minable seam has 4 layers, of which 272 and 4
of the whole area can be mined and 37" and 5 of the upper
part can be mined.

The groundwater in this area is mainly supplied by
atmospheric water. The direction of shallow seepage flow is
basically consistent with topographic relief. The deep seep-
age flow is basically runoft from northwest to southeast.
The buried depth of groundwater in the western desert beach
area is generally 0~3 m, and it has gradually increased in the
eastern part. The buried depth of groundwater in the loess
ridge and hilly area is generally greater than 15m. Ground-
water is mainly in valleys with spring in the form of emis-
sion. Groundwater is mainly discharged in the form of
springs in gullies.

2.2. Spring Characteristics before Large-Scale Mining

2.2.1. Hydrological Background of Spring Formation. The
stratigraphic structure of the study area successively from
the new to the old is Q,eol (Mu Us formation), Q3 (Salawusu
formation), Miocene series (Lishi formation, the Loess),
Pliocene series (Red clay), Jurassic Zhiluo formation, and
Yan’an formation. Currently, Yan’an formation containing
coal is the main mining layer. The formation of a spring
can be divided into three parts (Figure 2): (i) spring group
produced by aeolian landform infiltration, (ii) spring group
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produced by the infiltration of sand-covered loess ridge and
hilly, and (iii) spring group produced by the infiltration of
loess ridge and hilly. Notably, the three parts do not include
the distribution area, bedrock valley geomorphology with
limited infiltration, and geomorphology of the burnt zone.
Because the water holding capacity of these strata is limited,
the gush of dry season spring mainly comes from the above
three parts with a high ecological significance.

(1) Spring Produced by Aeolian Landform Infiltration. The
Salawusu formation is the main aquifer in the study area.
No water barrier is present between the Salawusu and Mu
Us formations, constituting a unified loose sand aquifer. It
is generally called the aquifer of Salawusu formation. The
aquifer of Salawusu formation receives the atmospheric pre-
cipitation, condensation recharge, rapid infiltration, runoft
in the sand layer, enrichment in the low-lying area on the
top of Jurassic, and formation of a rich water area. After
the erosion of local surface runoff to the aquifer, the
descending spring is excreted and forms the spring group
(Figure 2). Because the topography of sandy land is small,
the number of springs in this area is limited, but the total
volume is the largest.

(2) Spring Produced by Infiltration of Sand-Covered Loess
Ridge and Hilly. The area of sand-covered loess ridge and
hilly belongs to the transition area of Mu Us Desert and
Loess Plateau (Figure 2), and the thickness of sand layer is
relatively limited. Because of the relatively low terrain com-
pared with the aeolian landform area, the lateral recharge of
groundwater is better owing to aeolian landform infiltration
and fluctuation of loess terrain, most of the groundwater is
exposed, and it is easy to contact with the spring spot. The
output of spring is the largest in this area, but this part of
the spring is more sensitive. The instability of underlying
aquifer causes its attenuation; at the same time, the decline
of groundwater level in the regional loose layer also easily
makes it disappear.

(3) Spring Produced by Infiltration of Loess Ridge and Hilly.
The loess layer acts as a weak permeable layer. This layer
has a certain infiltration capacity for precipitation, but it is
very limited compared with the amount of sand infiltration.
The loess has better water-holding property; long-term infil-
tration of water resources occurs in the stratum. After cutting
the loess topography, concentrated discharge of groundwater
occurs in the medium such as the top surface of bedrock or
burned rock, forming the main drainage spring spots of this
type of geomorphology.

2.2.2. Distribution of the Spring Group. The spring of Mu Us
Desert is mainly distributed in the east edge of Kuye River,
Tuwei River, and the upper reaches of Yuxi River, a tributary
of Wuding River. The spring is distributed on the north-east
zonal distribution of the plane (Figure 3). The springs con-
verge to form Kuye River, Tuwei River, and Yuxi River. Yuxi
River is a tributary of Wuding River. Kuye River, Tuwei
River, and Wuding River are the tributaries of Yellow River.
They are the main supply rivers in the middle reaches of Yel-
low River.
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FiGure 2: Classical hydrogeological profile. 1: Aeolian sand; 2: fluvial sand; 3: Upper Pleistocene series loess; 4: Middle Pleistocene series loess;

5: sandstone; 6: mudstone; 7: siltstone; 8: spring.

All the water originates from the spring of Salawusu for-
mation, including the tributary of Yuxi River, Sa River, Qin
River, Geqiu River, and Heze River of Yidao, Erdao, Sandao,
Sidao, and Wudao, the upper reaches of Hongliugou in
Tuwei River, the Lucaogou of Kuye River, Houjiamu River,
and Ulambra Valley. Large springs are produced on the coast
of Tuwei River, such as Qingshui Spring, Caitugou Spring,
and Heilonggou Spring.

Figure 3 shows that a concentrated distribution of spring
was formed in the basin of Kuye River and Tuwei River.
This area was the distribution band of the spring group

distributed in the NE direction and concentrated on the
mouth of spring.

Many types of methods are available for the classification
of spring spots in the study area. The most direct method is to
classify the gush strata of spring; it can be divided into out-
cropping spring of Salawusu formation (Q;s), outcropping
spring of loess and hipparion laterite, outcropping spring of
burnt rocks (J,y), outcropping spring of Jurassic (J,z or J,y),
and outcropping spring of other layers. This type of classifi-
cation is more intuitive, but its distribution rule is more
discrete and has no rules. By comparison, combined with
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FIGURE 3: Distribution of spring groups in the study area before large-scale mining.

Figure 4, the spring spots in the study area can be divided
into three types, namely, recharge spring spot of sand infiltra-
tion, recharge spring spot of loess infiltration, and recharge
spring spot of mixed infiltration (Figure 4). Importantly,
the three types of geomorphologic infiltration landforms
are different, but it can be centrally excreted in each layer.
Other landforms were not considered. On one hand, the fis-
sure medium of bedrock and fire rock formation suffers from
a huge loss of infiltration water in the rainy season; the eco-
logical significance is not large. On the other hand, its distri-
bution area and infiltration coefficient are very limited,
leading to the classification.

(1) Recharge Spring Spot of Sand Infiltration. Atmospheric
precipitation falls on the relatively flat sandy land, signifi-
cantly replenishing the sandy groundwater. Because of the
fluctuation of underlying loess stratum, it converges to the
lower ground. A small amount of water is further infiltrated
into other strata after the infiltration, making each aquifer
in this area with relatively strong water abundance. Each
aquifer produces a drainage in the form of descending
springs in the valley cutting area, such as Yuxi River and its
tributaries. Because of the slow seepage of groundwater in
the sandy land, it acts as the spatiotemporal regulation. This
makes these spring spots continue to flow at all seasons with-
out interruption, thus playing an important role in support-
ing the ecology of this region. The representative of this

type of spring is like each branch of the stream group in the
upper reaches of Yuxi River, such as phase 3 of the Yushen
mining area.

(2) Recharge Spring Spot of Loess Infiltration. Atmospheric
precipitation falls in the undulating Loess Plateau. Because
precipitation in the study area is dominated by rainstorm,
the loess produces mud crust that hinders infiltration. The
infiltration coefficient is only about a quarter of sandy
land or even lower. The flood torrent gathered from a
large amount of runoff in the rainy season further cuts
the topography of the area. Limited infiltration into the
loess formed a certain amount of water resources after a
long period of accumulation, rich in flat terrain and
thicker soil layer, and a small amount of further infiltra-
tion occurs in the underlying aquifers. This groundwater
gushes out at the terrain cutting area, forming a small
number of spring spots. However, because loess has stron-
ger capillarity than sandy soil, it is more suitable for veg-
etation development, forming one of the best ecosystems
in the study area. Because of limited supply sources, as
far as a single spring is concerned, it is relatively fragile.
Because the permeability coefficient of loess is smaller than
that of sandy land, the radius of influence is smaller after
it is affected. This indicates that the ability of these springs
to resist regional hydrological changes is stronger than
that of sandy land. The typical representative of this type
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of spring is the spring group in the Miaogoumen of the
Shenfu mining area.

(3) Recharge Spring Spot of Mixed Infiltration. A transi-
tional area is present between the abovementioned two
types of topographies and landforms. A part of the loess
in the area is exposed. A part of the sand is exposed, but
the thickness is thinner, even intersecting the exposed sand.
Both the infiltration and runoff are complex and diverse. It
is not possible to accurately describe the initial source of
supply for some springs. Because of the interlacing of strata,
the groundwater runoff (mainly sand runoff) from the
sandy land and yellow land is exposed in large quantities
here. They form the largest number of springs (groups) in
the study area. Because of the complexity of such springs,
they are also complex and diverse under the influence of

II; Sand covered loess ridge area

3. River valley landform area
I, Wide-shallow valley area

area IOE Deeply incised valley area

map of the study area.

human activities. The typical representative of this type of
spring is the spring group in the Zhangjiamao coal mine
of the Shenbei mining area.

2.2.3. Ecological Significance of Spring. In the study area, the
water resources are poor and the ecological environment is
fragile. This is because the water resources are collected near
the natural outcropping springs in the low-lying terrain and
valley zone. Generally, it has a relatively good ecological envi-
ronment and is suitable for survival. It often becomes the
human living agglomeration and multiple natural villages.
Humans formed a unique desert culture with a long-term
integration of this natural environment. At the same time,
the spring water was collected over the years, dissecting
topography and eventually converging into a river to become
a tributary of Yellow River and supplying the Yellow River.
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F1GURE 5: Ecological environment of small watershed in the spring area. (a) The mouth of Caitugou spring, (b) the vegetation of north side of
downstream channel in Caitugou spring, (c) desert vegetation in no spring area.

In the study area, the natural ecological environment is
completely different with or without springs (Figure 5). In
the area without springs, floating sand dunes are exposed,
vegetation coverage is low, and ecological environment is
fragile. In the area with springs, water and grass are devel-
oped, vegetation coverage is clearly improved, and the vege-
tation on both sides of valley is well developed. It is suitable
for human living and planting potatoes, corn, rice, legumi-
nous crops, etc.

2.3. Present Large-Scale Mining Situation in the Study Area.
Since the 1980s, the geological study of Jurassic coal field in
Northern Shaanxi of China has never stopped and dozens
of geological study reports have been submitted. Three coal
mining areas have gradually formed: mining area of northern
Shenmu, mining area of Xinmin, and mining area of Yushen.
It is also within the scope of this study. The Jurassic coal field
in Northern Shaanxi belongs to the coal stratum area, and the
coal-bearing area is ~27,140 km” in the entire area. The struc-
ture is simple; the coal seam is stable in the region with total
resources of ~2400 x 10°t in the entire area, and the proven
resources are ~1400 x 10°t.

Through field studies and data collection, 190 coal mines
were investigated, including 23 mines in Yuyang District, 101
mines in Shenmu City, and 66 mines in Fugu County. The
total mining area is 2881.21121 km?, including 423.473 km?
in Yuyang District, 1735.9689km* in Shenmu City, and
721.769314km” in Fugu County.

The statistical results indicate 49 small mines with
designed mining capacity of less than 0.45Mt/a, 52 large
mines with mining capacity of more than 1.2 Mt/a, and 89
medium mines. The design and production capacity of large

TaBLE 1: Statistic of the coal scale.

District Yuyang District ~ Shenmu City ~ Fugu County
Area (km?) 423.473 1735.9689 721.769314
Scale
Large-scale 8 31 13
Mid-scale 7 43 38
Small-scale 8 25 15

mines are more than 10 Mt/a, including Yujialiang coal mine
of China Shenhua, Shigetai coal mine, Halagou coal mine,
Daliuta coal mine, Huojitu coal mine, Hongliulin coal mine
of Shaanxi coal and chemical industry group, and Ningtiaota
coal mine. At present, the study area is basically well drilling
and the comprehensive mechanized mining method is used
(Table 1).

3. Methods

3.1. Spring Change with Coal Mining. According to the coor-
dinates of observed spring spots in 1994 (Figure 3), the corre-
sponding spring spots were studied after 21 years. The month
of the second investigation was the same; both surveys were
conducted during the rainy season.

The study was completed through field visits, analysis,
taking photographs, recording videos, and filling in hydro-
logical questionnaire and field record. The content of the
study includes the mining area of spring, topography, water
outcropping formation, aquifer description, depth to the
water table of the well, spring flow, historical changes in the
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FIGURE 6: Distribution of springs in 2015.

water level and flow, use of the well and spring, water temper-
ature, and air temperature. GPS was used to locate the coor-
dinates of wellhead or spring outcrop. A scale or an ammeter
was used to measure the depth of the water table, and a trian-
gular weir was used to measure the flow of spring water. The
results are shown in Figure 6.

3.2. Groundwater Dynamics of Coal Mining. A total of 10
long-term monitoring wells were arranged in this study.
Their position distribution is shown in Figure 7, and the basic
information is shown in Table 2. The sand aquifer has four
wells. The sandstone aquifer has five wells, and the loess aqui-
fer has one well.

3.3. Evaluation of Intensive Mining. The intensity of coal
mining was comprehensively evaluated from area and space
mining intensity. The area mining intensity refers to the pro-
portion of coal resources exploited and the total amount

within the scope of the unit area (Table 3). The spatial mining
intensity is mainly evaluated using two indicators: the mining
height and specification of coal face. A large-scale coal face
with a height of >4.5m, length of >200m, and excavating
length of >2000m is known as an intensive mining area.
The area with a mining height of 1.3-4.5m, coal face length
of 100-200m, and excavating length of 1000-2000m is
defined as a medium-intensive mining area. The area with a
mining height of <1.3 m irrespective of the length of coal face
and excavating length has a relatively low influence with the
development degree of geological hazard on the surface,
known as a low-intensity mining area.

Table 3 shows that the coal mining intensity is deter-
mined by the area of mining proportion and mining
height, but in practical production and strength division,
other factors should not be ignored, such as the ground
subsidence, surface crack, and buried depth of the ground-
water level.
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5] Number and location of long-term monitoring well

FiGURre 7: Distribution of long-term monitoring wells.

The mining intensity of the study area can be divided into
an extremely intensive mining area, an intensive mining area,
a medium-intensive mining area, and a low-intensive mining
area according to the mining height, surface mining propor-
tion, ground subsidence, surface crack, and hydrological
characteristics (Figure 8).

3.3.1. Extremely Intensive Mining Area. Daliuta area is rich in
coal resources and has a long history of mining. The mining
area of Shigetai coal mine, Halagou coal mine, Daliuta coal
mine, Huojitu coal mine, and Hejiata coal mine is wide.
The proportion of the mining area is >60%, the mining
height is >4.5m, and the coal face is long. Therefore, this area
belongs to an extremely intensive mining area, covering an
area of 576.04 km®.

3.3.2. Intensive Mining Area. The area of an intensive min-
ing area is 1256.48km> it belongs to Sunjiacha, Mijiata,

Xigou, Dianta, and Yongxing Town of Shenmu City. The
terrain in this area is undulating due to river cutting.
The coal mine in this area is widely distributed, mining
activity is frequent, and the underground water level is sig-
nificantly low.

3.3.3. Medium-Intensive Mining Area. The area of a medium-
intensive mining area is 391.8km”. Although coal mining
exists in the area, the mining area is small, the mining seam
is single, the mining height is small, and the decline in the
water table is small. No geological hazards such as ground
collapse and surface crack are present.

3.3.4. Low-Intensive Mining Area. The area of a low-intensive
mining area is 514km’. The exploitation range of Hen-
gruiyuan and Yaoqu coal mines in Shenmu City is small.
The proportion of the mining area of these mines accounts
for 6.5% and 0.6%, respectively, and the mining height is
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TaBLE 2: Basic information statistics of the long-term monitoring well.

Number Location Geomorphology Ge;)lzglc Lithology Mine field
SCGO1 Zhangminggou village, Dianta Town, Shenmu Loess ridge and hilly 5% Sandstone Yujialiang mine field
SCG02 Woulansetai village, Daliuta Town, Shenmu River valley landform Ty Sandstone Dahaize mine field
SCGO3 Hezegou village, Jinjie Town, Shenmu Aeolian sand Queol  Aeolian sand Jinjie mine field
SCG04 Heilonggou village, Dabaodang Town, Shenmu  River valley landform 5% Sandstone Delong coal mine
YCGO1  Liushutan village, Jinjitan Town, Yuyang District Aeolian sand Qs Fine sand  Changjialiang coal mine
YCGo2 Lierping’s courtyard, Liuxiang V{llage, Mahuangliang Aeolian sand Qus + m Fine sand Hanglaiwan coal mine
Town, Yuyang District and loess
Niujialiang village, Niujialiang Town, . Malan group . .
YCGO03 Yuyang District Loess hilly Qym Joess Liuxiang coal mine
YCGO04 Chaheze farm, Hongshiqiao, Town, Yuyang District Aeolian sand Qs Fine sand Mengj 1awa;rrlezxplorat10n
FCGOl  Huolaigou village, Sandaogou Town, Fugu County River valley landform 5% Sand shale ~ Sandaogou coal mine
FCGO02 Dalumao village, Xinmin Town, Fugu County River valley landform 5% Sand shale Huafu coal mine
TaBLE 3: Index of the coal mining intensity level.
Coal mining intensity level
Mining height/m Productive area/mining Productive area/mining Productive area/mining Productive area/mining
area (>60%) area (60/30%) area (30/10%) area (<10%)
>4.50 Extremely High Medium Low
1.30-4.50 High Medium Medium Low
<1.30 Medium Low Low Low

1.2m and 3.0 m, respectively. The excavating length of min-
ing face is short. In addition, no obvious change was
observed in the depth to the water table in the coal mine
area; therefore, this area can be classified as a low-intensive
mining area.

4. Results and Discussion

4.1. Quantitative Change Analysis of Springs with Mining.
According to the background data and field study, 2580
springs were present in the entire area before the coal devel-
opment. This study revealed 376 springs with water. The rest
of springs dried up completely, and the attenuation rate is
84%, as shown in Figure 9.

Regarding the amount of springs, the attenuation rate of
spring quantity reached over 90%. The springs were located
in the coal mines of Shigetai, Daliuta, and Huojitu in the
north of Shenmu City, the coal mines of Sunjiacha, Haiwan,
Zhangjiagou, and Ningtiaota in the middle of Shenmu City,
and the coal mines of Yanghuopan and Shiyaodian in the
east of Shenmu City. Except for the spring seepage with
one place for stratum excavation in Shigetai coal mine,
the rest of natural springs basically disappeared. The atten-
uation rate of spring quantity within the mining area of
Halagou, Dahaize, Liangshuijing, Ningtiaota, Jingjie, and
Zhangjiamao is 70-80%. The attenuation rate of spring
quantity in the mine field of Yushuwan, Mawangmiao,

and Zhujiata is 40-50%. The spring of Dabaodang did not
dry up; a certain decrease in flow rate was observed com-
pared with that before 1994.

According to this classification of spring spot, the
attenuation rate of spring spot quantity with mixed infil-
tration supply is concentrated in 80-100%. The attenua-
tion rate of spring spot quantity with loess infiltration
supply is the second; this is concentrated in 60-80%. The
attenuation rate of spring spot quantity with sandy land
infiltration supply is the minimum; this is concentrated
in 0-30%.

4.2. Analysis of Variation in Discharge of Spring with Mining.
Regarding spring flow, the total flow of the spring group in
1994 was ~4292.2L/s and the total flow of the spring group
sharply decreased to 996.392 L/s in 2015 with an attenuation
rate of 76%. Compared with 1994, the attenuation rate of
spring flow within the mining area of Shigetai, Huojitu,
Daliuta, Hejiata, Zhugaita, Sunjiacha, Haiwan, Shiyaodian,
Yanghuopan, Zhangjiamao, and Ningtiaota reached over
90%. The attenuation rate of spring flow within the mining
area of Qianshipan, Dahaize, Liangshuijing, Yujialiang,
Xiangshuihe, Jingjie, and Zhujiata is 70-90%. The attenua-
tion rate of spring flow within the mining area of Yushuwan,
Caojiatan, Mawangmiao, and Hexingliang is less than 70%
(Figure 10).
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FIGURE 8: Zoning plan of the coal mining intensity level.

According to the spring classification of Section 2.2.1, the
attenuation rate of spring flow with mixed infiltration is con-
centrated in 80-100%. The attenuation rate of spring spot
quantity with loess infiltration supply is the second, concen-
trating in 70-90%. The attenuation rate of spring spot quan-
tity with sandy land infiltration supply is the minimum,
concentrating in 10-50%. The overall trend is similar to
decline, but because of landing funnel, etc., the other two
types of spring spots occur by combining the flow attenua-
tion effect of infiltration springs. The overall trend is similar
to quantitative attenuation. However, because of the depres-
sion cone, the other two types of spring spots are affected by
the attenuation of mixed infiltration supply with the spring
spot flow.

4.3. Changing Mechanism Analysis of Spring with Mining

4.3.1. Decrease in Spring Quantity by the Decline of the
Regional Groundwater Level. A comparison of the investi-
gated 541 water level monitoring sites in 2015 with 1994
showed that the phreatic water level in the study area has a
different degree of decline compared with the last century
(Figure 11). The region with the greatest decline of the water
level is located in the Shendong mining area of Shigetai,
Halagou (Figure 12), Daliuta, Huojitu, Dahaize, Zhugaita,
Longhua, Shiyaodian, and the detailed study area of
Jingjitan-Mahuangliang in Yuyang District. These areas are
intensive mining areas. Most of them form a concentrated
strip of the mined-out section, and the drop of the water level
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FiGUure 9: Contour map of the attenuation ratio of spring (group) quantity.

is >15m. Because of the sharp decrease of the water level in
these areas, the water level around these mine fields also
decreased to a certain extent with a water level drop of 5-
15m. The area with the water level drop of 1-5m is mainly
located in the east of the Shenfu mining area and the east of
the Yushen mining area. The development degree of coal
resources in this area is relatively low. The area with a water
level drop of less than 1 m is mainly located in the Salawusu
formation in the west of the Yushen mining area. This area
is not affected by coal mining; it is mainly affected by the sea-
sons, precipitation, evaporation, and human activities of
upstream. The drop of the water level is small in recent years.
The overall decline of the water level in the study area
decreased the outcropping quantity of spring (group).

4.3.2. Intensive Mining Is the Direct Cause of Regional Water
Level Decline. The development of coal resources in the study

area started in the late 1980s. The first modernized coal mine
(Daliuta) was constructed and operated in 1996. After that,
many coal mines were constructed. The raw coal output in
the area was 36 million tons in 2000, and it reached 3.558
tons in 2015, accounting for 9.62% of the raw coal production
of nation’s total. It forms the main coal base of China with
Erdos City in the Mu Us Desert. Especially in the upper
reaches of Kuye River, the coal mines are present one after
another. The diversion fissure zone formed by mining is con-
nected to the main phreatic aquifer, causing the unwatering
of the regional aquifer, decreasing the water table, and drying
up the spring.

Compared with the water level in the 1980s, the water
level of 14 wells around Hezegou and Qingcaogou in the
study area of Jinjie coal mine all decreased to different
degrees, with a drop of 0.5-12.67m. The average buried
depth of Jinjie mine field was ~1 m before the mining. The
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F1gure 10: Contour map of the attenuation ratio of spring (group) flow.

intensive mining decreased the water level by an average
of 6m. The decrease in the regional groundwater level
decreased the discharge height of spring and quantity of
spring. Thus, the higher the mining intensity, the more
is the decrease of springs, as shown by the statistics of
spring spots in mines with different mining intensities
(Table 4).

4.4. Ecological Efficiency Analysis of Mining

4.4.1. Shrinking of the Wetland Area. From 1990 to 2011,
the water area of the study area changed a lot, exhibiting a
trend of continuous reduction. The water area of the entire
region was 162.63 km” in 1990; this decreased to 133.80 km”
in 2001 and continued to decrease to 85.69km” in 2011,
with a decrease of ~40km? every 10 years. The reduction

rates of the two decades were 17.73% and 35.96%, respec-
tively. The decrease in surface water was mainly manifested
in the lakes and reservoirs and narrowing of some river
basins. This was mainly manifested in the shrinking of
water surface of lakes and reservoirs such as Hongjiannao,
Zhongyingpan Reservoir, Xuji Haizi, and Gouyancun Haizi.
The water area of Wulanmulun River, Beiniuchuan, and
Yuxi River narrowed. For example, in the case of Hongjian-
nao (Figure 13), a desert freshwater lake formed in 1929.
From the 1970s to the early 1990s, the lake was balanced
and the water level was basically stable. From the late
1990s to 2002, the water level of Hongjiannao decreased
by 10-15cm every year. After 2002, the water level
decreased by 20-30cm every year, with a maximum of
40cm. The Hongjiannao area also underwent shrinking,
from a maximum of 70 km? in 1969 to 32km? in 2014. This
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F1GURE 11: Partition of decline range of the groundwater table in recent 21 years.

is related to intensive human engineering activities includ-
ing coal mining in Hongjiannao Basin.

4.4.2. Reducing Runoff of Surface Water. The Kuye River in
the study area was cutoff since 2000, and the days of cutoft
increased continuously from 2000 to 2002, reaching a maxi-
mum of 220 days. The days of cutoff from 2003 to 2005
exceeded 150 days, almost becoming a dry river. The river
basin of Wulanmulun River and Beiniuchuan in the upper
reaches of Kuye River was cutoff in most of the tributary
trenches. For example, Shuanggou is a tributary of Wulan-
mulun River in the upper reaches of Kuye River with a length
of 5.6km. The annual average of spring flow is 7344 m’/d.
The mouth of spring dried up in 1997, the brook was cutoff
intermittently, and the watery land became a dry land.

4.4.3. Quality Reduction of Cultivated Land. The spring
water in the eastern edge of desert dried up, cutting-off
some rivers. The soil structure became loose, and the corro-
sion resistance of culvert water decreased, resulting in the
desolation of valley land and decrease in the quality of cul-
tivated land. The villagers used to depend on the self-
sufficiency of crops planted on both sides of the riverbed.
Because the quality of cultivated land decreased, the crops
could not grow and the villagers had to change their means
of living.

4.4.4. Vegetation Degradation. The natural attribute of the
study area is dry steppe, an integral part of grassland
resources in northern China. Suitable vegetation and shrubs
are drought-sensitive and cold-resistant. They have the
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TABLE 4: Statistics of springs’ evolution in different mine fields.

Coal mining Quantity of Quantity of Attenuation Spring flow Spring flow Attenuation

Mine field intensity springs before  springs after coal ratio of before coal after coal ratio of spring
level coal mining mining quantity (%) mining (L/s) mining (L/s) flow (%)

Yujialiang Highest 11 4 63.6 25.186 3.226 87.1
mine field
Zhangjiamao -y, 145 39 73.1 77.46 263103 66
mine field
Dabaodang Low 8 8 0 656.301 145.63 77.8
mine field

characteristics of narrow foliage, well-developed root, low
canopy density, and seasonal variation. In recent years,
owing to the increase in good management such as returning
farmland to forests and grass and planting grass and trees,
the vegetation has a trend of good transformation. However,
the improvement of vegetation ecology in mined-out areas
is significantly smaller than that in adjacent areas, indicat-
ing that coal mining negatively affects vegetation ecology.
Especially in small local coal mines, vegetation is further
degenerated. Poor growth, withered and yellowing of leaves,
and death or withering of some willows were observed
(Figure 14).

5. Conclusions

(1) Spring spots can be divided into three types accord-
ing to the supply source of dry season spring spot,
namely, (i) recharge spring spot of sand infiltration,
(ii) recharge spring spot of loess infiltration, and
(iii) recharge spring spot of mixed infiltration. Before
large-scale mining, the main characteristics of three
types of spring spots are as follows: (i) the maximum

(2

~

amount of single water inflow of springs with sand
infiltration recharge was more than 10L/s, (ii) the
total quantity of springs with mixed infiltration
recharge was the most, and (iii) the ecological effect
of springs with loess infiltration recharge was the
most significant.

2580 springs (group) were distributed in the Yush-
enfu mine area before the large-scale mining with a
total flow of 4998.9428L/s in 1994. 376 residual
springs (group) were present after the large-scale
mining with a total flow of 996.392L/s in 2015.
Thus, intensive mining decreased the regional
groundwater level, decreasing the amount of spring
water.

(3) After the decrease in the groundwater table caused by

intensive mining, the area of water and wetland in the
Yushenfu mine area also decreased. The water area in
the region decreased from 162.63km” in 1990 to
85.36 km? in 2011. The wetland area decreased from
55.86km? in 1990 to 45.49km?® in 2011. Because of
the decrease in the water table, the shrinking area of
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F1GURE 13: Photographs of vegetation degradation. (a) Remote sensing image in 1990, (b) remote sensing image in 2001, (c) remote sensing
image in 2011, (d) boundary of Hongjiannao in different stages.

FIGURE 14: Photographs of vegetation degradation.
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