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Abstract 27 

Large-scale lake clusters serve as important freshwater resources in arid and semi-28 

arid regions, but the groundwater recharge patterns sustaining these clusters remain 29 

poorly researched. The Songnen Basin, a semi-arid region in northeastern China, 30 

contains numerous shallow lakes most of which are not connected to rivers, showing 31 

complex interconnections with the groundwater recharge and storage. Here, this paper 32 

investigates the role of groundwater in sustaining the freshwater in the lake clusters of 33 

the Songnen Basin using remote sensing and isotope analysis, especially during the 34 

winter of Chagan Lake, the largest lake in this basin. Our results suggest that deep 35 

groundwater upwelling through fault zones is a significant recharge source for Chagan 36 

Lake, contributing to the frequent occurrence of stable ice-free areas. Isotopic tracers 37 

indicate that this deep groundwater does not originate from local precipitation but likely 38 

originates from external sources, potentially the Tibetan Plateau. A deep-circulation 39 

groundwater pattern is proposed, suggesting that water-conduiting channels exist under 40 

the deep lithosphere in arid and semi-arid regions. When these channels are destroyed 41 

by earthquakes, deep-circulating groundwater would rises through faults and recharges 42 

lake clusters. 43 

Keywords: Remote sensing, Groundwater, Hydrogen-oxygen isotopes, Songnen Basin 44 
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1. Introduction 47 

Currently, approximately 50% of global residential water and 43% of agricultural 48 

irrigation are supplied by groundwater, which irrigates 38% of the worlds farmland 49 

(Zhang et al., 2021). Abundant groundwater resources are distributed in major plains, 50 

intermontane basins, deserts and piedmont plains of inland basins. Groundwater stored 51 

in sediment pores, rock fractures, and karst caves, has been a primary target for 52 

extraction (Roded et al., 2023;Schilling et al., 2023). Many large plains and basins 53 

exhibit artesian characteristics, with confined groundwater levels above the surface, 54 

such as the China’s Tarim Basin, Qaidam Basin, Hexi Corridor, Ordos Basin, and North 55 

China Plain (Liao et al., 2022;Zhang et al., 2021;Li et al., 2024). The Great Artesian 56 

Basin in Australia, one of the worlds largest artesian basins, supplies approximately 57 

350 million m3 groundwater annually through more than 2,000 boreholes (Habermehl, 58 

2006). In the desert and semi-desert regions of Kazakhstan, nearly 70 artesian basins 59 

have been identified, covering a total area of 2 million km2 with a groundwater volume 60 

of about 7000 km3 (Abuduwaili et al., 2018). Rivers and lakes in these artesian basins 61 

are recharged by groundwater, serving as crucial water sources for local people (Jiang 62 

et al., 2020). However, there remains insufficient research on the recharge, runoff and 63 

discharge patterns of groundwater in these regions. 64 

The Songnen Basin, located in northeastern China, is an artesian basin with ten 65 

thousands of isolated water bodies (Du et al., 2020). Within this basin, 6,397 water 66 

bodies exceeding 60 ha encompass a total area of 432,600 ha sustained by groundwater 67 

(Song et al., 2011)(Fig. 1a-b). Groundwater is essential for maintaining these water 68 

bodies in the semi-arid region, where evaporation greatly exceeds precipitation. When 69 

groundwater and runoff recharge decreased in the 1960s, Chagan Lake, the largest lake 70 

in this basin (Fig. 1c), shrunk by 70% (Wang et al., 2011;Currell et al., 2012) and its 71 

pH increased from 8.5 to 12.8 (Lu et al., 2007), threatening water and fish quality. In 72 

response to these environmental challenges, the local government initiated the Yinsong 73 

Project, constructing Yinsong Channel to connect the Songhua River and Chagan Lake. 74 

Unexpectedly, this channel does not transport water from the Songhua River after 75 

completion and its headwork has been blocked. Instead, continuous groundwater flows 76 

into the channel and has become a vital source for Chagan Lake (Fig. 1d). 77 
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 78 
Fig. 1 A map of Chagan Lake region. (a) The Songnen Basin, a major physiographic unit 79 
among Northeast Chinas three principal plains, extends north -south and is narrow east-west. 80 
Its mean air temperature is about 5°C, varying from -18°C in January to 23°C in July. Annual 81 
precipitation and actual evaporation in the basin range from 300 to 600 mm and 1200 to 1800 82 
mm, respectively. (b) Distribution of lake clusters. Chagan lake is the largest shallow lake in 83 
the Songnen. (c) Chagan Lake is recharged by Yinsong Channel, and ice-free regions appear 84 
on the lake during the winter. Three major irrigation regions are distributed around Chagan 85 
Lake, including Daan, Qianan, and Qianguo irrigation regions, encompassing a total area of 86 
5,353.25 km². Among them, the Qianguo irrigation region has the largest area, accounting for 87 
50.36% of the total (d) The Yinsong Channel is an artificial channel extending 53.85 km in 88 
length and 50 m in width, connecting Chagan Lake and the Songhua River. After its 89 
completion in 1984, the channel has provided an annual water supply of 300 million m³ to 90 
Chagan Lake. Landsat imagery reveals that the channels upstream section at the Songhua 91 
River confluence has been completely blocked since 1990. (e) The groundwater source of 92 
Longkeng region and the field photograph. 93 

The average age of groundwater in the Songnen Basin is only 46.1 years (Zhang 94 

et al., 2017), and the recharge, runoff, and discharge patterns of this renewing 95 

groundwater are controversial. Previous studies on the groundwater circulation in the 96 

Songnen Basin and similar artesian basins have been based on the hydrological water 97 

balance, under the assumption that surface water and groundwater within a basin are 98 

derived from internal precipitation or inter-basin river recharge, with no cross-basin 99 

groundwater recharge (Liu et al., 2017;Chen et al., 2011;Zhang et al., 2015). Notably, 100 

despite declining trends in surface runoff and precipitation (Wang et al., 2015), 101 

groundwater recharge showed an increasing trend in the Songnen Basin by 2010 (Ma 102 

et al., 2021a). In addition to traditional infiltration and lateral recharge, there is also a 103 

fault zone recharge mechanism for groundwater (Tan et al., 2021). The Songnen Basin 104 

is characterized by numerous fault zones, with lakes and rivers distributed along these 105 
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faults. Several studies have found that in the Songnen Basin, Changbai Mountains, 106 

Greater Khingan Range, and Sanjiang Plain in the Northeast China, the hydrogen-107 

oxygen isotope tracers in groundwater show marked differences with respect to local 108 

precipitation, indicating an imbalance in water volume and signs of external 109 

groundwater recharge from distant sources to surface water (Zhan et al., 2017;Ma et al., 110 

2021a). 111 

However, the complex hydrological system poses significant challenges in 112 

studying groundwater circulation and flow processes in the Songnen Basin, especially 113 

when exploring the formation of artesian basins and lake clusters. The groundwater 114 

cycle in the basin is influenced by numerous natural and human factors such as 115 

precipitation, evaporation, seasonally frozen soil, snowmelt, agricultural irrigation and 116 

among others. To minimize the influence of these factors on the groundwater cycle, 117 

winter in the Songnen basin has become an ideal period to assess the contribution of 118 

external groundwater recharge to this basin. From November to February, seasonal 119 

permafrost and snowmelt have not yet begun recharging groundwater, and the total 120 

precipitation is only 33.5 mm. During this time, the average air temperature in the 121 

Songnen Basin is above -17℃, with ice on Chagan Lake reaching a thickness of up to 122 

1 meter in winter. However, there are some spots and strips shaped areas on the lake 123 

where water remains unfrozen or shows thinner ice, suggesting influence of 124 

underground springs reaching the surface. The water source of these springs remains 125 

unkown, whether it originates from groundwater entering the lake through fault zones 126 

or from surrounding phreatic water. The answer to this question is strategic for a 127 

sustainable management of the Songnen Basin and is key for a better understanding of 128 

the groundwater-surface interactions of semi-arid artesian basins.  129 

Traditional field observations are limited by sparse monitoring networks, and 130 

remote sensing provides continuous spatiotemporal coverage. The integration of these 131 

two approaches establishes a comprehensive monitoring system for studying 132 

hydrological cycles (Fig. 2). Hence, this paper focuses on the winter of Chagan Lake 133 

region in the Songnen Basin to investigate the groundwater recharge patterns of artesian 134 

basins using multi-source remote sensing and isotope techniques. First, MODIS and 135 

Landsat imagery are fused to construct the formation processes of winter lake ice, 136 

identifying the relationships between spring water, fault zones, and water-conducting 137 

structures. Next, interferometric measurements and seismic data are employed to reveal 138 

potential groundwater recharge sources and water-conducting media. Finally, external 139 
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groundwater source origins and deep-circulating groundwater patterns are determined 140 

through soil profile and hydrogen-oxygen isotope analysis. 141 

 142 
Fig. 2 Flow chart of the groudwater recharge study of Songnen Basin. 143 

2 Results and Discussion 144 

2.1 Chagan Lake region observed by remote sensing 145 

To investigate the groundwater recharge patterns, multi-source remote sensing 146 

technology was employed to the Chagan Lake region. We will report our main findings 147 

based on three aspects: lake ice formation, Chagan Lake and the Yinsong Channel 148 

evolution, and interferometric deformation measurements (Fig. 3).  149 

Partial Freezing of Chagan Lake: The ice formation process of Chagan Lake 150 

was reconstructed from 2016 to 2020 using the blue band through IDCSTFN. Analysis 151 

of Fig. 3a reveals that Chagan Lake initiates its freezing process in mid-to-late 152 

November annually, typically with an unfrozen area appearing in the northwest region 153 

of the lake. As temperatures decrease, this unfrozen region shrinks, and a 154 

counterclockwise crack develops along the southwest shore. For example, large 155 

unfrozen areas emerged on the lakes western side during the initial ice formation phase 156 

in 2016. By mid-November (November 12 and 16), the majority of lake surface had 157 

undergone freezing, except for a northeast-southwest-oriented unfrozen area along the 158 

southwest shore. Following complete lake freezing on November 20, the pattern 159 

persisted with an unfrozen area in the northwest, accompanied by a narrow crack along 160 

the southwest shore. Similar cracks or ice ridges aligned with the shoreline appeared in 161 

2018 and 2020. Although similar cracks were not detected in 2017, a large unfrozen 162 
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area remained evident in the northwest. 163 

 164 
Fig. 3 Changes in lake ice, water area, and surrounding deformation in the Chagan Lake 165 
observed by remote sensing. (a) The inversion process of lake ice formation in November for 166 
the years 2016, 2017, 2018, and 2020. MODIS and Landsat images were fused to determine 167 
the relationship between the springs feeding Chagan Lake and the surrounding water-168 
conducting structures, based on the formation process and spatial distribution of winter lake 169 
ice. Landsat and Modis images were fused to reconstruct the lake ice formation from 2016 to 170 
2020, focusing on unfrozen areas (2019 images were missing due to cloud cover) (b) A time 171 
series of Chagan Lakes area from 1972 to 2020 was constructed, yielding an overall accuracy 172 
of 94.7% and a Kappa coefficient of 0.917. The Kappa coefficient is a statistical measure that 173 
evaluates the agreement between classified data and reference data.Due to flood events in 1986, 174 
1998, and 2012, these three years are excluded and are indicated with dashed lines. (c) 175 
Deformation measurements around Chagan Lake using PS-InSAR and QPS-InSAR. 176 
Synthetic Aperture Radar (SAR) interferometry 23, 24 was employed to analyze surface 177 
deformation, integrating earthquake data, water flow distribution, and isotopic 178 
characteristics so to identify potential recharge sources and water transmission mediums for 179 
groundwater in the Songnen Basin. 180 

Chagan Lake Saved by the Yinsong Channel: The extraction of water bodies 181 

was performed using the neural network and Yinsong Channels images were acquired 182 

from the corresponding period via Landsat from 1972 to 2020 (Fig. S1, Fig. 3b,). 183 

During the period 1972-1976, Chagan Lake gradually shrank from 181.9 km² to 118.1 184 
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km². To halt this decline, the local government initiated the Yinsong Project, which 185 

constructed the Yinsong Channel between the upper Songhua River and Chagan Lake. 186 

Following the completion of the first phase in December 1977, water from the Second 187 

Songhua River began flowing into the Yinsong Channel. Consequently, the lake s area 188 

expanded from 104.9 km² to 246.7 km² during 1977-1984, representing a more than 189 

twofold expansion. The completion of the Yinsong Channel’s headworks in the second 190 

project phase (1984) facilitated a subsequent expansion of Chagan Lake, reaching a 191 

total area of 373.9 km² in 1987. Interestingly, the channels head was blocked after 1989, 192 

preventing water from the Songhua River flowing into Chagan Lake through the 193 

Yinsong Channel (Fig. 3b). Nevertheless, a persistent hydrological input recharging 194 

Chagan Lake through the Yinsong Channel continues to exist, and the lakes area has 195 

remained above 300 km² since 1990. 196 

Subsidence in the Chagan Lake Region: To investigate tectonic activity in the 197 

Chagan Lake region, 39 images from 2018 to 2021were selected using PS-InSAR and 198 

QPS-InSAR through the SARProz tool (Bai et al., 2022;Perissin et al., 2012). The result 199 

identified 13,358 PS points through PS-InSAR and 13,739 points through QPS-InSAR, 200 

exhibiting overall coherence greater than 0.8 and similar deformation results In the 201 

Songnen region, characterized by densely distributed PS points, the cumulative 202 

subsidence measured by PS-InSAR and QPS-InSAR reached 27.44 mm and 25.71 mm 203 

(Fig. S2). The time-series measurements from both methods demonstrated a high 204 

correlation of 0.99, with a deformation error of 1.73 mm. Both methods indicated that 205 

subsidence is the primary ground movement in the Chagan Lake region along the line 206 

of sight direction (Fig. 3c). The subsidence pattern intensifies from west to east, 207 

particularly in the Songyuan City and Yinsong Channel region, where the subsidence 208 

rate exceeds 7 mm/a. 209 

2.2 Chagan Lake is recharged by fault zone groundwater 210 

The stable ice-free regions of Chagan Lake provide a research target for exploring 211 

groundwater sources. The formation of lake ice is influenced by some factors, including 212 

temperature, wind, solar radiation, water depth (Dibike et al., 2011). It can be assumed 213 

that solar radiation is uniform across the whole Chagan Lake, considering its area only 214 

420 km². Lakes normally begin to freeze at the edges near the land, then expand to the 215 

center. And the freezing time is linearly related to the lakes depth, with a delay of one 216 

day per meter increasing in depth (Kirillin et al., 2012). The extracted ice-free regions 217 
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predominantly occur in the northwest and along the southwestern shore of Chagan Lake, 218 

while the deeper central regions typically freeze earlier (Fig. 4a), which contradicts the 219 

general pattern that deeper waters tend to freeze more slowly. The overlay of these 220 

extracted unfrozen regions indicates that the northwest side and southwestern shore are 221 

most likely to remain unfrozen (Fig. 4b). Notably, the western side of the lake 222 

consistently exhibits ice-free zones, with the same area remaining unfrozen on three 223 

occasions over a five-year period. 224 

The annual temperature variations of Chagan Lakes surface also corroborate the 225 

anomalous distribution of lake ice. Landsat-derived water temperature data were 226 

employed to analyze temperature variations from August 2016 to July 2017 (Fig. S3). 227 

The Landsat images during this period were minimally affected by clouds, enabling a 228 

comprehensive depiction of the 12-month temperature variations. As temperatures 229 

begin to drop in October, the water temperature near the lakes edges becomes 230 

significantly lower than at its center. By early winter (November and December), the 231 

deeper southeastern part of the lake has already frozen, but the shallower southwestern 232 

shore and northwest side present higher water temperature (Fig. 4c). Due to the shallow 233 

penetration of optical imagery in water, the retrieved temperature only reflects the lakes 234 

surface temperature. As winter temperatures continue to drop, the lakes surface 235 

temperature becomes primarily influenced by external factors like air temperature and 236 

wind, making such phenomena unlikely to occur in other months.  237 

Coincidentally, the areas with frequent ice formation and higher water temperature 238 

correspond to the location of the Daan-Dedu Fault (Fig. 4b). The Daan-Dedu Fault, 239 

which is the largest fault within the Songnen Basin, runs through Chagan Lake. The 240 

reverse fault-fold deformation mechanism of this fault zone exhibits both strike-slip 241 

and thrusting movements, providing channels for groundwater to discharge. The 242 

Standard Deviation (SD) of lake surface temperature, which has been used to trace 243 

groundwater discharge in previous studies (Liao et al., 2022;Mallast et al., 2014;Wilson 244 

and Rocha, 2012), was calculated from August 2016 to July 2017. An anomalous band-245 

like pattern characterized by minimal temperature variations exists in the central area 246 

of Chagan Lake, away from the deep water zones (Fig. 4d). This stable water 247 

temperature region corresponds to the last frozen area, coinciding with the trend of the 248 

Daan-Dedu Fault. 249 

 250 
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 251 
Fig. 4 Inversion results of lake ice and water temperature in Chagan Lake. (a) Extracted 252 
results on the non-freezing areas of lake ice from 2016 to 2020 and groundwater flow direction. 253 
(b) Frequency distribution of non-freezing events from 2016 to 2020. (c) Inversion results of 254 
water temperature from October to December 2016. (d) Standard deviation of water 255 
temperature. 256 

The distribution of ice-free areas, SD anomaly zones, and fault zones are 257 

consistent, suggesting that warmer deep groundwater likely upwells through the fault, 258 

leading to the spatial distribution of water temperature and lake ice. The groundwater 259 

from the fault flows west to east towards the Maying Lake, which is a drainage outlet 260 

at the northeastern side of Chagan Lake (Fig. 4b). Influenced by the Coriolis force, the 261 

upwelling groundwater shifts southward, forming a fracture along the southwestern 262 

shore of the Chagan Lake (Fig. 4a). Since the southeastern part of the lake is in a deep 263 

water area (＞ 4m), the fracture terminates in that direction. Due to the influence of 264 

water flow, ice-free regions are observed in the shallower Maying Lake region, 265 

consistent with field observations (Fig. 4b). The distribution of these regions is also 266 
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uncertain due to multiple factors such as temperature and wind direction. 267 

2.3 Songnen Basin is widely recharged by fault zone groundwater 268 

Groundwater recharge through fault zones is similarly widespread in other areas 269 

of the Songnen Basin (Fig. 5a). For example, the Yinsong Channel continuously 270 

supplies water to Chagan Lake, even through its source has been blocked (Fig. 5b). The 271 

channel is primarily located within the Qianguo irrigation district, and traditional 272 

studies suggest that it is recharged by irrigation return flow from this region (Dong and 273 

Bao, 2009;Tang et al., 2021). The Yinsong Channel was under construction during the 274 

winter when the average temperature was above -17°C. The frozen soil layer, which 275 

was formed by the low temperature and exceeded 1 m in thickness, blocked both surface 276 

water infiltration and irrigation return flow. During the construction, rising springs and 277 

quicksand emerged in some sections after the exposure of a 1-meter-thick frozen soil 278 

layer. This indicates that besides precipitation infiltration and irrigation return flow, 279 

there are other recharge sources for the Yinsong Canal. 280 

 281 
Fig. 5 Distribution map of fault zones and lake clusters in the Songnen Basin. (a) Fault zones, 282 
lake clusters, and earthquakes distribution in the Songnen. (b) Deformation measurement 283 
results for the Chagan Lake region. The Daan-Dedu, Fuyu-Zhaodong, and Second Songhua 284 
River fault zones pass through the Chagan Lake region, with numerous earthquakes 285 
occurring on both sides of the fault zones. (c)-(g) are Yueliang Lake, Dubusu Lake, Lianhuan 286 
Lake, Daqing Reservoir and Nanyin Reservoir. 287 

Moreover, the inconsistency between water volume fluctuations in the Yinsong 288 
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Channel and the irrigation district also suggests the existence of other recharge sources. 289 

The annual irrigation return flow in the Qianguo irrigation region was 130 million m3 290 

from 1975 to 1998, and decreased to 98 million m3 by 2010, representing a 25% 291 

reduction due to water-saving measures(Dong and Hu, 2015). The restoration of 292 

Chagan Lake following the Yinsong Channel construction indicates that the channel 293 

serves as a vital water source (Fig. 5b), contributing 35% of the lakes volume  (Zhu et 294 

al., 2012). A 25% decrease in irrigation return flow would inevitably affect the Yinsong 295 

Channel, potentially leading to the shrinkage of Chagan Lake. However, the Chagan 296 

Lake has maintained above 300 km2, with a recent trend of expansion since 2010.  297 

These two phenomena indicate the Yinsong Channel has additional significant 298 

recharge sources besides precipitation and irrigation return flow. Similar to the fault 299 

distribution in the Chagan Lake, the north-south trending Fuyu-Zhaodong Fault 300 

intersects the Yinsong Channel, and the groundwater discharge from this fault zone 301 

becomes a potential recharge source (Fig. 5b). Time-series interferences reveal 302 

significant subsidence in the Yinsong Channel region at a rate of approximately 4 mm/a. 303 

Seismic activities have been concentrated on the eastern side of Chagan Lake since 304 

2013, which coincides with areas of severe subsidence (Fig. 5b). The southern section 305 

of the Fuyu-Zhaodong Fault is the most seismically active area in Northeast China, with 306 

most of the Songnen Basin’s earthquakes concentrated near this fault in recent years 307 

(Fig. 5a). 308 

The focal depths of these earthquakes range from 4 to 35 km. The largest recorded 309 

earthquake in Northeast China occurred in 1119 around the Fuyu-Zhaodong Fault Zone. 310 

The earthquake region was located in the Qianguo irrigation area, with a magnitude of 311 

6.75 (Shen et al., 2016). After this earthquake, a substantial volume of groundwater 312 

surged from the fault, washing over the overlying loess and formed the Longkeng Gully, 313 

located 10 km south of Yinsong Channel (Wu et al., 1988). This natural gully is now 314 

approximately 2,500m long, 300m wide and several meters deep (Fig. 1e; Fig. 5). 315 

Numerous rising springs emerge from the Longkeng Gully, forming streams with a 316 

stable flow rate of 2m3/s and a temperature of approximately 10°C. These springs have 317 

become a vital water source for the Songyuan city. The existence of Longkeng indicates 318 

that frequent seismic activity around the Fuyu-Zhaodong Fault can cause qualitative 319 

changes in groundwater movement. Large volumes of groundwater recharge the 320 

Yinsong Channel through the fault and eventually flowed into Chagan Lake as the strata 321 

subside. 322 
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In addition to the Daan-Dedu Fault and Fuyu-Zhaodong Fault, several large N-S 323 

and E-W trending fault zones are distributed in the Songnen Basin, including the 324 

Nenjiang Fault, Second Songhua River Fault, and Binzhou Fault (Fig. 5a). Lake 325 

clusters and rivers in the Songnen Basin are situated on a subsidence fault plain formed 326 

by these faults. Other lakes in the Songnen Basin, such as Yueliang, Dabusu, Huaao, 327 

Xidahai, and Lianhuan lakes, also exhibit unfrozen areas as observed in Landsat images 328 

(Fig. 5c-g). For example, the Lianhuan Lake region has been developed into a spring 329 

resort. These lakes are distributed along fault zones and generally recharged by deep 330 

groundwater (Fig. 5a). The Songhua and Nenjiang rivers are also aligned with fault 331 

zones, which exert a significant influence on the formation and hydrological control of 332 

these rivers and lakes. 333 

The NE-SW, NW-SE, and E-W trending fault structures shape the spatial pattern 334 

of lake development, and define fault-controlled basins. As analysed by the Dabusu 335 

Lake profile near Chagan Lake, the sediments of lakes in the Songnen Basin primarily 336 

consist of aeolian deposits and biological remains. The average sedimentation rate of 337 

lakes in the Songnen Baisn has been approximately 0.54 mm/a over the past 15000 338 

years (Shen et al., 1998). The Songnen Basin is seismically active, with the eastern 339 

region experiencing an average subsidence rate of 4 mm/a (Lingyun et al., 2014). The 340 

surface subsidence rate in the Songnen Baisn is significantly higher than the lake 341 

sedimentation rate, suggesting that lake evolution is primarily influenced by tectonic 342 

displacement rather than sedimentation. Several caves exist within active geological 343 

structures, and their collapse leads to surface subsidence. These caves serve as conduits 344 

and storage spaces for groundwater. Under the influence of seismic and other geological 345 

activities, groundwater from fault zones rises to recharge these shallow lakes, thereby 346 

influencing the formation of lake ice. 347 

2.4 Limited local precipitation recharge of fault zone groundwater 348 

Lake clusters in the Songnen receive recharge from fault zone groundwater. And 349 

traditional water balance theory suggests that groundwater recharging shallow lakes is 350 

derived from precipitation infiltration in surrounding mountainous and plateau areas, 351 

or irrigation return flows. If precipitation or irrigation water indeed recharges 352 

groundwater through infiltration, it would inevitably lead to soil water saturation. 353 

Hence, soil drilling and hydrogen-oxygen isotope measurements were performed 354 

during 2017 and 2018 in the Songnen Basin to identify the groundwater sources, 355 
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especially the Chagan Lake region. 356 

The locations of the soil profiles includes the Chagan Lake surrounding region 357 

(T1), Longkeng region (T2), and Dabusu region (Fig. 6a). The maximum water holding 358 

capacity of the Dabuxun profile is 13.4% and 14% (Fig. S4). This result indicates that 359 

the maximum field soil-water holding capacity is ≥14% in the Chagan Lake region due 360 

to the relatively uniform granularity of loess. The maximum values of water contents 361 

in Profile T1 and T2 are only 12.02% at 120cm and 11.01% at 60 cm below the surface. 362 

These values are less than the maximum water holding capacity (14%), indicating a soil 363 

moisture deficit (Fig. 6b-e). 364 

The Total dissolved solids (TDS) in the Profile T1 around Chagan Lake exhibits 365 

two peaks: the first peak occurs at 1.8m with 4.2 g/L, and the second reaches 4.6 g/L at 366 

7.0m. These peaks represent the depth of previous precipitation infiltration. The first 367 

peak is influenced by precipitation infiltration, which has transported surface salts into 368 

the soil. The secondary peak is related to irrigation or surface water infiltration. This 369 

profile is located in a low-lying area where surface water converges, so this location 370 

serves as an optimal observation point if groundwater is recharged through soil 371 

infiltration. In the Chagan Lake region, the TDS of phreatic groundwater is 0.37-2.1 372 

g/L, with an average of 0.96 g/L. For confined water, TDS is 0.35-1.43 g/L, with an 373 

average of 0.6 g/L (Xu et al., 2020). The secondary peak demonstrates that the depth of 374 

soil infiltration reaches 7m, with soil water TDS (>4 g/L) exceeding that of groundwater. 375 

This peak reflects the depth of surface water infiltration, suggesting limited potential 376 

for surface irrigation water to infiltrate into groundwater, even in pothole regions. In 377 

the Profile T2 at Longkeng region, the peak TDS occurs at 1.4m, measuring 4.65g/L, 378 

which exceeds the maximum TDS of groundwater. Therefore, the previous point that 379 

groundwater only originates from local precipitation, irrigation water, and river water 380 

infiltration is inconsistent with the sampling results in the Chagan Lake region. 381 
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 382 
Fig. 6 Field sampling results in the Chagan Lake region. (a) Location map of hydrogen-oxygen 383 
isotope and soil profile sampling points. Surface water and groundwater are represented by 384 
circles and squares, respectively, and are distinguished by different colors based on the 385 
sampling regions. The sampling locations of Chagan, Longkeng, and Dabusu soil profiles are 386 
marked by inverted triangles. (b)-(e) TDS, water content, and hydrogen-oxygen isotope results 387 
from soil profiles around Chagan Lake (T1) and Longkeng (T2) regions. (f)-(j) Relationships 388 
between hydrogen-oxygen isotopes in surface water, soil water, and groundwater in the 389 
Chagan Lake region. Groundwater, soil water, surface water, and precipitation are 390 
represented by circles, pentagons, squares, and diamonds, respectively. River water from the 391 
Tibet Plateau is represented by gray triangles. The isotope characteristics of the collected lake 392 
water are almost parallel to the δ18O axis, because the sampling area in Chagan Lake is near 393 
the shore, where lake water has low mobility and high evaporation. MuRong Li et al conducted 394 
isotope measurements across the entire Chagan Lake in 2019-2022 (Li et al., 2023), and these 395 
results were added as literature. EL1-6 are evaporation lines. EL1 represents the evaporation 396 
line of soil water in the Chagan Lake and Longkeng regions, while EL3 and EL5 represent the 397 
evaporation lines of soil water in the Chagan Lake and Longkeng region, respectively. EL2, 398 
EL4, and EL6 are three other lines parallel to the precipitation-weighted average. 399 

The hydrogen-oxygen isotope results also corroborate the conclusion that 400 

groundwater has other recharge sources, possibly from extra-basin water. Isotope points 401 

were established based on groundwater and surface water samples collected from 402 

Chagan Lake, Songhua River, Longkeng, and irrigation regions (Fig. 6f). Lake water 403 

exhibits greater isotopic enrichment compared to groundwater and soil water. The 404 

hydrogen-oxygen relationship points of soil water from Chagan Lake and Longkeng 405 

profiles plot along the evaporation line EL1, which differs significantly from local 406 

precipitation. Soil water is more depleted than local precipitation points and 407 
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precipitation that infiltrates the soil and undergoes evaporation should align with EL2. 408 

Therefore, the primary source of soil water is not precipitation. The isotopic 409 

characteristics of soil water fluctuate significantly with depth in the Longkeng profile. 410 

This profile was sampled in November 2017, after four irrigation events from spring to 411 

summer. The soil water enriches in isotope character due to evaporation and transmits 412 

deeper after each irrigation, consequently leading to isotope fluctuations. Moreover, the 413 

soil water is more enriched than groundwater overall in the Longkeng region, indicating 414 

that the soil water originates from groundwater irrigation. Soil water shows greater 415 

isotopic depletion relative to groundwater in the Chagan Lake region because it is 416 

further from the Global Meteoric Water Line (GMWL) and predominantly affected by 417 

evaporation. The irrigation with groundwater, combined with the evaporation-418 

crystallization process, results in further depletion of the soil water. 419 

The hydrogen-oxygen isotopic composition in groundwater, which recharges the 420 

soil water, shows more depleted than local precipitation. This isotopic signature 421 

indicates that groundwater recharge originates from external sources rather than soil 422 

water and local precipitation. The Second Songhua River follows the fault zone and 423 

flows through the Chagan Lake region. The isotopic results show that river water is 424 

generally more depleted than groundwater, making it a potential source of groundwater 425 

recharge (Fig. 9i). But topographical constraints preclude it from being a recharge 426 

source. The water level of Second Songhua River is 132m in the south and 121m in the 427 

north, while the elevation of Longkeng spring is 150m. This significant elevation 428 

difference, coupled with the fact that spring water flows into the Second Songhua River, 429 

demonstrates that the river water cannot recharge the Fuyu-Zhaodong fault through the 430 

Second Songhua River fault. 431 

The Changbai Mountains and Greater Khingan Range, situated on the eastern and 432 

western sides of the Songnen Basin, have average elevations exceeding 1000m and 433 

significant hydraulic gradients, making them potential groundwater recharge areas for 434 

Songnen (Jiang and Chen, 2015;Ma et al., 2021b). However, both regions exhibit water 435 

imbalances and receive external groundwater recharge themselves. The Changbai 436 

Mountains contribute an average runoff of 3.1×1010 m3, accounting for 87% of Jilin 437 

Province’s total runoff. But water balance and isotopic analyses reveal that the Tianchi 438 

Lake in Changbai Mountain receives external groundwater recharge (≥0.8m3/s) (Jiang 439 

and Chen, 2015). In the Greater Khingan Range, deep groundwater discharges through 440 

the Erbugan fault and Xinlin-Xiguitu fault zones, resulting in unfrozen rivers in the 441 
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Huma River basin even at temperatures of -40°C (Fig. S5). Similar to the Songnen 442 

Basin, the hydrogen-oxygen isotopes in groundwater from both the Changbai 443 

Mountains and Greater Khingan Range are more depleted compared to local 444 

precipitation, and the groundwater isotopic compositions of all three regions are similar 445 

to rivers in the Tibetan Plateau (Fig. 6j). 446 

2.5 Groundwater pattern of artesian basins 447 

The Songnen Basin is characterized by extensive Cenozoic basalts. Recent studies 448 

have revealed the existence of a deep-circulation groundwater pattern in areas 449 

dominated by Cenozoic basalts. The endorheic region in the Tibetan Plateau loses 450 

approximately 540×108 m3 water annually, equivalent to the Yellow Rivers annual flow  451 

(Yong et al., 2021). This water is transported to eastern China in the form of deep-452 

circulating groundwater through seepage channels within north-south trending rift 453 

valleys of the Tibetan Plateau (Liu et al., 2023). These channels originated as 454 

contraction joints formed during the cooling of basaltic magmatic rocks. Numerous 455 

artesian basins are situated in the arid and semi-arid regions surrounding the Tibetan 456 

Plateau, including the Tarim, Qaidam, Ordos, North China Plain, and Songnen Basin 457 

(Ma et al., 2021a;Liu et al., 2024;Chen et al., 2012). There has been considerable 458 

attention on whether a potential relationship exists between the Tibetan Plateau’ lost 459 

water and artesian basins’ external groundwater. If these artesian basins receive 460 

groundwater recharge from Tibetan Plateau seepage, cooling contraction joints from 461 

past magmatic activity must exist between the plateau and these basins. This indicates 462 

that since the Cenozoic era, these basins experienced magmatic activity originating 463 

from Tibets asthenospheric mantle.   464 

 465 
Fig. 7 Conceptual model and distribution of deep circulation groundwater recharge. (a) 466 
Conceptual diagram of deep circulating groundwater recharge to lakes and volcanic crater 467 
lakes through fault zones (Wang et al., 2025). (b) Distribution of artesian basins, Cenozoic 468 
basalts and δ18O isotopes (Zhang et al., 2025). ①–⑩ correspond to Tarim, Junggar, Qaidam, 469 
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Ordos, Erenhot, Songnen, North China Plain, Changbai Mountain, Sichuan, and Subei Basin, 470 
respectively.  471 

An estimated 500,000 km³ of freshwater and low-salinity water exists beneath the 472 

continental shelves near Australia, China, North America, and South Africa (Post et al., 473 

2013). Traditional groundwater circulation theory suggests this water originated from 474 

glacial-period precipitation when sea levels were substantially lower. However, the 475 

origin of freshwater and low-salinity water in continental shelf aquifers remains debated, 476 

particularly due to the artesian characteristics of submarine freshwater aquifers. 477 

Groundwater discharge in the South Atlantic Bay coastal areas amounts to 478 

approximately 40% of river discharge, analyzed using 226Ra data from brackish 479 

groundwater and coastal water residence time (Moore, 1996). Similarly, substantial 480 

freshwater discharge occurs through submarine groundwater along Chinas coastline 481 

(Wang et al., 2021). Since glacial-period paleowaters trapped in aquifers lack sustained 482 

artesian characteristics, its inferred that continental shelf freshwater originates from 483 

deep-circulating groundwater. This is supported by widespread volcanic activity in 484 

eastern China during the Cenozoic era, where magmatic flows caused by the subduction 485 

of the Indian plate flowed and erupted in three directions: northeast, east, and southeast 486 

(Fig. 7b). These magmatic flows created water-conducting channels, forming 487 

groundwater networks. 488 

Research shows that the Qaidam Basin, adjacent to eastern Tibetan Plateau, 489 

receives external water recharge from Tibets endorheic region, and this water upwells 490 

to lake clusters through basement fault zones in the basin (Liu et al., 2024). In the 491 

eastern Ordos artesian basin, on the top of Lvliang Mountain (2783m), there exists 492 

rising springs and lake clusters, which are derived from Tibetan seepage water as 493 

measured by hydrogen-oxygen isotope (Zhang et al., 2025). Deep-circulation 494 

groundwater from Tibetan recharges the Loess Plateau, where the groundwater 495 

penetrating through the lithosphere facilitates the formation of red clay layer (Wang et 496 

al., 2025). Based on previous deep circulation groundwater models, this paper 497 

constructed a deep-circulating groundwater model for arid and semi-arid regions (Fig. 498 

7a). The Indian Ocean plate subducts beneath the Eurasian plate, causing high-pressure 499 

in the mantle and triggering volcanic eruptions and magmatic activity. Following the 500 

cessation of volcanic eruptions and transition to extinction, the magmatic activity in the 501 

mantle ceases, and the magma crystallizes into solid rock masses through thermal 502 

equilibration with the adjacent country rocks. The low SiO2 content in basaltic 503 
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magmatic rocks results in reduced magma viscosity, leading to the formation of 504 

continuous cooling-contraction fractures along the flow orientation within the basaltic 505 

unit. These fractures serve as preferential pathways for rapid groundwater transport 506 

between recharge zones and artesian basins (Wang et al., 2024). 507 

Research has revealed that groundwater contributes approximately 65% of the 508 

water in the Changbai Mountain Tianchi (Jiang and Chen, 2015). Given Tianchi Lakes 509 

elevation of 2,189.7 m, hydraulic and isotopic analyses indicate that Tianchi receives 510 

seepage water from Tibet, and there exists water-conducting channels between Tibet 511 

and Changbai Mountain. If deep-circulating groundwater recharge reaches the 512 

Changbai Mountain, some water-conducting channels must have passed through the 513 

Songnen Basin, which is situated between the Tibetan Plateau and Changbai Mountain. 514 

Due to seismic activity in Songyuan and its surrounding areas, groundwater upwells 515 

through fault zones after the disruption of some water conduits and overflows as springs 516 

to form shallow lakes. In these shallow lakes such as Chagan Lake, unfrozen regions 517 

during winter are the spring outflow points. An increasing number of studies have 518 

revealed that artesian basins in arid and semi-arid regions exists similar groundwater 519 

recharge pattern, including the Tarim Basin, Zhangye Basin, Badanjilin Desert, Erenhot 520 

Basin, and Hulun Lake Basin (Fig. S6). Similar cross-basin recharge exists between 521 

numerous sub-basins in the United States, and lateral groundwater recharge distances 522 

exceed 200 km in the arid western regions (Yang et al., 2025). The Qiangtang-Songnen 523 

deep-circulating groundwater recharge pattern may be widespread in many artesian 524 

basins. 525 

2.6 Limitations of the study 526 

Remote sensing and isotope analyses are employed to explore groundwater 527 

patterns in the Songnen Basin. However, some limitations still exist, including: (1) 528 

Given that the Songnen Bains is situated over 3,000km away from the endorheic 529 

Tibetan Plateau, and considering that the water conduit extends to mantle depths, 530 

additional comprehensive investigations are required to establish the potential  531 

connection between these two regions. (2) The dense vegetation coverage surrounding 532 

the Chagan Lake results in a sparse distribution of interferometric points, with high-533 

coherence PS points predominantly concentrated in urban areas, villages, and other 534 

built-up areas. Future studies should consider SAR images of different bands or 535 

alternative interferometric techniques to mitigate the vegetation-induced impacts on 536 
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interferometric results. 537 

3 Conclusion 538 

This paper focuses on the Songnen Basin in the winter to explore the groundwater 539 

cycle patterns of the arid and semi-arid artesian basins, using multi-source remote 540 

sensing and hydrogen-oxygen isotope techniques. Groundwater from fault zones 541 

recharges lake clusters and influences spatio-temporal distribution of lake ice in the 542 

Songnen Basin. Contrary to traditional water balance theories, this groundwater does 543 

not originate from local precipitation but from external sources. The annual leakage 544 

water from the Tibetan endorheic regions is equivalent to the runoff of Yellow River. 545 

This leaked water recharges numerous artesian basins through fault zones, including 546 

the Qaidam Basin, Ordos Basin, and Changbai Mountains, as well as the Songnen Basin, 547 

all along the recharge pathway. Due to limitations in detection technology, there is still 548 

insufficient evidence to confirm that this external groundwater originates from the 549 

endorheic Tibetan Plateau. Further research is necessary to establish the connection 550 

between endorheic Tibetan Plateau and these artesian basins. 551 

4 Material and method 552 

4.1 Data 553 

4.1.1 Remote sensing data 554 

The satellites data utilized in the paper were primarily acquired from Landsat, 555 

MODIS and Sentinel-1 (Table S1). The Landsat series of satellites, developed by 556 

NASA and USGS, have provided Earth observation imagery since 1972 557 

(https://glovis.usgs.gov). This paper primarily utilized Landsat 8 images, with a spatial 558 

resolution of 30m and a revisit period of 16 days. MODIS is a satellite sensor jointly 559 

developed by NASA and the Committee on Earth Observation Satellites, from which 560 

MOD11A1 and MOD09GA data were primarily applied. Landsat and MODIS imagery 561 

were mainly employed to analyze lake ice characteristics and observe changes in the 562 

Chagan Lake and Yinsong Channel since 1972. The Sentinel-1 constellation comprises 563 

Sentinel-1A and Sentinel-1B, launched in 2014 and 2016, respectively. Single Look 564 

Complex data acquired from Sentinel-1B in Interferometric Wide mode were used for 565 

interferometric measurements to quantify subsidence in the Chagan Lake region. 566 

4.1.2 Water Surface Temperature Retrieval 567 

Based on the Google Earth Engine, the water temperature of Chagan Lake was 568 

inverted using USGS Landsat Collection-2 Surface Temperature dataset (Jimenez-569 
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Munoz et al., 2014). This dataset employs atmospheric correction methods to retrieve 570 

land-water surface temperatures. Compared with field measurements from seven 571 

ground stations, the analysis of 259 satellite images exhibited a mean bias of -0.267°C 572 

(Cook, 2014). Liu Xuemei et al. conducted in-situ water temperature measurements of 573 

Chagan Lake from 2018 to 2019 (Liu et al., 2020). The Landsat-derived water 574 

temperature of Chagan Lake exhibited a correlation coefficient of 0.89 and an error of 575 

1.5°C (Fig. S7), when compared with in-situ measurements. The higher error is 576 

attributed to temporal mismatches between Landsat image acquisition and in-situ 577 

measurements, necessitating the use of temporally proximate images for validation. 578 

Nevertheless, the high correlation indicates that this dataset adequately represents the 579 

spatial distribution patterns of Chagan Lakes water temperature.  580 

4.1.3 Soil profile sampling and hydrogen-oxygen isotopes 581 

The Qianguo irrigation area has an average annual irrigation return flow of 582 

approximately 1.3×108 m3 (Ge et al., 2023), which is condersided crucial for 583 

maintaining groundwater levels coupled with precipitation. To evaluate the potential 584 

groundwater recharge from precipitation and irrigation water, soil profiles were 585 

excavated at three locations in the Chagan Lake, Longkeng, and Dabusui regions. Bulk 586 

soil samples were collected using a specialized soil auger at 20-cm depth intervals. 587 

Samples were sealed in airtight polyethylene bottles, transported and stored under 588 

refrigeration. Soil water was extracted using an automated vacuum condensation 589 

extraction system (LI-2100). The extracted soil water was analyzed for δ2H and δ18O 590 

using a MAT253 mass spectrometer. 591 

Soil water content was determined using the oven-drying method with an 592 

analytical precision better than 1%. The frozen soil samples were weighed initially, 593 

heated at 110℃ for 3 hours, and reweighed after drying to determine water content. 30g 594 

oven-dried soil was mixed with 150 mL of deionized water and equilibrated for 48 595 

hours, followed by centrifugation and filtration. The filtrate was analyzed by a multi-596 

parameter water quality analyzer and ion chromatograph (ICS-2000, Dionex, USA). 597 

Ion concentrations in soil water were converted based on the soil moisture content. 598 

In addition to soil profile sampling, 664 water samples from groundwater, river 599 

water, and lake water were collected in the Chagan Lake region during 2017 and 2018. 600 

The hydrogen and oxygen isotopic compositions (δ18O and δD) were analyzed using a 601 

MAT253 mass spectrometer with analytical precisions of ±0.1‰ and ±2‰, respectively. 602 
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4.1.4 Lake Ice Fusion Dataset 603 

This paper integrates Landsat 8 and MOD09GA imagery to build an image fusion 604 

dataset and construct the lake ice formation process. Images with cloud cover below 5% 605 

underwent radiometric calibration, geometric correction, and atmospheric correction. 606 

Landsat images were cropped to 3200×3200 pixels, while MODIS images were 607 

resampled to 480m resolution and subsequently cropped to 200×200 pixels. The 608 

preprocessed data were organized into groups, with each group containing four images: 609 

one pair of temporally coincident MODIS and Landsat images for the prediction date, 610 

and one pair of MODIS images temporally adjacent to the prediction date. Through this 611 

preprocessing, filtering, and grouping procedure, a dataset containing 21 data groups 612 

was established. Among these, 15 groups of images acquired from January 2015 to 613 

December 2018 were allocated to the training set, and images acquired from January 614 

2020 to March 2021 were designated as the validation set. The constructed training and 615 

testing datasets will provide data for the subsequent training of the Landsat and MODIS 616 

fusion model. 617 

4.2 Method 618 

Traditional hydrochemical isotope methods exhibit limitations due to ambiguity 619 

in groundwater source tracing. Hence, this paper combines remote sensing (Landsat, 620 

MODIS, and Sentinel-1) data and field data (soil profile and hydrogen-oxygen isotopes) 621 

to investigate the groundwater recharge pattern in the Songnen Basin. We will introduce 622 

our main methods used for lake ice inversion and deformation measurement in the 623 

following sections. 624 

4.2.1 IDCSTFN fusion of Landsat and MODIS 625 

To continuously and stably monitor the lake ice characteristics of Chagan Lake 626 

and analyze groundwater discharge areas, this paper employs an Improved Deep 627 

Convolutional Spatiotemporal Fusion Network (IDCSTFN) to fuse Landsat and 628 

MODIS imagery. This method combines Landsats high spatial resolution with 629 

MODISs high temporal resolution to construct the lake ice formation sequence . The 630 

traditional DCSTFN follows the principles of the Spatial and Temporal Adaptive 631 

Reflectance Fusion Model (STARFM), which assumes that surface conditions remain 632 

nearly identical between reference and prediction dates. However, this assumption 633 

cannot adequately address the rapid ice growth in the Lake Chagan region.  634 
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 635 
Fig. 8 IDCSTF structure diagram. 636 

Therefore, IDCSTFN utilizes a feature fusion network to replace the assumption 637 

equations in DCSTFN.  The proposed fusion network computes the differences between 638 

reference and predicted images as weights to fuse input images, and subsequently 639 

employs attention residual blocks to eliminate redundant features, enhance key features 640 

of fused images, and prevent overfitting (Fig. 8). IDCSTFN implements an "encoder-641 

fusion-decoder" architecture, comprising four main modules: the High Temporal but 642 

Low Spatial (HTLS) encoder, Low Temporal but High Spatial (LTHS) encoder, feature 643 

fusion, and reconstruction decoder. The network culminates in two successive fully 644 

connected layers that reduce the dimensions of the fused feature map, generating in a 645 

high-resolution fused image (specified in the supplement, IDCSTFN). 646 
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 647 
Fig. 9 MODIS-Landsat fusion experiments using IDCSTF. (a) Loss convergence curve; (b) 648 
Fusion results from STRAFM, DCSTFN, and IDCSTFN networks on January 25, 2019; (c) 649 
Scatter plots of reflectance between the observed image RGB bands and corresponding fused 650 
bands, where cyan regions indicate higher density of points. 651 

In the experiment, a dataset containing 21 data groups was used for training and 652 

the Adam optimizer was employed to optimize the training process, with Mean Squared 653 

Error (MSE) serving as the loss function. The training process demonstrated that the 654 

loss value stabilized after 20 epochs of iteration and the IDCSTFN exhibited 655 

consistently lower loss values compared to the DCSTFN (Fig. 9a). Using the prediction 656 

results from January 25, 2019 as a representative case, the difference image generated 657 

by STARFM exhibited significantly higher brightness than DCSTFN and IDCSTFN, 658 

and revealed anomalous values manifesting as colored stripes (Fig. 9b). The 659 

distinctions between DCSTFN and IDCSTFN were mainly evident at the edges 660 

between water bodies and land, with DCSTFN exhibiting noticeably higher brightness 661 

in these regions compared to IDCSTFN. This paper performs image fusion on the RGB 662 

channels of MODIS and Landsat. Quantitative analysis through scatter plots of these 663 

three bands between observed and fused images demonstrated that the IDCSTFN model 664 

outperforms both STARFM and DCSTFN across all bands. Notably, the blue band 665 

exhibited slightly higher correlation than the red and green bands, indicating that the 666 

blue band is particularly advantageous for fusion in regions dominated by water bodies 667 

(Fig. 9c). 668 

4.2.2 Interferometric deformation measurement 669 

Synthetic Aperture Radar (SAR) (Bai et al., 2022;Cai et al., 2023) is employed to 670 

monitor surface deformation around Chagan Lake, characterized as an active 671 

microwave remote sensing system that employs side-looking imaging technology (Gao 672 
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et al., 2023). The Differential Interferometry SAR (D-InSAR) technique facilitates 673 

multiple observations of identical targets through SAR satellites to acquire phase 674 

difference information, which enables the calculation of spatial changes relative to the 675 

radar. However, D-InSAR encounters limitations in accurate deformation measurement 676 

due to atmospheric effects. Persistent Scatterer Interferometric SAR (PS-InSAR) 677 

(Ferretti et al., 2001) and Quasi PS-InSAR (QPS-InSAR) (Perissin and Wang, 2011) 678 

use Persistent Scatterer (PS) points to establish networks that simulate atmospheric 679 

effects, thereby enabling the measurement of surface deformations at millimeter-scale 680 

precision (specified in the supplement, PS-InSAR and QPS-InSAR). 681 

 682 
Fig. 10 Topological structure diagram of PS-InSAR and QPS-InSAR. 683 

In the experiment, 39 Sentinel-1 SAR acquisitions from Track 3 were utilized to 684 

implement PS-InSAR and QPS-InSAR over the Songnen region (Table S2). An image 685 

acquired on November 2, 2019 was selected as the master image, and 38 image pairs 686 

were generated utilizinga star topology for PS-InSAR (Fig. 10a). The maximum 687 

baseline length was 141m, remaining less than one-tenth of the critical baseline. For 688 

QPS-InSAR processing, the thresholds for coherence, spatial baseline, and temporal 689 

baseline were established at 0.148, 108, and 241 respectively, generating 144 690 

interferometric image pairs (Fig. 10b).  691 
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