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30  Abstract: Groundwater plays a crucial role in maintaining baseflow in rivers and
31  ensuring water supply, particularly in alpine regions where the freeze—thaw (FT) cycle
32 exerts a strong influence. However, a systematic understanding is still lacking
33 regarding how FT processes affect the composition of groundwater recharge sources
34  and the transitions among recharge pathways. This study takes the Qinghai Lake basin
35 (QLB) as a case example and combines water isotope and hydrometeorological data
36  to quantify the dynamic characteristics of groundwater recharge sources and pathways
37  during the FT periods. The study found that soil water (57.0%—-76.3%) is not only the
38  main recharge source for groundwater during the FT periods but also serves as a key
39 transitional reservoir linking rainfall (13.8%-26.1%) and snowmelt (7.9%—22.0%) to
40  groundwater recharge. The thawing process enhances the vertical connectivity of the
41  soil profile, facilitating the recharge of groundwater from snowmelt and the 60-90 cm
42 soil layer. Furthermore, the lc—excess value of groundwater gradually shifts from
43 values closer to soil water to those closer to precipitation, indicating that piston flow
44 gradually weakens during the process of groundwater recharge by soil water, while
45  preferential flow intensifies, resulting in a pattern where piston flow and preferential
46  flow coexist. Spatially, in the middle and upper regions dominated by permafrost,
47  groundwater is primarily recharged by water from the 0—60 cm soil layer traveling
48  along longer hydrological pathways, whereas in the downstream regions of the basin
49  dominated by seasonal frozen ground, groundwater is primarily recharged by rapid
50 infiltration from the 30-90 cm soil layer. Our research demonstrates that in alpine
51  permafrost regions, freeze-thaw processes regulate water storage and transport,
52 thereby further influencing the recharge sources and pathways of shallow
53  groundwater.

54

55
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59 1. Introduction

60 Groundwater is a critical component of terrestrial ecosystems and an important
61 link in the global water cycle (Alley et al., 2002; Kooi et al., 2016). Globally, over
62  two billion people depend on groundwater as a source of drinking water (Jasechko et
63 al., 2017), and groundwater is also the largest accessible freshwater reserve at present
64  on earth (Hamidi et al., 2023). As the "Asian Water Tower", the Qinghai—Tibet
65  Plateau (QTP) contains the world's highest and most extensive permafrost region (Wu
66 et al., 2021; Zhang et al., 2022). Groundwater dynamics there not only shape the
67  recharge regimes of the plateau's rivers, lakes, and wetlands (Taylor et al., 2013) but
68 also affect downstream water security and ecological stability (Kang et al., 2024).
69  Against the backdrop of climate warming, permafrost continues to warm and degrade,
70  and the active layer is deepening (Zhao et al., 2019; Zhang et al., 2026). These
71  changes may drive comprehensive shifts in the sources, magnitude, and pathways of
72 groundwater recharge (Biskaborn et al., 2025; Stroeve et al.,, 2025). Therefore,
73 elucidating the sources and pathways of groundwater recharge not only helps to
74 improve the understanding of water cycling in permafrost regions but also provides a
75  scientific basis for water resource management and ecological conservation in alpine
76  regions.

77 Although the influence of permafrost on surface runoff has been widely
78  investigated, a systematic understanding of its role in groundwater recharge remains
79  lacking (Ala-Aho et al., 2021; Zhao et al., 2026). Existing studies based on laboratory
80  experiments (Pittman et al., 2020), field observations (Zuo et al., 2023), and remote
81  sensing satellites (Hornum et al., 2023) indicate that the influence of permafrost on
82  groundwater recharge exhibits significant spatial heterogeneity (Xie et al., 2026). For
83  example, in the midwestern united states, when snowmelts and then refreezes in the
84  middle of winter, it impedes infiltration and increases runoff, resulting in a significant
85  reduction in groundwater recharge from winter and spring snowmelt (Hyman et al.,
86  2023). In contrast, in northeastern China, under soil freezing conditions, winter

87  snowmelt can still penetrate the frozen layer, but its recharge rate is lower than that
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88  during the spring snowmelt period (Du et al., 2019). Similarly, Daniel and Staricka
89  (2000) observed in Minnesota that although the frozen layer impedes precipitation
90 infiltration, water can still bypass the frozen layer via preferential flow along
91  macropores, thereby increasing groundwater recharge. Studies in the Arctic region
92 further indicate that increases in vegetation height and snow depth may promote
93  groundwater recharge (Young et al., 2020). In addition to freezing conditions,
94  permafrost degradation may alter subsurface water storage capacity and thereby affect
95  surface water and groundwater connectivity (Van et al., 2024). Currently, research on
96  groundwater hydrological processes in alpine regions still has the following
97  knowledge gaps: (1) most studies focus on qualitative analysis, and a detailed
98  quantification of groundwater recharge sources remains lacking; (2) there is a lack of
99  studies that investigate groundwater recharge processes from the perspective of the
100  freeze-thaw period.

101 Stable water isotope techniques provide an effective means of identifying
102 groundwater recharge and transport pathways and have been extensively utilized in
103 alpine regions (McDonnell et al., 1991; McGuire et al., 2006; Li et al., 2026a;
104 Valdivielso et al., 2026). Existing research indicates that the thawing process
105  significantly influences groundwater recharge characteristics. Taking the
106  Three—Rivers Headwaters Region as an example, groundwater above the permafrost
107  layer is younger during the thawing period, and topographical variations affect
108 groundwater flow pathways (Du et al., 2024). Similarly, in the Tumen River basin in
109  Northeast Asia, the thawing process also enhances the recharge of groundwater from
110  surface water (Wang et al., 2025a). In addition to revealing spatiotemporal variations
111 in recharge, stable water isotopes can also be used to identify specific recharge
112 patterns. For example, in Wengniute County, China, piston flow and preferential flow
113 coexist during groundwater recharge by soil water (Li et al., 2024). In the quantitative
114  attribution of recharge sources, MixSIAR models are more accurate than IsoSource
115 models in tracing water sources in permafrost regions (Fang et al., 2022).
116  Nevertheless, in alpine regions, especially under FT processes, studies using stable

117 water isotopes to identify groundwater recharge sources and pathways remain limited.
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118 The Qinghai Lake Basin (QLB), located in the northeastern part of the QTP,
119  features groundwater recharge and transport processes that are strongly regulated by
120 FT cycles, making it an ideal region for studying the impacts of FT processes on
121 groundwater recharge sources and pathways. To this end, we have set up a
122 comprehensive ecohydrological monitoring network within the QLB. The main
123 objectives of this study are: (1) analyse the hydrogen and oxygen isotopic variation
124 characteristics of precipitation, soil water at different depths, and groundwater during
125  the FT periods in the QLB; (2) quantify the recharge sources of groundwater during
126 the FT periods in the QLB; (3) investigate the influence of FT processes on
127 groundwater recharge pathways. This study will offer a scientific foundation for
128  groundwater resource management in alpine regions, thereby helping to better cope
129 with the challenges that climate change poses to groundwater recharge processes.

130
131 2. Materials and methods

132 2.1 Study area

133 The QLB lies in the northeastern sector of the QTP, encompassing a total area of
134 2.97x10* km? (Fig. 1). Among these, permafrost primarily occurs in the upstream and
135 high-altitude areas, covering approximately 1.23x10* km? which represents 41.52%
136 of the basin’s entire area. Seasonally frozen soil is mainly distributed in the midstream,
137 downstream, and areas surrounding the lake, covering 1.74x10* km? accounting for
138 58.48% of the total basin area. This basin is located in the transitional zone from the
139 eastern monsoon region to the inland arid region, and belongs to the temperate
140  continental semi-arid climate zone of the QTP, characterized by pronounced dry-wet
141  seasonal variations, strong evaporation, abundant sunshine, and intense solar radiation
142 (Li et al., 2016). Alpine meadows constitute the dominant vegetation type, followed
143 by alpine steppes; together, they cover roughly 85% of the basin’s vegetated area. The
144 basin features diverse soil types, mainly including alpine cold desert soil, alpine

145  meadow soil, and alpine steppe soil, among others.
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147 Fig. 1. (a) Spatiotemporal distribution of permafrost in the QLB. (b) Groundwater
148 sampling. (c) Precipitation sampling. (d) Soil samples are collected monthly at
149 adjacent locations. (e) Location of the QLB and distribution of sampling points.

150 The groundwater system exhibits distinct spatial differentiation: mountainous
151  areas primarily serve as groundwater recharge zones, piedmont plains act as the main
152 migration pathways and infiltration areas for subsurface runoff, while the plains
153 surrounding the lake are predominantly characterized by groundwater discharge. In
154  mountainous areas, pore water is stored as unconfined groundwater in the detrital
155 layer, with a water table depth of approximately 15 m. The piedmont plain mainly
156 consists of unconfined groundwater in Quaternary sand and gravel layers, with a
157  water table depth of 5-25 m and an aquifer thickness of 25-98 m. The plain

158  surrounding the lake is characterized mainly by unconfined and confined groundwater
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159  in sand and gravel layers, with a water table depth of approximately 6 m and an
160  aquifer thickness of 10-62 m. Overall, the depth to the groundwater table and the
161  thickness of the aquifer in the watershed exhibit an increasing trend with elevation

162 (Fig. 2).
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164  Fig. 2. Hydrogeologic profile of the QLB (based on Peng et al. 2015; Li et al., 2022;

165  Pengetal. 2023).

166 2.2 Sample collection

167 Table. 1 Basic information on precipitation in the basin, groundwater, and soil
168 sampling points at various depths
Sampling Point Classifies Locations Number  Sampling Frequency
Middle and upper
P1, P2, P3, PS5, P6, P8, P10, P11 Precipitation events
Precipitation reaches 85
/ Monthly
Downstream P4, P7,P9, P12
Middle and upper
Gl1, G2, G3, G7, G8, G10, G11, G13, G14
Groundwater reaches 90 Monthly
Downstream G4, G5, G6, G9, G12, G15
Middle and upper
S1, 82, 83, 84, 88, 89, S12, S13, S15, S16
Soil reaches 306 Monthly
Downstream S5, S6, S7, S11, S14, S17
169 From May to October 2025, we collected precipitation, groundwater, and soil

170  samples on a monthly basis in the QLB, taking into account elevation, soil type, and
171 permafrost distribution. A total of 15 groundwater sampling points, 17 soil sampling
172 points, and 11 precipitation collection points were established (Fig. 1). During the
173 study period, a total of 481 samples were collected, comprising 90 groundwater

174 samples, 306 soil samples, and 85 precipitation samples (Table 1). Groundwater was
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175  sampled from the well system used by local herders in the Qinghai Lake Basin.
176 ~ Before sampling, the well was flushed for 20 seconds, and after the flow stabilized,
177 water samples were collected into 100 ml polyethylene bottles. Soil samples were
178  collected in layers at depths of 0-30 cm, 30-60 cm, and 60-90 cm using a modified
179 electric soil auger. Sampling depths typically ranged from 60 to 90 cm, with a
180  maximum depth of 110 cm and a minimum depth of 50 cm. Immediately after
181  collection, samples were placed into 12 ml sampling vials and aluminum boxes,
182  sealed with Parafilm, and quickly frozen in a vehicle-mounted refrigerator for
183  preservation. Precipitation samples were collected using standard evaporation-proof
184 rain gauges installed in open areas. Rain samples were placed in 100 ml polyethylene
185  bottles and stored frozen. Snow samples were collected in clean, sealed bags,
186  naturally melted indoors on the same day, filtered through 0.45 um membrane filters,
187  and then transferred into 100 ml polyethylene bottles. Considering the influences of
188  elevation, topography, and groundwater burial depth, the spatiotemporal variations in
189 this study are classified into the downstream basin and middle and upper reaches of

190 the basin.
191 2.3 Experimental analysis

192 All experimental analyses of the samples were completed at the State Key
193 Laboratory of Earth Surface Processes and Hazards Risk Governance, Beijing Normal
194 University. Precipitation, groundwater, and soil water were analyzed for 6°H and 8'*0O
195 using an Isotope Ratio Infrared Spectrometer (DLT-100, Los Gatos Research,
196  Mountain View, USA). The instrument's analytical precision was &*H + 0.5%o and
197 8'"0 % 0.1%o. The measurement results were calibrated using the LWIA Post Analysis
198 liquid water isotope analysis software. Soil water was extracted using an automatic
199  cryogenic vacuum distillation water extraction system (LI-2100, LICA United
200  Technology Limited, China), followed by &°H and 6'*0 measurements. To determine
201  soil water content (SWC), soil samples in aluminum boxes were weighed and dried in

202  anoven at 105 °C for 24 hours.
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203 2.4 Methods

204  2.4.1 Division of FT periods

205 Table. 2 Division of FT Periods in the QLB
FT period Criterion Example (Month)
Thawing Tmax, air > 0°C, Tmax,soil > 0°C 5-6
Thawed Tmin, air > 0°C, Tmin, soil > 0°C 7-9
Freezing Tmin, air < 0°C, Tmin, soil < 0°C 10
206 The soil FT periods in the QLB were delineated based on air temperature (Tair)

207  and soil temperature (Tsoil) data (Table 2). During the thawing period (May—June),
208  daytime temperatures are relatively high, but nighttime energy dissipation may still
209 lead to refreezing, resulting in an alternating pattern of daytime thawing and nighttime
210  freezing in the soil. Therefore, the month containing the first day on which both daily
211  maximum air temperature (Tmax, air) and daily maximum soil temperature (Tmax,
212 soil) remain continuously above 0°C is defined as the thawing period (Fig. S1). The
213 month containing the first day on which both the daily minimum air temperature
214 (Tmin, air) and the daily minimum soil temperature (Tmin, soil) remain above 0°C is
215 defined as the thawed period (July—September). The freezing period is defined as the
216  first instance when both the daily minimum air temperature (Tmin, air) and the daily
217  minimum soil temperature (Tmin, soil) remain below 0°C for a sustained period
218  (October). For details on the classification, refer to previously published literature on
219 this study area (Hu et al., 2025; Zhang et al., 2024).

220  2.4.2 Identifying the pattern of groundwater recharge from soil water

221 To determine how soil water recharges groundwater in the QLB, we employed
222 the line-conditioned excess (Ic—excess) method (Landwehr and Coplen, 2006). This
223 index quantifies the degree of deviation of a water body by calculating the vertical
224 distance of a sample relative to the local meteoric water line (LMWL). During the
225  recharge of groundwater by precipitation and soil water, piston flow and preferential
226  flow typically exhibit different stable isotope signatures. Lower lc—excess values
227  indicate that the water body has undergone evaporation, corresponding to piston flow

228  of soil water. In contrast, lc—excess values close to the precipitation end member
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229  indicate preferential flow along fast pathways. This method has been extensively used
230  in permafrost watersheds on the QTP (Li et al., 2025; Li et al., 2026b).

231 lc — excess = 0*H—a 'O — b )
232 Where a and b denote the slope and intercept, respectively, of the LMWL in the study
233 area.

234 2.4.3 Quantifying the sources of groundwater recharge during the FT period

235 MixSIAR (R4.5.1) can simultaneously account for source endmember variability,
236  mixing proportion uncertainty, and fractionation effects in multi-endmember mixing
237  scenarios, thereby providing a more robust estimate of each source’s contribution to
238  the mixture (Parnell et al., 2010; Wang et al., 2025b). In this study, rainfall, snowmelt,
239  and soil water from different depths were considered as potential recharge
240  endmembers for groundwater during the FT periods, and MixSIAR was used to
241  quantify the relative contributions of each recharge source. The model employed
242 Markov Chain Monte Carlo with Gelman—Rubin statistics and Geweke diagnostics to
243 test the convergence and stability of the chains, thereby ensuring the reliability of the

244  estimation results.

245 Xij:Zk:Pk (Skj +Cy )+ & (2)
k=1

246 Sy~ N (1.0 3)

247 Cy~N (}%/’Tsz) 4)

248 g, ~N(0.07) %)

249  Where Xjj represents the measured value of the j isotope in the i groundwater sample.
250 Pk is the contribution proportion of the k recharge source to the sample; Sk denotes

251  the end-member value of tracer j in source k, and follows a normal distribution with

252  mean py; and variance wfj ; Cyj denotes the fractionation correction term for tracer j,
253  and follows a normal distribution with mean Ay and variance 1,3. ; & denotes the

254 residual term, and follows a normal distribution with mean 0 and variance O'f .
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255 3. Results
256 3.1 Characteristics of &°H, 680, and lc—excess in precipitation, soil water, and

257  groundwater

258 During the thawing period, precipitation exhibited the most depleted 6*H and
259  8'™0 values, along with the highest degree of variability. The isotopic signature of
260  groundwater remained comparatively constant, with 6'*0 and 6°H ranging from
261  —8.65%0 to —6.25%o and from —52.48%o to —36.55%o, respectively. In the 0-30 cm soil
262  layer, the 80 and 6°H of soil water were relatively enriched, with the lowest
263 lc—excess, whereas the 8'*0 and 62H of soil water in the 30-60 cm and 60-90 cm
264  layers were closer to those of groundwater (Fig. 3a). During the thawed period, the
265  &°H and 80 values of precipitation shifted overall from depleted to enriched. The
266  0'"0 and 6*H values of soil water in all soil layers increased. Among these, the 0—30
267 cm soil water had the highest 6*°H and 38'®0 values, and its Ic—excess remained
268  significantly lower than that of the 30-90 cm soil water and groundwater. In contrast,
269  the variation in the 30-90 cm soil water and groundwater was relatively small. During
270  the freezing period, the &°H and 6'#0O values of soil water in the 0-30 cm depth
271  interval were more depleted than those during the thawed period, while lc—excess
272 showed a slight increase (Fig. 3b). Meanwhile, the 3'®0 and 6*H values of the 60—90
273 cm soil water and groundwater remained close to each other. Overall, precipitation
274  exhibited the largest isotopic fluctuation during the FT periods, followed by soil water
275  in the 0-30 cm layer, while the 60-90 cm soil water and groundwater were the most
276  stable. Meanwhile, soil water 6°H and 60 gradually decreased with increasing depth,

277  whereas Ic—excess gradually increased with depth (Fig. 3c¢).
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279  Fig. 3. Variations in 8*H (a), 6'*0 (b), and lc—excess (c) of precipitation, groundwater,

280  and soil water at different depths during FT periods.
281 3.2 Relationships among 6*H and 6'°0 in precipitation, soil water, and groundwater

282 In the QLB, the 6°H and 6'*O values for precipitation, soil water, and
283 groundwater all cluster around the LMWL, but the SWL and GWL were generally
284  below the LMWL (Fig. 4). During the thawing period, the difference between GWL
285 and SWL was most pronounced. Among them, GWL was closest to the LMWL,
286  whereas the 0-30 cm SWL exhibited the lowest slope and the poorest fit (Fig. 4a).
287  During the thawed period, the slopes and intercepts of the soil water lines for all
288  layers approached the LMWL, with the 30-60 cm SWL being the closest to the
280  LMWL. However, the slope of the GWL remained lower than those of all SWLs, and

290  its R? decreased (Fig. 4b). During the freezing period, the GWL slope and intercept
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rose markedly, approaching the LMWL closely. Meanwhile, the SWLs again diverged,
exhibiting slopes of 5.28, 4.70, and 4.16 for the 0-30, 30—60, and 60-90 cm layers,
respectively (Fig. 4c). During the FT periods, the slope of the SWL generally
approached that of the LMWL as depth increased. The slope of the GWL was 5.81,
and the GWL was closest to the 60-90 cm SWL (Fig. 4d).
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Fig. 4. Changes in the °H and 8'®0 correlation across various water types during (a)

thawing, (b) thawed, (c) freezing, and (d) the entire FT periods.
3.3 Characteristics of SWC variation during the FT periods

The SWC in the QLB exhibited pronounced spatiotemporal variation
characteristics (Fig. 5). In the middle and upper reaches, SWC in the 0-30 cm, 30-60
cm, and 60-90 cm layers was 26.90%, 28.41%, and 31.06%, respectively, showing an
increasing trend with depth during the thawing period (Fig. 5a). During the thawed

period, the SWC in the 0-30 cm layer of the middle and upper reaches of the basin

EGUsphere\
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305  was the highest (27.83%), while that in the 30-60 cm and 60-90 cm layers decreased
306 to 26.15% and 24.53%, respectively. During the freezing period, the differences
307 among the layers diminished, with values of 26.95%, 25.48%, and 25.96%,
308  respectively. Throughout the QLB, SWC was lowest in the 0-30 cm layer during the
309 thawing period, while it was relatively higher in the 30-90 c¢cm layer. During the
310  thawed period, the differences among the layers decreased. The SWC in the 0-30 cm
311 and 30-60 cm layers rose to 26.91% and 26.27%, respectively, while that in the 60-90
312 cm layer dropped to 24.66%. During the freezing period, SWC generally increased
313 across all soil layers, with the 60—90 cm layer showing the most significant increase,
314 rising to 26.65%. In the downstream basin, SWC in the 0-30 c¢cm layer during the
315 thawing period was only 15.69%, significantly lower than the 23.80% and 23.49%
316  observed in the 30—60 cm and 60-90 cm layers, respectively (Fig. 5b). During the
317  thawed period, the SWC in all layers decreased to approximately 16%, and the
318  differences among the soil layers became significantly smaller. During the freezing
319  period, SWC in all layers increased overall, with the most pronounced increase
320  observed in the 60-90 cm layer (28.27%), which was significantly higher than the
321 22.26% and 22.75% in the 0-30 cm and 30—60 cm layers, respectively. Overall, SWC
322  in the middle and upper reaches of the basin was generally higher than in the

323  downstream basin.
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325  Fig. 5. Variations in SWC among different depths during the FT periods (a: middle
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326  and upper reaches; b: downstream).
327 3.4 Quantifying the recharge sources of groundwater during the FT periods

328 The MixSIAR model results indicate that groundwater recharge sources differ
329  markedly during the FT periods (Fig. 6). During the thawing period, the contributions
330  of soil water from the 0-30 cm, 30-60 cm, and 60-90 cm layers to groundwater were
331 25.61%, 23.18%, and 23.05%, respectively, all higher than those of rainfall (16.29%)
332 and snowmelt water (11.88%) (Figs. 6a, 6b). During the thawed period, the
333 differences in contributions among sources (except snowmelt) diminished, with
334  rainfall and soil water from different layers contributing 21.06%, 21.50%, 22.00%,
335  and 22.42% to groundwater, respectively, and snowmelt water contributing 13.01%
336 (Figs. 6¢, 6d). During the freezing period, the contributions from the 30-60 cm and
337  60-90 cm soil water layers rose to 25.30% and 25.57%, respectively. The
338  contributions from 0-30 cm soil water, rainfall, and snowmelt water were 21.43%,
339 18.34%, and 9.33%, respectively (Figs. 6e, 6f). Overall, during the FT periods,
340  groundwater recharge was primarily sourced from soil water and precipitation, with
341  snowmelt contributing the least. Specifically, soil water in the 60-90 cm layer
342 contributed the most (23.15%), followed by soil water in the 30-60 cm and 0-30 cm
343 layers, which had similar contributions (22.94% and 22.85%, respectively). Rainfall

344 contributed 19.02%, while snowmelt contributed the least (12.02%).
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346  Fig. 6. Contribution of rainfall, snowmelt, and soil water from different depths to

347  groundwater in the QLB during the FT periods.
348

349 4. Discussion

350 4.1 Effect of FT processes on groundwater recharge sources

351 The sources and composition of groundwater recharge are influenced by a
352 variety of factors, including meteorological conditions, topography, geological
353 structures, and permafrost (Pavlovskii et al., 2018; Li et al., 2020; Hyman-Rabeler
354  and Loheide, 2023). During the thawing period, groundwater sources in the QLB
355  were recharged not only by precipitation but also by antecedent soil moisture storage
356 released during the thawing process (Zhang et al., 2025), and the contribution ratios of
357  these two sources differed significantly (Fig. 6). In the middle and upper reaches of
358  the basin, the contributions of soil water across the three layers were relatively
359  balanced, with rainfall and snowmelt contributing 16.17% and 11.82%, respectively
360  (Fig. 7a). In contrast, in the downstream basin, the contribution of soil water in the
361  0-30 cm layer was 27.93%, higher than the 21.27% in the 30-60 cm layer and the
362 22.36% in the 60-90 cm layer (Fig. 7b). Overall, the direct recharge of groundwater

363 from snowmelt is relatively weak. It is worth noting that the contribution of snowmelt
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364  water is significantly lower than that of rainfall. There are two main reasons for this.
365  On the one hand, during the thawing period, the air temperature is low, leading to
366  slow snowmelt (Fig. S1). On the other hand, under conditions of strong radiation and
367  high winds, part of the snow water in the basin is lost through runoff or sublimation
368  (Imran et al., 2025). Consequently, the proportion that is actually converted into
369  groundwater is relatively small.

370 During the thawed period, air temperature, precipitation, and active layer thaw
371  depth in the QLB all reached their annual peaks. In the middle and upper reaches of
372 the basin, the differences in contributions from various water sources to groundwater
373 during the thawed period were relatively small (Fig. 7a). It is worth noting that the
374  contribution of soil water from the 0—30 c¢m layer in the middle and upper reaches of
375  the basin was slightly higher than that of the other two layers and also higher than that
376  of the same layer in the downstream basin. This may be related to the fact that during
377  the thawed period, SWC in each layer of the middle and upper reaches of the basin
378  remained at 26.90%—-31.05%o, significantly higher than that in the downstream basin.
379  In the downstream basin, the contribution of rainfall to groundwater rose to 21.18%,
380  an increase compared to the thawing period (Fig. 7b). The contribution of soil water
381  in the 0-30 cm layer decreased from 27.93% during the thawing period to 22.45%,
382 while the contributions in the 30—60 cm and 60-90 cm layers remained at 25.60% and
383 22.50%, respectively. However, during the thawed period, the SWC of all three layers
384  in the downstream basin was significantly lower than that during the thawing period
385  (Fig. 5b), indicating that antecedent soil water storage had been doubly depleted by
386  both continuous discharge to groundwater and strong summer evaporation. In addition,
387  with the widespread melting of snow cover in summer, the contribution rate of
388  snowmelt to groundwater dropped to 10.6%.

389 During the freezing period, the continuous decline in air temperature in the QLB
390 leads to bidirectional freezing of the active layer from both the top down and the
391  bottom up (Hu et al., 2023), causing soil water to transition from liquid to solid state.
392 In the middle and upper reaches of the basin, the contribution rates of rainfall and

393 snowmelt to groundwater decreased to 18.40% and 9.33%, respectively, while the
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394  contribution rate of soil water from the 60-90 cm layer increased to 26.87%, which
395  was significantly higher than the 19.33% from the 0-30 cm layer (Fig. 7a). The
396  downstream basin also exhibited similar characteristics. The contribution of snowmelt
397  was the lowest, indicating that snowfall during this period participated in subsequent
398  hydrological cycles more as temporary storage rather than being immediately

399  converted into groundwater recharge.
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401  Fig. 7. Contribution of rainfall, snowmelt, and soil water from different depths to

402  groundwater during the FT periods. (a) Middle and upper reaches. (b) Downstream.
403 4.2 Effect of FT processes on groundwater recharge pathways

404 The FT processes significantly influence groundwater recharge pathways in
405  alpine regions by controlling the active layer's thaw depth, SWC, and soil water
406  infiltration patterns (Wang et al., 2017; Wang et al., 2023). The differences in soil
407  water recharge pathways to groundwater are mainly attributed to their distinct
408  hydrogeological and topographical conditions. The gentle topography, low elevation,
409  and shallow groundwater table promote preferential flow of shallow soil water along
410  large pores and fissures, leading to rapid infiltration and groundwater recharge (Li et

411  al, 2025; Rowland et al., 2024) (Fig. 8).
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412 During the thawing period, as temperatures rise, the active layer thaws gradually
413 from top to bottom, and the water in the permafrost gradually transitions from a solid
414  to a liquid state. Especially in the middle and upper reaches of the basin, the depth of
415  thaw is limited at this time and the lower soil layers have not yet thawed, creating a
416  “near-impermeable layer” that impedes vertical infiltration (Hinzman et al., 2022;
417 Vonk et al., 2023). Consequently, snowmelt and rainfall more readily form a transient
418  saturated zone in the shallow subsurface and migrate as interflow or shallow lateral
419  flow (Wu et al., 2024; Xie et al., 2024), thereby delaying the recharge of groundwater
420 by precipitation and soil water (Du et al., 2024). Subsequently, this interflow or
421  shallow runoff may indirectly recharge groundwater through pathways such as
422 riparian seepage and soil layer redistribution (Xu et al., 2024). Meanwhile, SWC
423 increased sharply during the thawing period (Li et al., 2020). This is consistent with
424  results from modeling analyses indicating that spring hydrological processes in the
425  alpine regions of the QTP are mainly governed by a combination of active layer
426  temperature, thaw depth, and SWC. The direct contribution of snowmelt in the middle
427  and upper reaches of the basin is relatively weak, indicating that mountain slopes
428  respond more rapidly to warming (Jay et al., 2023). The surface thawing process,
429  together with the large slope gradients, promotes the generation of interflow (Evans et
430  al., 2018), thereby recharging groundwater indirectly.

431 During the thawed period, air temperature, precipitation, and the thaw depth of
432 the active layer in the QLB all reached their annual peaks, while the
433 '"near-impermeable layer" that limits vertical infiltration largely disappears (Chang et
434 al., 2015; Starkloff et al., 2017). In particular, in the downstream seasonal frozen
435  ground basin, the vertical connectivity of the soil profile increases substantially after
436 complete thawing (Li et al., 2020). Furthermore, a study in the Zuomaokong River
437  basin on the QTP shows that surface runoff also increases with rising active layer
438  temperature (Wang et al., 2009). Under these conditions, precipitation and soil water
439  from the 0-30 cm layer can more easily move downward through the subsoil and
440  eventually recharge groundwater (Ji et al., 2021). However, during the thawed period,

441  the SWC in all three soil layers in the downstream basin was markedly lower than that
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442 during the thawing period (Fig. 5), indicating that the antecedent soil water storage
443 has been depleted by both continuous groundwater discharge and strong summer
444  evaporation (Fig. 3c). Low SWC makes infiltrated precipitation more likely to be
445  retained by the soil rather than directly generating lateral flow (Chowdhury et al.,
446 2011), thereby weakening the recharge of groundwater from soil water in the 0-30 cm
447  layer. This also indicates that, despite increased vertical connectivity, soil water in the
448  0-30 cm layer has a short residence time (Wallach et al., 1992; Zuo et al., 2023) and is
449  more prone to downward transport (Lu et al., 2025). Generally, the higher the SWC,
450  the greater the unsaturated hydraulic conductivity. After precipitation infiltrates,
451  excess water is more easily discharged as interflow and replenishes groundwater (Hu
452 et al., 2022), thereby maintaining a high contribution of shallow soil water to
453 groundwater (Li et al., 2026b).

454 During the freezing period, the continuous decline in air temperature in the QLB
455  leads to bidirectional freezing within the active layer from both the surface downward
456  and the base upward (Hu et al., 2023), causing soil water to transition from liquid to
457  solid state. Notably, SWC in the 0-30 cm layer across the entire basin increased
458  compared to the thawed period (Fig. 5¢). This is primarily due to the formation of a
459  new freezing front at the surface, which inhibits the continued downward percolation
460  of water in the shallow layers, causing water to accumulate above the freezing front
461  (Zhang et al., 2011; Bao et al., 2016). At the same time, the vertical connectivity of
462  the soil profile has not yet been completely sealed (Jiang et al., 2024), and some
463  shallow stored water continues to recharge groundwater downward via preferential
464  flow pathways (Pittman et al., 2020; Cheng et al., 2024), thereby explaining why soil
465  moisture in the 30-60 cm layer continues to make a significant contribution during
466  the freezing period. Hydrological modeling of permafrost basins has also shown that
467  when the active layer has not yet fully frozen at freezing onset, shallow soil water can

468  still effectively recharge groundwater (Lu et al., 2023; Wang et al., 2025¢) (Fig. 8).

20



https://doi.org/10.5194/egusphere-2026-3213
Preprint. Discussion started: 23 June 2026 EG U
© Author(s) 2026. CC BY 4.0 License. Sp here

Thawing

2D

Open Water— piogall: 16.48%
Evaporation

S)

MOWmely; 11.820, o]
P 0 ..

Rainfall: 16.17

i OVeqa

4 py,, 11.96%

22.360@
Bedrock
Thawed

Snawm,_,
It: 13

802, 1
Rainfall: 20.98%

@b

Open Water  poingall: 21.184%

Evaporation

225290

Bedrock te §

Freezing
s ( ) L)
noWmepy. 9.339, S
%

Rainfall: 18.40%

Open Water B

) Evaporation  Rainfall: 18.26%
Org,

~ra g,

9.33%

23.6190

Bedrock (- 7 —
469 Upstream ——— Downstream Low-High (0’H and 6*0): © @ @ @
470  Fig. 8. Graphical summary of the contributions of rainfall, snowmelt, and soil water

471  from different depths to groundwater recharge during the FT periods.
472 4.3 Preferential flow and piston flow coexist in the QLB

473 In the QLB, the relationship between 'O and 6°H indicates that the GWL lies
474  between the LMWL and the RWL, suggesting that the groundwater recharge process
475 is not a single pattern (Fig. 4). By further comparing the lc-excess indices of
476 groundwater and soil water in the 60—90 cm layer during the FT periods, it is found
477  that the two are not completely consistent, indicating that the recharge process is not
478  controlled solely by piston flow. At the same time, the Ic-excess value of groundwater
479  is similar to that of precipitation, indicating that focused recharge via fast pathways

480  still exists (Fig. 3c). Notably, during the thawed period, the lc-excess indices of
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481  groundwater and precipitation are closest, indicating that the role of preferential flow
482  is gradually increasing. A study in the source region of the Yangtze River has also
483  found that preferential flow accounted for the largest proportion of soil water
484  infiltration during the thawing period, which is consistent with our findings (Li et al.,
485  2025). The QLB landscape is mainly defined by highland mountains and lakeside
486  plains. The area surrounding the downstream basin mainly consists of plains, which
487  feature gentle topography and relatively shallow groundwater levels (Li et al., 2022).
488  Consequently, as the thawing process progresses, piston flow is more likely to occur.
489  In contrast, the middle and upper reaches of the basin have a higher elevation and is
490  mainly composed of highland mountains. Under the combined influence of FT cycles
491  and topographic differences (Rooney et al., 2022), surface water is more likely to
492 generate preferential flow along fractures (Wang et al., 2018). Observations in an
493  alpine meadow further confirm that FT processes, by regulating the active layer
494 thickness (Musa et al., 2016), significantly alter the proportions of piston flow and
495  preferential flow (Li et al., 2026b). Similarly, studies at the small watershed scale on
496  the QTP indicate that there are significant differences in the contribution of soil
497  moisture from various slope aspects toward groundwater recharge, making the
498  mountain recharge pattern more complex (Zhang et al., 2024). Overall, during the
499  process of groundwater recharge from soil water, preferential flow and piston flow
500  coexist. As thawing proceeds, the dominance of piston flow gradually weakens, while

501  the role of preferential flow in recharging groundwater progressively strengthens.
502

503 5. Conclusions

504 In the context of climate warming, FT processes profoundly influence the
505  groundwater recharge patterns in alpine regions. Using water isotope data and a
506  MixSIAR model, this study systematically reveals the characteristics of groundwater
507  recharge during the FT periods from the integrated perspective of recharge sources,
508  transport pathways, and soil profile hydrological connectivity. The study found that
509  during the FT periods, groundwater was recharged primarily by rainfall and soil water,

510  while the contribution from snowmelt was relatively small. Among these, soil water
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511  not only serves as an important reservoir in alpine regions but also acts as a key
512 transitional reservoir linking rainfall, snowmelt, and groundwater. As the thawing
513 process progresses, vertical hydrological connectivity within the soil profile continues
514  to increase. Groundwater recharge from snowmelt, rainfall, and soil water in the
515 30-90 cm layer gradually intensifies. Meanwhile, the contribution from soil water in
516  the 0-30 cm layer decreases significantly, indicating a gradual shift in groundwater
517  recharge from shallow soil moisture to deeper soil moisture. The lc-excess value of
518  groundwater gradually shifts from being close to that of precipitation to being close to
519  that of soil water, reflecting the coexistence of preferential flow recharge and piston
520  flow recharge. Spatially, in the middle and upper regions dominated by permafrost,
521  groundwater is primarily recharged by water from the 0—60 cm soil layer traveling
522 along longer hydrological pathways, whereas in the downstream regions dominated
523 by seasonal frozen ground basin, groundwater is primarily recharged by rapid
524 infiltration from the 30-90 cm soil layer. Overall, FT processes profoundly regulate
525  the structure of groundwater recharge sources and transport pathways in alpine
526  regions by controlling the connectivity among rainfall, snowmelt, soil moisture, and
527  groundwater. Given that permafrost degradation is expected to continue to intensify in
528  the coming years, we propose that differences among groundwater recharge sources
529  will likely decrease, while differences among recharge pathways may increase. The
530 results of this study provide an important research foundation for understanding
531  groundwater hydrological processes in alpine regions amid permafrost degradation,
532 and contribute to deepening the understanding of the water cycle in alpine regions.
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