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This study reviews the available and published knowledge of the interactions between permafrost and groundwater. In its content, the paper focuses mainly on groundwater recharge and discharge in the Arctic and the Qinghai-Tibet Plateau. The study revealed that the geochemical composition of groundwater is site-specific and varies significantly within the depth of the aquifers reflecting the water-rock interactions and related geological history. All reviewed studies clearly indicated that the permafrost thaw causes an increase in groundwater discharge on land. Furthermore, progressing climate warming is likely to accelerate permafrost degradation and thus enhance hydrological connectivity due to increased subpermafrost groundwater flow through talik channels and higher suprapermafrost groundwater flow. In the case of submarine groundwater discharge (SGD), permafrost thaw can either reinforce or reduce SGD, depending on how much pressure changes affecting the aquifers will be caused by the loss of permafrost. Finally, this comprehensive assessment allowed also for identifying the lack of long-term and interdisciplinary in situ measurements that could be used in sophisticated computational simulations characterizing the current status and predicting groundwater flow and permafrost dynamics in the future warmer climate.
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1 INTRODUCTION
The Arctic, subarctic, and Qinghai-Tibet Plateau (QTP) zones are facing severe transformations as a result of climate change (Immerzeel et al., 2010; Rowland et al., 2010; Wu et al., 2013; Luo et al., 2019; Doloisio and Vanderlinden, 2020; Larsen et al., 2021). Warming occurs significantly faster in higher latitudes and QTP than elsewhere in the world (Jia et al., 1958; Khare and Khare, 1968; Flohn, 1980; Manabe et al., 1991; McBean et al., 2005; Turner et al., 2007). The Arctic region experiences the so-called “Arctic amplification,” which is a term to describe intense warming, up to three times faster than the global average (Shijin et al., 2023). Global warming contributes to a significant reduction in the thickness of the permafrost (Box et al., 2019) which occupies approximately 15 x 106 km2 (15%) of the Earth’s land surface (Obu, 2021). The permafrost thaw makes previously immobile organic matter, inorganic nutrients, metals, and other substances, including those of anthropogenic origin, accessible for dislocation and migration into aquatic environments. Permafrost thaw can provide substantial feedback to climate by triggering and transporting prior trapped carbon within the permafrost and leading to the release of carbon dioxide (CO2) and methane (CH4) and further climate warming (Schuur et al., 2015). The degradation of permafrost led to the reorganisation of vegetation, water storage and flow paths, and patterns of organic carbon accumulation; however, most studies have focused only on investigating the release of selected dissolved chemical constituents. Furthermore, permafrost effectively controls and affects hydrological processes (Ensom et al., 2020). Hydrological shifts associated with climate change and permafrost thaw create serious uncertainty when projecting fluxes of water, energy, sediments, and solutes to fluvial and marine ecosystems (Sjöberg et al., 2021; Bring et al., 2016; Hinzman et al., 2005). Transfer of carbon and nutrients through groundwater in permafrost terrain to surface waters will likely alter the productivity of aquatic ecosystems, driving bottom-up shifts in food web dynamics (Creed et al., 2018; Kendrick et al., 2018). Changes in groundwater discharge associated with permafrost thaw can also alter the thermal regime of surface waters, which functions as a primary control of ecosystem and organismal processes. Furthermore, groundwater movement from land to sea can denote a major source of freshwater and nutrients for coastal ecological and biogeochemical processes polar and subpolar (Connolly et al., 2020). However, there is little information on groundwater-permafrost interactions and their influence on the functioning of the environment. Previous reviews (e.g., Walvoord and Kurylyk, 2016) focused primarily on physical aspects and hydrological modelling in permafrost environments. A synthesis of biogeochemistry of the major groundwater types in permafrost regions, with emphasis on the flow of groundwater into the marine/terrestrial environment and solute concentrations is still missing.
In this study, our objective is to synthesize existing knowledge on the role of groundwater circulation in the permafrost regions of the Northern Hemisphere, including the highly complex and heterogenic mountainous terrain of QTP with a focus on groundwater biogeochemistry and discharge (Figure 1). In addition, we determine the potential climate-driven dynamic responses associated with groundwater flow and solute fluxes and identify knowledge gaps and future research needs.
[image: Figure 1]FIGURE 1 | Map with the localities in the permafrost regions where groundwater discharge has been estimated or measured (black dots, groundwater discharge into the marine environment; red dots, groundwater discharge into the terrestrial environment.
1.1 Principal definitions
In a glossary, prepared by Everdingen. (1998) and approved by the International Permafrost Association (IPA), permafrost is defined as perennially frozen ground (soil or rock and including ice and organic material) with temperatures near or below 0°C for at least two consecutive years (Table 1). Based on this definition, water does not have to be frozen, may be partially frozen or even unfrozen due to freezing-point depression. As a consequence, all perennially frozen ground is perceived as permafrost, whereas in the opposite direction of the theorem, it is not always true. Therefore, permafrost should not be considered permanent, since it is not resistant to climate changes that can lead to an increase in ground temperature above 0°C. Unfrozen permafrost exists, for example, in regions of the continental shelf of the Arctic Sea in northern Alaska and Siberia due to the intrusion of salt from sea water, which lowers the freezing temperature. An analogous situation is observed under massive glaciers, where elevated pressure of ice cover prevents water from freezing, despite temperatures lower than 0°C and sometimes even below −60°C. Furthermore, the type of ground material may also strongly affect the phase transition process of water and therefore contribute to only partial freeze of water in permafrost. Fine-grained soil materials, such as bentonite, clay, and loam, are examples of these kinds of medium. Additionally, the definition of permafrost and its full understanding requires determining its water content. Permafrost devoid of water in both liquid and ice forms is called dry permafrost. Everdingen. (1998) presented a definition that included the presence of an insignificant amount of moisture in the form of interfacial water. However, this concept is not so precise because ice by definition is also dry, and appropriate comprehension of water as a triphase substance is more complex (Dobinski, 2011). Typical classification is based on the percentage coverage of the area with permafrost. According to this, the following types of permafrost can be recognised, continuous permafrost, and discontinuous permafrost (Figure 2). Permafrost is defined as continuous permafrost if the permafrost covers more than 90% of the ground. Based on the percentage of occupied area by permafrost, several subtypes can be differentiated in case of discontinuous permafrost, such as extensive discontinuous permafrost (65%–90%), intermediate discontinuous permafrost (35%–65%), sporadic discontinuous permafrost (10%–35%) and isolated patches (0%–10%) (Table 1). In addition, particular regions of discontinuous permafrost are entirely encircled by unfrozen ground. Another important issue in continuous permafrost environment is microtopography which can control the water balance and initiate terrestrial water drainage and discharge to the surface (Liljedahl et al., 2012; Liljedahl et al., 2016; Painter et al., 2016; Harp et al., 2020; Nitzbon et al., 2020; Painter et al., 2023). Ice-wedge polygons are examples of these kind of feature and commonly occur in polygonal tundra that occupies around 30% of the Arctic land. Ice-wedge polygons are formed during repeated cycles of thermal contraction cracking and water infiltration (Liljedahl et al., 2016). We distinguish main two types of ice-wedge polygons: low-centred and high-centred polygons. In contrast to high-centred polygons, low-centred polygons are characterized by raised-edge with frequently inundated center (Liljedahl et al., 2016). During the thermokarst process low-centred ice-wedge polygons undergo transformation into high-centred ice-wedge polygons and this causes severe changes in the water balance partitioning (Liljedahl et al., 2012). These features of lowland tundra have an effect on suprapermafrost groundwater seepage into surface-water drainage channels. Transport of nutrients through the shallow groundwater fluxes into surface is greatly affected by ice-wedge polygons (Helbig et al., 2013; Harp et al., 2020). Furthermore, surface surveys conducted and data collected form remote sensing technique revealed that dramatic alteration of polygonal tundra occurred over the last decades (Liljedahl et al., 2016). As a result, more than 90% of the examined territory in the Arctic region revealed extensive widespread ice-wedge degradation. Therefore, more attention should be paid for these geomorphological features in low gradient arctic wetlands.
TABLE 1 | Acronyms and definitions.
[image: Table 1][image: Figure 2]FIGURE 2 | Types of permafrost: (A) continuous, (B) discontinuous, (C) sporadic, and (D) groundwater in permafrost region.
Besides types of permafrost, we can distinguish subsea permafrost, which occurs beneath the sea bottom. Another very important and often used term is “talik,” which is a layer or area of unfrozen ground that has existed for more than a year (Table 1). Talik is formed during regional thermal, hydrological, hydrogeological, or hydrochemical anomalies. Some taliks may be vulnerable to seasonal freeze processes. Two types of talik can be distinguished based on their temperatures, namely, non-cryotic (for taliks with temperatures above 0°C) or cryotic (for taliks with temperatures below 0°C). Taliks may serve as a connection between water from different layers of permafrost and facilitate groundwater discharge into surface, terrestrial, and marine systems. In the permafrost environment, several types of groundwater can be recognized, such as suprapermafrost groundwater, intrapermafrost groundwater, and subpermafrost groundwater (Figure 2D). Intrapermafrost groundwater exists within the permafrost and is defined as water present in unfrozen zones such as previously described taliks or cryopegs (the perennially cryotic part of the unfrozen ground that is characterized by freezing-point depression). Subpermafrost groundwater appears in the noncryotic ground below the bottom of permafrost, while suprapermafrost groundwater determines water above the top of the permafrost layer and occurs in the active layer, between the active layer and the permafrost, and in taliks below rivers and lakes. An active layer is made up of soil or rock and is a top layer of soil located above the permafrost table. Depending on the type of permafrost zone, the active layer predominantly reaches or does not reach the permafrost table in the continuous or discontinuous permafrost region, respectively. The active layer comprises the uppermost part of the permafrost and undergoes seasonal thawing and freezing in permafrost zone. The depth of the frozen layer may differ and reaches various levels relative to the permafrost table. The summary of definitions is presented in Table 1.
2 COMPOSITION OF GROUNDWATER IN PERMAFROST AREAS
The general geochemical composition of groundwater and the concentration of solutes can provide information on the type of groundwater in the permafrost area. The type of groundwater can be differentiated within a depth of the aquifer and reflect the characteristics of the region. Furthermore, the chemical composition of groundwater changes as water moves and interacts with various lithologies (Boulding and Ginn, 2016). Various chemical (e.g., oxidation-reduction, dissolution, precipitation) and physical processes are taking place during an interaction between groundwater and environment, and its final product is mainly affected by lithology, water-rock interactions, flow paths, and residence time (Tóth, 1999; Kim et al., 2022). Based on the concentration of main ions such as HCO3−, Ca2+, Mg+, SO42−, Cl−, Na+, groundwater can be roughly assigned to different types (supra-, intra-, or subpermafrost groundwater) and lithological and geological characteristics of the territory. For example, Herczeg and Edmunds. (2000) revealed that at the beginning of groundwater flow, the shallow part of the aquifer consists of atmospherically derived solutes. With time and ongoing interactions between rock and water, the chemical composition of groundwater begins to reflect the geological characteristics of the region (Table 2).
TABLE 2 | Chemical composition of supra-, sub- and intra-permafrost groundwater (n.d.—no date).
[image: Table 2]In general, the groundwater flow from suprapermafrost occurs in shallow aquifers and is usually characterised by the presence of carbonates with less influence of silicates. However, the subpermafrost groundwater flow that occurs below incoherent soil layers is dominated by minerals derived from rock weathering reactions (Herczeg and Edmunds, 2000).
2.1 Suprapermafrost groundwater
The chemical composition of suprapermafrost groundwater depends on many aspects such as topographic and geomorphological features, type of permafrost (continuous/discontinuous/sporadic), atmospheric conditions, physical rock properties, and groundwater flow dynamics (Marszałek and Wasik, 2013; Pokrovsky et al., 2015; Manasypov et al., 2020). In the Arctic and QTP, groundwater from the active layer of permafrost is characterised by low mineralisation values compared to intra- or sub-permafrost groundwater (Table 2). This is due to the short residence time of suprapermafrost groundwater in the comparatively well-permeable rock environment (Marszałek and Wasik, 2013). The suprapermafrost groundwater in the Hulugou catchment in the Heihe River region of the northeast QTP was found to be of the HCO3−-Ca2+ type with low mineralisation value (Ma et al., 2017; Hu et al., 2019). The same suprapermafrost groundwater type was discovered in the continuous permafrost zone located at Fish Hole near Aklavik (Canada) (Clark et al., 2001). The origin of the suprapermafrost groundwater composition in Aklavik was meteoric water and active layer drainage (Clark et al., 2001). In the Heihe River region, calcium carbonate dissolution primarily regulated water ionic compositions. This assumption was supported by a strong relationship between [Ca2+ + Mg2+] and [HCO3− + CO32−] and negative saturation indices of calcite and dolomite saturation indices (Table 2) (Hu et al., 2019). In addition, the suprapermafrost groundwater had high pH values between 7.4–8.9 and the lowest value was probably due to high concentrations of dissolved organic acid from the shallow organic soil layer (Hu et al., 2019). It was also indicated in the eastern Alaskan Beaufort Sea coast that an active layer and shallow permafrost contain a large source of organic carbon and nitrogen that may induce the production of leachable DOM (Connoly et al., 2020). The content of OM in the soil of the Alaskan Beaufort Sea coast varied with depth and the highest amount was found in the surface layer where plant litter was also observed. The collected samples contained between 5% and 20% organic carbon and between 0.25% and 1.3% organic nitrogen, which are characteristic values for active layers of the tundra and upper permafrost soils (Connoly et al., 2020). The predominant water types of suprapermafrost groundwater in different regions such as Ulakhan Taryn Creek in Central Yakutia, eastern Siberia, or Brattegg River drainage basin in the Hornusnd region (Svalbard) (Table 2) were quite similar and consisted mainly of HCO3−-Mg2+-Ca2+ and HCO3−-Ca2+-Mg2+ ions (Marszałek and Wasik, 2013; Pavlova et al., 2016). The shallow groundwater in the southwestern part of Spitsbergen (Svalbard) showed a higher concentration of Cl− than in the previous regions with a dominant HCO3− content (Rysiukiewicz et al., 2023). Presumably, the weathering of the silicates in metamorphic rock was the source of HCO3− ions. However, the aerosols of the Greenland Sea seem to be responsible for a greater contribution of Cl− to groundwater composition, as they can be transported by precipitation (Rysiukiewicz et al., 2023). The Proglacial zone of Finsterwalderbreen (Spitsbergen, Norway) was an exception, and in this region relatively high concentrations of the main ions SO4-Mg-Ca and Mg-Ca-HCO3 were observed, often exceeding the values recorded in sub- and intra-permafrost groundwater (Cooper et al., 2002). It has been indicated that limestone and dolomite were responsible for a high concentration of DIC and Ca2+ in groundwater. Although oxidation of sulphides and secondary sulphate salts was an important source of SO42− ions in Finsterwalderbreen (Spitsbergen, Norway) (Cooper et al., 2002; Lehmann et al., 2023; van Stempvoort et al., 2023). It is worth underling that Cheng and Jin. (2013) found a correlation between recharge/discharge areas and groundwater composition. In recharge areas (mountains), groundwater had lower mineralisation rates than groundwater in discharge areas (basins, valleys, or high plains) (Figure 3) (Cheng and Jin, 2013). In general, the hydrochemistry of suprapermafrost groundwater is characterised by low mineralisation rates and depends on the season and location. The geochemical composition of suprapermafrost groundwater predominantly depends on bedrock lithology and precipitation (Olichwer et al., 2013).
[image: Figure 3]FIGURE 3 | Groundwater cycle in the permafrost region. A schematic drawn based on information in Van Everdingen, 1990; Scheidegger, 2013; Ma et al., 2017; Cochand et al., 2019.
2.2 Subpermafrost groundwater
Unlike groundwater from suprapermafrost zones, subpermafrost groundwater revealed considerably higher values of mineralization. For instance, in the continuous permafrost zone of Siberia, the intrapermafrost groundwater from the Cambrian and Upper Proterozoic aquifer exhibited a high value of mineralization (Alexeev and Alexeeva, 2003). As thermal springs constitute discharge points of subpermafrost groundwaters, extensive research on the chemical composition of spring waters in the Hornsund region (Spitsbergen) was also conducted (Olichwer et al., 2013). The input of precipitation or snowmelt water to thermal springs during the summer season was negligible. The studies showed a diversity in the chemical composition of the thermal waters, indicating various inflows of seawater into the springs. For example, one of the springs was mainly composed of Cl−-Na+, while other one was composed of Cl−–HCO3−-Na+–Ca2+–Mg2+ type. The comparison of chemical properties of thermal waters during the years 1972–2006 revealed a continuous increase in the concentration of all major ions in spring. These changes were attributed to the decline of the ice sheet, which reflects the subsequent progressive decrease in water circulation in the subpermafrost zone (Olichwer et al., 2013). A similar effect of subpermafrost groundwater mixing with seawater was observed in the Buor-Khaya Gulf (Siberian Arctic) (Charkin et al., 2017). This led to the transformation of groundwater into salt water (salinity of 22) (Charkin et al., 2017).
High mineralization was also observed in samples from wells in QTP, where the majority (more than 60%) exceeded 1,000 mg L−1 (Table 2) (Cheng and Jin, 2013). The subpermafrost groundwater of QTP in the Triassic aquifer was characterized mainly by the presence of Cl−-Na+ (comes from karst or artesian saline groundwater) and Cl−·HCO3−Na+·Ca2+, and within burial depths the mineralization rate increased (Cheng and Jin, 2013). Groundwater in the Hulugou catchment of QTP indicated a stronger water–rock interaction and weaker evaporation compared to suprapermafrost groundwater. It was hypothesized that during the warm season, the subpermafrost groundwater could be fed by different sources from the suprapermafrost aquifer, thermokarst pools, glacier and snow meltwater (Ma et al., 2017). Similarly to Arctic regions, studies in the Hulugou catchment showed that mineralization values of subpermafrost groundwater were also higher than those of suprapermafrost groundwater (Hu et al., 2018). The lowest values in the range (Table 2) probably corresponded to the infiltration of suprapermafrost groundwater through sinkholes. The subpermafrost groundwater of the pre-upper Cretaceous Hulugou catchment was classified as HCO3−·SO42−-Mg2+·Ca2+ water and most probably carbonate and gypsum were responsible here for its composition (Table 2) (Hu et al., 2018).
In summary, permafrost has been perceived as the main factor controlling the chemical composition of subpermafrost groundwater in permafrost zones. This groundwater is predominantly recharged and discharged through open taliks. Subpermafrost groundwater is characterized by a long cycle time and low flow rates, and therefore groundwater revealed high mineralization rates. The hydrochemistry of subpermafrost groundwater is spatially variable and has significant vertical discrepancies that are caused by heterogeneity in groundwater dynamics. The presentof lithologic variations and changes in water-rock interactions may be the main factor affecting the subpermafrost groundwater chemistry.
2.3 Intrapermafrost groundwater
The intrapermafrost aquifer is positioned within the taliks, surrounded by permafrost (van Everdingen et al., 1990). Studies conducted in Spitsbergen (Svalbard Archipelago), central Yakutia (eastern Russia), and the Hulugou catchment (northeastern QTP) showed that intrapermafrost groundwater has high mineralization close to subpermafrost groundwater and is dominated by HCO3−Ca2+-Mg2+ ions (Olichwer et al., 2013; Pavlova et al., 2016; Ma et al., 2017). Additionally, in Spitsbergen high concentration of SO42− ions indicates that this groundwater comes from suprapermafrost groundwater where oxidation of sulphides occurs (Table 2) (Olichwer et al., 2013). Although, the chemical composition of the intrapermafrost groundwater in Spitsbergen can be uncertain because it was determined by hydrochemical analysis of karst spring waters and a thorough analysis was difficult due to the possible mixing of groundwater with seawater (Olichwer et al., 2013). In contrast to the above examples, the groundwater of the intrapermafrost under lakes in Central Yakutia (Siberia) showed that the connection between lakes and groundwater aquifers through the intrapermafrost taliks enables infiltration of surface water and suprapermafrost groundwater with lower salinity into the intrapermafrost (Table 2) (Pavlova et al., 2016). A different situation to the aforementioned cases was noticed in the Hulugou catchment of QTP (Ma et al., 2017). Here, it was deduced the talik was closed and had a negligible hydraulic connection with supra- and sub-permafrost groundwater. Nonetheless, the intrapermafrost groundwater had a long contact time for chemical reactions between water and rock in a closed environment (Ma et al., 2017). Thus, the intrapermafrost groundwater in the Hulugou catchment of QTP had the highest mineralization as well as the high concentration of HCO3−Ca2+-Mg2+ ions, which significantly exceeded those observed within suprapermafrost or subpermafrost aquifers in this region (Table 2) (Ma et al., 2017). In summary, the chemical composition of the intrapermafrost groundwater is variable and difficult to estimate because of the implication of many factors such as the possible connection between suprapermafrost and subpermafrost groundwaters, flow path, rock-water interaction, water residence time, and hydrological cycle.
3 GROUNDWATER RECHARGE
Groundwater recharge is the flow of water from the surface to the underground and can be described as residual after subtraction of runoff, evapotranspiration, and accumulation of change in water storage from precipitation (Dhungel et al., 2016). Groundwater recharge and storage are the most difficult components of the water budget to quantify and are affected by the amount and intensity of precipitation, soil and vegetation types, lithology, and topography. Recharge rates in cold region are currently neglected in global estimations, although they may vary in space and time and can be significantly enhanced by climate change (Michel and van Everdingen, 1994; Döll and Fiedler, 2008; Clilverd et al., 2011; Green et al., 2011; Bense et al., 2012). The movement of water in permafrost areas is markedly hindered by ice covers, frozen grounds, glaciers, and snow and groundwater recharge occurs during the warm season (Woo, 2011; Ireson et al., 2013). The highest recharge fluxes are during thaw periods and in some small karstic areas may exceed even 1 m3 s−1 (van Everdingen, 1981; Ireson et al., 2013). In the continuous permafrost zone, or during winter when the active layer is frozen, groundwater recharge is restricted to taliks (Figure 3).
The recharge of intra- or sub-permafrost groundwater is promoted by deep fissures and other passages through karstic rocks such as dolomite, limestone, and gypsum (Woo, 2011). Therefore, net recharge can be positive in regions where precipitation surpasses evapotranspiration (Bhatti et al., 2021). Groundwater recharge can occur during the summer season through organic soils (Utting et al., 2013) e.g., in a mountainous area of Spitsbergen, suprapermafrost groundwater was fed by streams coming from hills and snow melting (Dragon and Marciniak, 2010).
3.1 Recharge by precipitation
In high-latitude regions, a considerable amount of annual precipitation occurs in the form of snow with uneven spatial distribution. It can be percolated into deeper water reservoirs through soils and open systems pingo during the snowmelt season. Moreover, like in nonpermafrost zones, the type of unfrozen soil is also crucial, especially during summer or in discontinuous permafrost regions. Van Everdingen. (1990) claimed that recharge in unfrozen soil occurs predominantly in coarse-grained sediments and less in fine-grained sediments and compact soil. Therefore, in continuous permafrost zones, recharge is mostly restricted to taliks (Clark et al., 2001; Scheidegger et al., 2012; Kane et al., 2013; McKenzie and Voss, 2013; Wellman et al., 2013; Walvoord and Kurylyk, 2016; Crites et al., 2020; Malov, 2021) and in the case of suprapermafrost groundwater to infiltration of the active layer (which can be limited during winter) (Cochand et al., 2020). The research of the continuous permafrost zone in QTP also showed that vertical water penetration was weak and therefore that meteoric water, surface water and shallow groundwater can only laterally or horizontally recharge deep groundwater through taliks or other vertical discontinuities (Bibi et al., 2019). In these regions, meteoric water and melt water are the main sources for recharging the intra- and sub-permafrost groundwater through taliks (Table 3) (Cochand et al., 2020).
TABLE 3 | Groundwater recharge sources of different aquifers in the continuous and discontinuous permafrost region.
[image: Table 3]Recharge from supra-permafrost to sub-permafrost aquifer is usually low due to low recharge values and long residence time (Haldorsen et al., 2011). In regions with a dry climate and high thickness of the permafrost layer (e.g., the subpermafrost groundwater systems in Svalbard), groundwater recharge is limited (Haldorsen et al., 2010). Furthermore, the study of sub-permafrost groundwater recharge in the eastern North Slope of Alaska showed that recharge from upper layers to the sub-permafrost aquifer was impossible in a permafrost environment due to the presence of ice in soil pores that effectively decreased hydraulic conductivity (Kane et al., 2013). However, the same study showed that higher recharges on the north slope of Alaska were associated with limestone bedrock.
In QTP, groundwater recharge occurs primarily by mountain runoff through infiltration through unconsolidated sedimentary deposits and is associated with geomorphology, landform, fissures, and groundwater reservoirs (Jin et al., 2009; Cheng and Jin, 2013). Cheng and Jin. (2013) showed that the suprapermafrost water in QTP was recharged by meteoric and meltwater through weathered bedrocks and geological fractures. Precipitation and supra-permafrost groundwater constitute the main recharge sources for sub-permafrost groundwater and can be stored in fracture zones along its flow paths. Some of this water can be discharged into depression springs. Another portion of supra-permafrost groundwater infiltrated deeper into the soil and recharged sub-permafrost groundwater through the talik connection, or simply recharged the bedrock fissure water and pore water without an identifiable pathway (Cheng and Jin, 2013). Furthermore, in the northeast QTP, different weather conditions prevail and rainfall dominates, while snowfall is negligible (Pan et al., 2017). Some studies revealed some similar trends in precipitation in Svalbard and the northern part of QTP (Cheng and Jin, 2013). The differences in precipitation between Svalbard and southern QTP can be explained by a poor vapour source that results in less precipitation in southern QTP, while in Svalbard and in the northern QTP, a higher amount of precipitation was observed. The inner part of the alpine areas of QTP is covered by snow, modern glaciers, and permafrost. The water derived from the melting and precipitation delivers a comparatively high volume of recharged water to this region. Mostly, large steep hills constitute a recharging field for groundwater, while depressions and lowlands serve as groundwater flow and discharge areas (Figure 3).
It should be noted here that also ice-wedge polygons in thermokarst-affected landscapes cause significant changes in snow distribution (Liljedahl et al., 2016). Lowland tundra occupied by low- or high-centred polygons revealed a comparable snow depth at the end of the accumulation season. However, observations conducted in Alaska between 2012 and 2014 showed that low-centred ice-wedge polygons were characterized by almost continuous floods while high-centred ice-wedge polygons by droughts (Liljedahl et al., 2016). Low-centred ice-wedge polygons rims usually accumulate less snow than centers and troughs that lie below the ridges due to wind (Boike et al., 2012; Painter et al., 2016). Moreover, lateral surface/subsurface water flow significantly influences meltwater redistribution during the warm season (Helbig et al., 2012). Complex and highly dynamic ice-wedge polygons landscape strongly control temporally and spatially lateral water fluxes (Helbig et al., 2012).
3.2 Glacially recharged groundwater
In some permafrost areas, such as southern Spitsbergen, glaciers can also contribute to the overall recharged water pool (Olichwer et al., 2013). Glacier meltwater can infiltrate pores or fissures within the bedrock, thus feeding the circulation water network (Haldorsen et al., 2011). Haldorsen et al. (1996) claimed that a small part of the meltwater derived from polythermal glaciers may penetrate the soil and recharge the subpermafrost groundwater system via taliks or other vertical discontinuities.
While in the southern and northern mountainous regions of the QTP characterised by a discontinuous permafrost zone, groundwater recharge and discharge appeared to be, in general, undisturbed (Cheng and Jin, 2013). The suprapermafrost groundwater is mostly fed by meteoric water and glacial meltwater through weathered bedrocks and some fractures or cracks in rocks.
3.3 Recharge through surface water bodies
Groundwater recharge capacities vary spatially, and the importance and significant role of water exchange between surface and groundwater resources via local connections such as taliks was already observed in the 1990s (Scheidegger, 2013). Studies along the reclaimed floodplain in the continuous permafrost area of Yakutia Yakutsk (Russia), showed that the open taliks were an active exchange channel for the Lena River and suprapermafrost groundwater (Pavlova et al., 2020). The exchange mechanism relies on lateral seepage from the Lena River into suprapermafrost groundwater and the magnitude of recharge probably depends on the volume of water in the river (Pavlova et al., 2020). Malov. (2021) observed a similar mechanism and showed that groundwater in the Pechora River (Ural Mountains of northern Siberia) can be recharged by the penetration of meteoric water and infiltration from the Pechora River by the open talik. Studies in the Buor-Khaya Gulf, Laptev Sea) groundwater recharge occurred only through open taliks (Charkin et al., 2017). The authors claimed that one of the main sources of groundwater recharge may be the Lena River water, which can cause the mixing of cryogenic water with fresh surface water. Furthermore, topographic slopes played a crucial role in facilitating water exchange between all depths.
Studies conducted in northeast QTP also revealed that a lake recharged the suprapermafrost aquifer during the dry winter season; however, during wet weather conditions, suprapermafrost recharge decreased significantly and was discharged into the lake (Pan et al., 2017). In the northern Qinghai Lake catchment, groundwater in the piedmont alluvial plain was recharged by lateral seepage of groundwater located in the mountain, while groundwater in the floodplain was recharged by the river (Yao et al., 2015).
In the Arctic and QTP, lakes and rivers can exchange water with groundwater aquifers. Groundwater may be fed by surface water and, depending on the depth of the talik, recharge can connect lakes and rivers with intra- and sub-permafrost groundwater (Table 3) (Woo, 2012).
4 GROUNDWATER DISCHARGE
Two types of groundwater discharge can be distinguished: occurring in terrestrial and marine environments. Groundwater discharge into ocean water can proceed through an indirect pathway through surface streams or directly through submarine groundwater discharge (Table 4). Several driving forces might affect SGD, such as tidal pumping, nearshore circulation due to tides and waves, saline circulation driven by dispersive entrainment, brackish discharge, and seasonality (Michael, 2005; Moore, 2010). SGD is described in more detail in Section 4.3, therefore here we focus more on groundwater discharge into the terrestrial zone. Groundwater discharge may supply surface waters such as rivers, lakes and ponds (Figure 3). Furthermore, springs are specific points that are strongly correlated with groundwater discharge (Pollard, 2005; Haldorsen et al., 2010). Terrestrial groundwater flow in permafrost regions is driven by hydraulic gradients (Lamontagne-Hallé et al., 2018). Mathematical evaluation of groundwater discharge on the riverbed and different slopes of the land surface showed that groundwater discharge from the top to the bottom can increase during the winter season as a consequence of the formation of lateral talik (Lamontagne-Hallé et al., 2018). Furthermore, according to simulations based on the conditions of the continuous permafrost environment, the spatial distribution of groundwater discharge into rivers can change markedly as permafrost thaws (Lamontagne-Hallé et al., 2018). Initially, permafrost thaw causes most groundwater to seep directly to the ground surface because of limited linkages between the riverbed and permafrost aquifers. This seepage is uniformly distributed between the upslope and downslope zones (Lamontagne-Hallé et al., 2018). As the temperature increases and the permafrost thaw accelerates, most groundwater seepage is transferred to the river bottom due to increased hydrological connectivity, and therefore the volume of groundwater directed to the upslope decreases significantly. It was estimated that within the next 300 years, the amount of groundwater discharged to the upslope (e.g., wetlands) decreases by approximately 50%, while the amount of groundwater flowing to the river bottom increases 15 times compared to the current state (Lamontagne-Hallé et al., 2018). This can be caused by a possible lowering of the permafrost table. Other studies also confirmed similar future expectations for increased groundwater discharge to surface water (Ge et al., 2011; Bense et al., 2012; Frampton et al., 2013; Evans and Ge, 2017; Evans et al., 2018).
TABLE 4 | Groundwater discharge of groundwater into the marine and terrestrial environment.
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Solute transport through groundwater flow can pose a potential threat to the environment, especially in permafrost thaw regions, where newly released groundwater can contain increased amounts of chemicals such as nutrients, heavy metals, persistent organic pollutants, and greenhouse gases (Hong et al., 2019). Here, we present the characteristics and variability of OM, DOM, and CH4 associated with groundwater discharge (Table 4).
The significance of the contribution of groundwater to the overall DOM (Table 4) depends on the hydrogeological and geological conditions of the surrounding environment. DOM can be adsorbed on mineral surfaces and/or mineralized under appropriate conditions such as the availability of suitable catalysts, the presence of oxygen, transition metals and/or sunlight (Kleber et al., 2021). Studies carried out in the Yukon River Basin located in Alaska investigating seasonal changes in the chemical composition of DOM in groundwater and used a simplified mixing model to predict future changes in DOM composition and concentration with increased groundwater flow into the river in the area covered in 50%–90% by discontinuous permafrost (O’Donnell et al., 2012). Data obtained for summer-autumn and winter were differentiated and, for example, during the cold season, the discharge was characterised by low DOC concentration (lower than 0.17 mmol L−1), low aromatic content of DOM, and high content of hydrophilic organic matter (HPI) fraction. Based on these calculations, it was suggested that improved permafrost thawing and groundwater discharge will lead to an increase in HPI proportion and a reduced concentration of DOC and higher aromaticity of DOM during summer flow (O’Donnell et al., 2012).
Groundwater can also be a substantial source of CH4 in lakes (Paytan et al., 2015; Dabrowski et al., 2020). Controls of methane fluxes in permafrost regions through groundwater discharge are complex and depend on environmental conditions that can allow efficient transport of methane into surface waters such as high methane content in the active layer, and the presence of minerotrophic wetlands. Dabrowski et al. (2020) observed that groundwater flows in Landing Lake and Toolik Lake were comparable, although it was shown that the CH4 input flux was one order of magnitude higher in Landing Lake than in Toolik Lake (Table 4). These differences were due to an almost 18-fold higher concentration of CH4 in groundwater discharged into Landing Lake than into Toolik Lake, which in turn was explained by the shallow active layer and the small amount of OM in the active layer in Toolik Lake (Dimova et al., 2015). The estimated contribution of groundwater to subarctic ponds located in the sporadic permafrost zone of the Stordalen catchment (subarctic region of northern Sweden) ranged from 6% to 46% of the volume of the pond per day (Olid et al., 2021). The thawed subarctic ponds were supersaturated with CH4. The contributions of CH4 from the active layer to the thawed pond were found to be higher than those observed in Alaskan lakes (Olid et al., 2021). The reason for this phenomenon was the higher groundwater flux to the studied ponds than to the Alaskan lakes. CH4 flux varied between the examined ponds and periods, reaching the highest value in July (Olid et al., 2021). However, based on the estimation of total emissions derived from small ponds with surface area <0.001 km2 in the permafrost region of the Northern Highland Lake District (northern Wisconsin, United States) north of 50° N, it was deduced that ponds are a main source of CH4 emission at high latitudes. CH4 from ponds constituted 40% of global diffusive CH4 emissions (Holgerson, 2015). Moreover, Christensen and Cox. (1995) presented CH4 fluxes in the Stordalen with values exceeding those obtained by Olid et al. (2021) by more than twice depending on the subhabitat types. The highest CH4 fluxes were recorded under minerotrophic conditions and also indicated that disturbed habitats and, consequently, vegetation composition may entail projected changes in CH4 emissions. The estimated change in CH4 flux between 1970 and 2000 revealed that CH4 emissions could increase by up to 2.1 × 105 mmol of CH4 per day in the case of wet precipitation. Progressive loss of permafrost in subarctic Alaska and Canada has been observed to cause the rise of wetlands (Jorgenson et al., 2001). However, Oechel et al. (2000) described the opposite effect in the continuous permafrost region of northern Alaska. Furthermore, studies of 52 ponds in the Stordalen Mire and Storflaket bog (east of Abisko, northern Sweden) carried out by Kuhn et al. (2018) showed that the CH4 fluxes between the ponds did not differ significantly. However, they compared results from various ponds based on the classification of dominant vegetation and hydrologic status, while Burke et al. (2019) classified ponds into four types by taking into account statistical divergences in daily CH4 flux and discovered that these variations appeared to overlap with the ponds’ apparent physical differences, for instance, relative depth, vegetation type, and hydrologic status.
Luo et al. (2018) emphasised the importance of groundwater discharge as a significant pathway for DIN delivery into Ximen Co Lake (Nianbaoyeze MT, eastern margin of the QTP) comparable to those obtained by river runoff. It was revealed that in isolated and discontinuous permafrost regions, groundwater discharge to the Lake Ximen Co. was the second main source of DIN with a contribution of 43%. On the contrary, DIP flow through groundwater only 6.3% of the total DIP load to the lake (Luo et al., 2018).
In the continuous permafrost zone of the QTP (Fenghuo Mountain), DOC concentrations in stream water were significantly lower compared to Arctic streams, while DIC concentrations were higher (Song et al., 2019). The authors observed that as the depth of thaw increased during the warm season, the concentrations of DIC and DOC decreased. Furthermore, the SOC densities recorded in the QTP alpine meadows were 3.6–7.7 times lower than those observed in the Arctic and may be the reason for the low concentration of DOC in the QTP catchments. Wang et al. (2017) indicated that groundwater discharge can be responsible for more than 3/4 of total river runoff during the thawing season (studies in Fenghuoshan in central QTP), and therefore higher concentrations of DOC and DIC can be observed in stream water. Frey et al. (2007) also highlighted the importance of the permafrost thaw process, which may reinforce the contribution of groundwater to the carbon cycle of surface waters in this region. In general, the ages of DOC and DIC were older in streams where warmer permafrost and higher groundwater flow were observed. Song et al. (2020) compared the Yangtze River with the Kolyma River and indicated that the unique summer monsoon across the QTP allowed the fluxes of more depleted dissolved carbon isotopes than the Kolyma River. These findings imply that carbon was immediately released through hydrological connectivity and the superior contribution of subpermafrost groundwater.
Recent studies also highlight the importance of microtopography in groundwater discharge (Liljedahl et al., 2016; Harp et al., 2020; Nitzbon et al., 2020; Painter et al., 2023). Harp et al. (2020) described a new three dimensional mathematical model that demonstrated the impact of ice-wedge polygons on seeping of suprapermafrost groundwater into the surface. This water can potentially carry a significant concentration of DOC and nutrients into surface water. The results of the simulations showed that geometric features have a strong effect on the seepage of groundwater. Studies of Harp et al. (2020) focused on inundated low-centred polygons, and, as the authors stated, the noninundated low-centred and high-centred polygons may have different drainage mechanisms. Furthermore, Harp et al. (2020) also revealed that polygon aspect ratios (width to thawed depth) and hydraulic conductivity anisotropy (conductivities in different directions, i.e., vertical to horizontal) influence strongly on drainage pathways and temporal decline of water volume from ice-edge polygon centres. Based on the calculations conducted by Harp et al. (2020), it was concluded that decrease of the aspect ratio (thawed depth becomes deeper with respect to polygon width) causes increase in polygon volume accessibility for the drainage. It was shown that drainage through the active layer occurs largely along the ring-shaped area of the polygon centre near the rims. This drainage mechanism contributes significantly to the direction of the flow of nutrients and advective heat transport toward the head of ice-edge polygons. A comparison of polygons characterised by similar thaw depths but different widths revealed that the drainage of narrower polygons will be more distributed, whereas wider polygons will show more focused drainage. The drainage pathway is the most dispersed in the case of polygons with high aspect ratios and high hydraulic conductivity anisotropy, whereas for ice-wedge polygons with high aspect ratio and low anisotropy, the drainage occurs slower and mostly near their ridges. The rate of water seepage is highest for polygons with low aspect ratios and large anisotropy. Polygon aspect ratio and hydraulic conductivity anisotropy contribute in a similar way to the drainage process. Higher horizontal conductivity relative to vertical conductivity (high anisotropy) allows for the drainage of a larger polygon volume. Therefore, the ice-wedge polygon can be perceived as the fundamental hydrologic landscape unit responsible for terrestrial water flow and discharge and under appropriate conditions (anisotropic polygons with low aspect ratios) water seepage will occur more rapidly and transport of nutrients, the release of methane will be more significant than in polygons with isotropic hydraulic conductivity and high aspect ratios (Harp et al., 2020).
In summary, in both considered regions (Arctic and QTP) a large amount of DOC and DIC is transported through groundwater into surface water. The chemical composition of the groundwater transported depends on the source of the aquifer, whether it comes from the suprapermafrost or subpermafrost aquifer and the condition of the permafrost. Therefore, in discontinuous and continuous permafrost zones, different volumes of various substances can be transported by groundwater. In addition, even in the continuous permafrost region, significant groundwater fluxes can be observed during the thawing cycle. In QTP groundwater fluxes can be two orders of magnitude higher than in the Arctic (Table 4) (Dimova et al., 2015; Yi et al., 2018; Kong et al., 2019).
Furthermore, groundwater could contribute to the exacerbation of greenhouse warming through the transport of released CH4 (Holgerson, 2015; Olid et al., 2021). The concentration of released CH4 depends on groundwater flux, CH4 abundance in the active layer, and subhabitat types (Holgerson, 2015; Dabrowski et al., 2020; Olid et al., 2021). In addition, ponds can constitute a significant source of CH4 emission (Holgerson, 2015).
4.2 Groundwater discharge through springs
Springs are common sites mostly related to subpermafrost groundwater discharge (Williams, 1970; Haldorsen et al., 1996; Andersen et al., 2002; Woo, 2011; Grasby et al., 2012). In Svalbard, groundwater discharge occurs primarily through springs (Pollard, 2005; Haldorsen et al., 2010) and particularly from karstic aquifers (Table 4) (Mohammed et al., 2021). Furthermore, the appearance of springs as evidence of active groundwater flow was also recorded in continuous permafrost in northeastern Alaska (Kane et al., 2013). However, the exact source and flow path to these springs remains unspecified. Groundwater discharge through springs is sometimes related to open system pingos, and pingos growth can occur when the maximum discharge rate is up to 3 L s−1 and when the groundwater temperature does not exceed 1.2°C (Yoshikawa, 1998). During winter, as freezing starts, groundwater discharge causes a rise of the hydraulic potential in the active layer and the formation of icing blisters (Pollard and French, 1984). Springs can serve as sites for continuous sub-permafrost groundwater discharge throughout the year. Washburn (1969) recorded continuous groundwater discharge at a pressure of 170 kPa. Temperatures at different spring outflows can be almost unchanged throughout the year (Pollard, 1991; Pollard et al., 1999; Omelon et al., 2001; Andersen et al., 2002). In addition, a 55-year study on Axel Heiberg Island in the Canadian high Arctic showed that the average discharge temperature of the individual springs differed by less than 0.5°C (Pollard et al., 1999). Pollard et al. (1999) reported that the groundwater discharge rate for springs can vary significantly from almost imperceptible to 1.5 L s-1. Although the groundwater discharge rate of individual springs was low (<0.5–2.0 L s−1), the total discharge of 20–40 springs can be more pronounced and reach combined discharge rates in the range of 10–15 L s−1. Furthermore, studies in Adventdalen (Isfjorden, Svalbard) showed that four of six open system pingos were active places for groundwater discharge throughout the year and can play a significant role as potential hot spots for greenhouse gas emissions (Hodson et al., 2019; Hodson et al., 2020). The discharging subpermafrost groundwater in Svalbard pingos were brackish, with a mostly low concentration of oxygen, nitrate and sulphate suggesting the occurrence of microbially mediated transformations (Hodson et al., 2020). In alpine regions of QTP, springs and pingos are also associated with subpermafrost groundwater discharge (Cheng and Jin, 2013). However, part of the suprapermafrost groundwater in the discontinuous permafrost zone recharged by meteoric water may overflow onto the ground surface as depression springs (Cheng and Jin, 2013). The QTP is specific because it is mainly characterised by the appearance of thermal springs (more than 300 springs have been identified in the permafrost zone) with a temperature range of 40°C–72°C andenriched in rare chemical elements (Cheng and Jin, 2013). The highest detected groundwater discharge rate in QTP was 8.3 L s-1 and was 4–16 times higher than that measured in individual springs in Svalbard (Pollard et al., 1999; Cheng and Jin, 2013). In basins located between mountains in the continuous permafrost zone, the relatively stable permafrost layer creates a low-permeability underground layer that inhibits groundwater flow. However, in areas where thermal springs are present, permafrost growth is highly limited.
4.3 Submarine groundwater discharge
SGD is defined as the flow of water through continental and insular margins from the seabed to the coastal ocean, regardless of the composition of the fluid or the driving force (Figure 4) (Burnett et al., 2003; Church, 1996; Taniguchi et al., 2019). Therefore, SGD is a sum of two components: net submarine groundwater discharge (freshwater component) and recirculated saline water discharge (marine component). The second component is composed of recirculated seawater due to wave and tidally driven oscillations and convection. According to global estimation, groundwater discharge into the oceans is responsible for 1%–10% of all freshwater inflow into coastal water. The rivers account for the remainder (90%–99%) (Church, 1996; Burnett et al., 2003; Moore, 2010; Luijendijk et al., 2020). However, mobilisation and subterrestrial release of organic and inorganic matter through groundwater discharge are in many regions higher compared to river runoff even by several orders of magnitude (Church, 1996; Swarzenski et al., 2001; Slomp and Van Cappellen, 2004; Santos et al., 2021). On regional and local scales, groundwater discharge can substantially affect coastal biogeochemistry (Szymczycha et al., 2020; Moosdorf et al., 2021; Böttcher et al., 2023).
[image: Figure 4]FIGURE 4 | Factors influencing groundwater discharge in the permafrost region.
According to Charkin et al. (2017), SGD in the polar regions depends on the thermal state of the permafrost and the morphological characteristics of the shelf (Table 4). Geological factors such as conducive lithological characteristics (for example, the presence of some fractures in the rock and permeable material), and the formation of channels that combine subpermafrost groundwater with the marine water column are the factors that facilitate SGD. Fresh groundwater flow produces approximately 1%–10% of total groundwater discharge in the coastal system (Burnett et al., 2003; Dimova et al., 2015). However, under appropriate conditions, such as strong hydraulic head gradients, low wave, and lower input of recirculated saline SGD, this contribution may be higher or even 30%. Connolly et al. (2020) estimated that in the case of the Kaktovik Lagoon suprapermafrost, groundwater discharge originating from a terrestrial source was lower than 10% due to flat topography, low amplitudes of tides and waves, and the presence of continuous permafrost. Lecher et al. (Lecher et al., 2016a; Lecher et al., 2016b) also emphasised the importance of ocean forces on SGD fluxes to the coastal Beaufort Sea, on the coast of Elson Lagoon (Arctic Ocean coast of Alaska near Point Barrow) and Kasitsna Bay (Southern Coast of Alaska). Observations in 2011 (August) and 2012 (July) along Kasitsna Bay indicated that groundwater discharge values were comparable during this period as a result of similar tidal amplitudes over the years. SGD in the Arctic can be a source of chemicals such as CH4, DOC, DON, nutrient, etc.
It has been recognised that SGD can be an important conduit for the transport of methane, the second most important greenhouse gas with a significantly higher warming potential than CO2. Enormous amounts of methane are stored in the Arctic and can be released into the atmosphere as permafrost thaws (Shakhova et al., 2014). However, CH4 migration pathways into the oceanic water column are complex and existing data still contain many uncertainties and numerous deficiencies. The latest estimates of methane hydrates in Arctic regions showed that 20 and 45 Pg C are buried in the permafrost and subsea permafrost, respectively (MacDonald, 1990; Ruppel, 2015). The discharge of submarine groundwater in the continuous permafrost zone is rather restricted to the seasonal period of thawing of the permafrost. Dimova et al. (2015) claimed that in the winter season, most of the underground in the Arctic is frozen, and groundwater movement is reduced or inhibited. However, studies also confirmed that groundwater flow rates in the region covered with discontinuous permafrost differ significantly during seasonal freezing and thawing processes in the upper layer (Liao, 2018). In Alaska territory occupied by discontinuous permafrost zones, average horizontal flow rates in winter were one order of magnitude lower than in summer. As a consequence, groundwater movements were low and limited to permafrost-free zones.
Research conducted during the late summer in the continuous permafrost zone showed that total groundwater discharge to the Kaktovik lagoon (Alaska, United States) (Connolly et al., 2020) is a significant source of DOC compared to other sources (Alaska, United States) (Dimova et al., 2015). DOM concentrations obtained in adjacent rivers were 100 times lower than those for suprapermafrost groundwater, and therefore the contribution of groundwater to the transport of terrestrial DOM to coastal water was much more notable and may reach 14%–70% of total DOC and 15%–72% of total DON transported to the north slope of the Alaska Beaufort Sea (Table 4).
Higher groundwater discharge fluxes in Kasitsna Bay also mean higher methane flux from the active layer of thawing (Lecher et al., 2016a; Lecher et al., 2016b). The methane flux into the Elson Lagoon was nearly three times higher than in the Beaufort Sea, although these sites had similar SGD flux. The main reason for this discrepancy was the three times higher CH4 concentration of coastal groundwater in Elson Lagoon than in the Beaufort Sea. Furthermore, SGD volume fluxes may differ significantly depending on the method used, i.e., radon- and radium-based discharge. For example, the results of the radium-based flux for Kasitsna Bay and Elson Lagoon were approximately ten times lower than those received from the calculation of radon-based groundwater fluxes. However, for the Beaufort Sea, both measurements were consistent and exhibited almost the same values. A reasonable explanation was the considerable amount of fresh groundwater that was dripping into the Elson lagoon from the active layer without contact with saline water. Therefore, in contrast to radium-based methods, higher values were obtained when the estimation was based on radon methods, as this approach includes brackish, saline, and fresh groundwater, whereas the latter is omitted in the case of radium. Furthermore, radon-based estimations involved river discharge in the SGD flux, while radium-based discharge discards river contribution, leading to lower SGD volume fluxes (Lecher et al., 2016a; Lecher et al., 2016b).
The high concentrations of NO3− and SiO44- present in groundwater suggest that SGD appears to be a substantial source of nutrients for Kasitsna Bay. Taking into account the average concentration of nutrients in groundwater, the SGD flux and the length of the runoff from the coastline, the river into Kasitsna Bay transported approximately 17.5 and 8.4 times less NO3− and SiO44−, respectively (Table 4). Measurements in Cook Inlet with a similar tidal oscillation and soil structure to Kasitsna Bay showed that SiO44- fluxes delivered by SGD were roughly ten times lower than those supplied by river flux to the entire Gulf of Alaska, while NO3− flux revealed a similar contribution as rivers to the Gulf of Alaska. Observation of NO3− and PO43− in the Beaufort Sea and Elson Lagoon revealed an increase in concentrations near the coast and in coastal groundwater, which indicated that SGD is an important source of nutrients for the Beaufort Sea. Nutrient fluxes for the Beaufort Sea and Elson Lagoon were markedly lower than those demonstrated in Kasitsna Bay. High SGD-derived nutrient fluxes were ensured by large 8 m tides, which appeared to maintain similar SGD magnitude throughout the year. In addition, SGD could be an important source of trace metals for the Arctic Ocean. As permafrost thaws, the amount of nutrients released can increase dramatically due to increased SGD flow (Lecher et al., 2016a).
In the continuous subsea permafrost region of Siberia, the tectonic structure of the shelf had a significant impact on the SGD and the most advantageous conditions for the discharge of pressurised subpermafrost groundwater were created in the rifting of active fault zones (Figure 4) (Charkin et al., 2017). The mechanism of groundwater discharge at fault crossings relied on the upward movement of groundwater due to the expansion of the crushing process of rocks, and also the thawing of the permafrost increased as an effect of a higher geothermal heat flux. Here, SGD in the Buor-Khaya Gulf (Laptev Sea, Siberian Arctic) was marginal compared to the Lena River discharge in April, but for the Yana River discharge in April, the value was more than ten times lower than that of SGD. However, the estimation of SGD was done only for a small part of the Buor-Khaya Gulf, and if considering the entire east Siberian Arctic Shelf zone, the magnitude of SGD must be significantly higher (at least ten times higher, Charkin et al., 2017). Furthermore, the pressurised groundwater discharge mechanism had a more significant contribution than that based on hydraulic forces triggered by newly frozen sediments (Charkin et al., 2017).
In summary, SGD can be a substantial source of DOC and nutrients that could even exceed the loads transported by river runoff. What is more, dissociation of methane hydrates in the Arctic may occur, and SGD may act as methane conduits. Therefore, more attention should be paid to identifying sites of possible gas hydrate destabilisation, as the threat of the release of greenhouse gas into the atmosphere is increasing with global warming. Still, systematic studies in different regions are needed to obtain a complete overview of the situation.
5 DISCUSSION: IMPACT OF CLIMATE CHANGE ON GROUNDWATER DISCHARGE
Before 2010, heat conduction was the only factor that has been taken into account in most simulations of permafrost dynamics and prediction of permafrost degradation. However, numerous studies have shown that groundwater flow and advective heat transfer through an aquifer system should be perceived as one of the most contributing factors that influence permafrost dynamics (Dagenais et al., 2020). Heat conduction is strictly correlated with the temperature gradient, which increases at the surface when the geothermal gradient increases. However, heat advection is defined as heat exchange through groundwater flow or in unsaturated soil through air movement. Generally, Wellman et al. (2013) noted that groundwater advective heat transfer can contribute to permafrost degradation. The distribution of permafrost in a lake’s watershed depends on the exchange of groundwater with the lake through suprapermafrost and sublake taliks, but also permafrost influences groundwater flow. The results of simulations supported by field surveys in Umiujaq, Canada, covered by discontinuous permafrost, suggested that groundwater flow could increase the temperature of the subpermafrost aquifer (Dagenais et al., 2020). Furthermore, the permafrost is thinner if heat transfer occurred through a combination of advection-conduction (Dagenais et al., 2020; Jamin et al., 2020). Rowland et al. (2011) also found that subpermafrost groundwater contributes to a reduction of permafrost thickness and talik formation which accelerates permafrost degradation. Their results showed that the thicknesses of the permafrost were five and two times lower with the presence of groundwater flow 20 and 50 m below the ground surface, respectively. Wellman et al. (2013) speculated that subpermafrost groundwater flow may have a comparable force that affects talik development as climatic factors. The intensity of the advective heat flow rate is highly dependent on the magnitude of groundwater flow, which is dependent on aquifer-specific storage and permeability (Scheidegger, 2013). These agree with later studies by Ghias et al. (2017), which found that permafrost thawing can be propelled by both conductive heat transfer and thermal advection originating from groundwater flow during seasonal freeze-thaw cycles; however, the contribution of thermal advection is limited to permeability soil, which can significantly reduce the importance of advection. Moreover, recent calculations showed that the omission of advective heat transport can provide an error lower than 5% (Gao and Coon, 2022). According to Gao and Coon, (2022), it is incomparably more important to consider soil cryosuction which can cause 50%–60% error in discharge.
However, in the discontinuous and sporadic permafrost region in the subarctic territory of Sweden, groundwater heat advection may play an essential role in heat transfer within taliks and possess the potential to alter the freeze-thaw process (Sjöberg et al., 2016). Chen et al. (2020) pointed out the relationship between groundwater and permafrost in conjunction with the water enrichment of soil groundwater motion. In the area composed of aquitards, groundwater had little or no impact on permafrost. Permafrost is thermally stable and bulky in groundwater-deficient territory. The opposite features are presented by the region rich in groundwater, in this environment the permafrost equilibrium is being upset.
Furthermore, understanding energy and water transport in conjunction with fusion enthalpy can significantly facilitate understanding of the mutual interaction between permafrost thaw and groundwater flow (Bense et al., 2009; McKenzie and Voss, 2013; Ghias et al., 2017; Lamontagne-Hallé et al., 2018). The thawing and freezing processes are associated with the enthalpy of fusion release or absorption, respectively. Loss of enthalpy of fusion can contribute to a reduction in permafrost thaw. For example, McKenzie and Voss. (2013) deduced that advectively triggered permafrost thaw can occur slower in discharge regions, as the down flowing warm recharge water is cooling due to loss of enthalpy of fusion. The most intense advection-influenced permafrost thaw occurs below the hilltops.
Based on the scenarios prepared by Guimond et al. (2022)scenarios between 1980 and 2100 will be observed in the future and it depends on the warming rate and sea level. The first scenario with a high warming rate and low sea level change revealed that coastal groundwater discharge will increase by up to 58% by 2100. However, the second scenario with a high warming rate and a higher rise in sea level showed a lower increase of groundwater discharge equal to 21% due to a decrease in land-sea hydraulic gradients. According to the calculation, the lowest increase in groundwater discharges up to 8% can be predicted under lower warming and low sea level rise (Guimond et al., 2022). In addition, degradation of the geomorphological features of the polygonal tundra can strongly influence water balance due to the formation of troughs and the position of the ice edge centre higher than the rims (Liljedahl et al., 2016). This change will cause an alteration in snow distribution and as a result it will increase runoff and decrease inundation of ice-wedge centers (Liljedahl et al., 2016). Furthermore, simulations conducted by Nitzbon et al. (2020) showed that the thermokarst process can significantly accelerate permafrost degradation even within a few years. Nevertheless, the latest research finding on topographic influence on permafrost degradation showed different conclusions (Painter et al., 2023). It was deduced that potential abrupt acceleration of permafrost degradation due to thaw subsidence is unlikely, because of formation of drier tundra conditions. However, the global impact of thermokarst on permafrost degradation in the upcoming decades is unknown. Simulation under the high global warming scenario indicated a more significant transition of low-centred to high-centred ice-wedges and ultimately formation of larger thermokarst lakes (Nitzbon et al., 2020).
In summary, progress in climate warming is likely to accelerate permafrost degradation, which improves hydrological connectivity due to increased sub-permafrost groundwater flow through talik channels and higher suprapermafrost groundwater flow. The type of soil is of great importance in the flow of groundwater and permafrost dynamics. Differentiated soil permeability and various geological mixtures significantly alter the path and flux of groundwater flow and can also influence the formation of permafrost. Advective heat transfer through groundwater flow and conductive heat transfer accelerate permafrost degradation. Some of the speculations suggested that these factors can be equally important as climate warming progresses. The prediction of future consequences of climate change is very difficult due to the complexity of ongoing processes in the permafrost environment. The tools and knowledge currently used to evaluate the mutual interactions between the permafrost area and climate change must be continuously verified and improved. More sophisticated computational simulations are needed and some of them are already accessible to implement all the factors influencing groundwater flow, permafrost dynamics, and climate warming (Painter et al., 2016). Moreover, although the scientists argued over the importance of various heat transport mechanisms in continuous and discontinuous regions, there is no doubt that all of them contributed to a greater or lesser degree of permafrost degradation. To improve our understanding of the dependencies that exist between permafrost thaw and groundwater flow, more studies should combine energy and water transport with the enthalpy of fusion. For prediction, future dynamic changes in the heat transfer in the permafrost region due to conduction, convection, and advection (mass transfer) should be considered. Studies should be conducted more systematically in different regions to help further comparisons.
6 CONCLUSION
In the permafrost regions, we can distinguish three main types of groundwater depending on their location in relation to the permafrost: suprapermafrost, intrapermafrost, and subpermafrost groundwater. These aquifers can be characterised by different compositions due to several factors, such as the depth of the aquifer, the location, the water-rock interaction, and the geological history. The suprapermafrost groundwater chemistry is characterised by low mineralisation, whereas the subpermafrost groundwater chemistry shows higher mineralisation. The intra-permafrost groundwater chemistry was more diversified, but its composition was more similar to subpermafrost groundwater.
The concentrations of, so far, chemical substances differ between various regions and permafrost conditions (continuous/discontinuous) and their connection with various groundwater aquifers.
In the permafrost area, the hills served as a recharge area for groundwater, while the valleys are discharge points.
The suprapermafrost groundwater is predominantly recharged with meteoric water and meltwater by infiltration (discontinuous permafrost zone) or by fractures in rocks (continuous permafrost region). It can also be recharged by rivers through open taliks. In the continuous permafrost zone, the subpermafrost groundwater can be fed by meteoric water, glacial meltwater, surface water and suprapermafrost groundwater merely through taliks. In the QTP as well as in the Arctic region, groundwater recharge is spatially different and depends on many factors such as terrain altitude, type of soil, permafrost condition, and presence of channels.
Furthermore, polygonal tundra with its characteristics features strongly control drainage flow. Degradation of ice-wedge polygons can dramatically alter suprapermafrost groundwater discharge. Aspect ratio and anisotropy strongly influence ice-wedge polygons drainage.
Global warming contributes to a significant reduction in the thickness of the permafrost and the extent of the permafrost in the area covered by the permafrost in most northern regions. However, the degradation of confining permafrost greatly influences the hydrological systems in the permafrost regions. We can conclude that permafrost thawing increases groundwater flow and results in deepening groundwater flow paths. The whole SGD depends on the thermal state of permafrost, morphological characteristics of the shelf, geological and lithological characteristics, marine forces, and heat transfer. Their contribution can reinforce or lower the SGD. One of the major consequences of groundwater discharge is increased or decreased, depending on the fluxes of nutrients, metals, and gases from a region to land and ocean waters and changes in their physicochemical properties. It is worth mentioning that springs and associated open-system pingos can be significant sources of methane-rich subpermafrost groundwater and deserves more attention.
We identified several knowledge gaps.
- There are no studies that combine hydrogeochemistry, groundwater flow modelling, and solute transport. The role of advective heat transport in the permafrost region is very often neglected, probably also due to shortening the run-time of the simulation. The omission of advective heat transport in the projection of future permafrost degradation is debatable, and several studies highlighted the significance of advective heat transport in permafrost regions.
- The long-term, interdisciplinary in situ measurements are lacking, and therefore model predictions are site specific and limited.
- We recommend more studies on springs and open-system pingos, as they can be significant sources of greenhouse gases.
Future studies should answer the following questions.
• How can the sampling procedure and measurement technique be developed to improve comparison of spatial and temporal groundwater composition in different regions?
• How can groundwater recharge rate and water balance be impacted by ongoing and future permafrost degradation?
• What are the ecological and toxicological threats of alterations in groundwater recharge and discharge in permafrost areas to the environment and human health?
• How will progressive degradation of perennially frozen ground influence the water balance and chemical composition of groundwater in relation to the climate warming effect?
• How can SGD contribute to the amplification of the global warming effect by the potential long-term release of methane into the environment?
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Spitbergen (Svalbard) o3
19 Central Yakutia, casern Sibera 75 32 36 2 1525 £ e Middle Cambrian aquifer | Pavlova et
2006
20 Siberian Arctc no data nodaa  nodan | nodaa | nodaa | 1000030000 | nodaa  nodata  Metamorphic bedrock of pre- | Charkin et al.
upper Cretaceous complexes | 2017
2 ar N and nodaa  nodin | noda | nodaa | morethan6l%> nodam  modata  Triasic aquier Cheng and Jin
GHHCO, NG 1000 o)
2 Hulugou catchment, QTP HCO, 50, Mg"Cai* 23 r » 6 08 1 » no data Maetal (2017)
2 Hulugou catchment, QTP HCO, 50/ Mg Cat* el 4769 s | 65170 307438 nodsa  modaa | sandygavel Huetal, 2018
20 Fish Hole (Canada); Cache Creck | Na'-CI(S0%) 26294 7808 224 | A0 300-3500 LIS6-1251 982-1093  nodata Clarketal. (2001)
springs
25 Fish Hole (Canada), Marine Shale | Na'-C1(S0,%) 2935 778 1819 383399 3200 10181055 957-1010  no data Clarketal. (2001)

seeps
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groundwater via taliks

Precipitation and meltwater:
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Cheng and Jin
(2013)
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Discharge sites/
groundwater type/
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Location

Coordinates

Permafrost
characterization

References

Terrestrial

1 Springs (geothermal heat): | Groundwater as a potential | Axel Heiberg Island, 79°45' 0" N Continuous permafrost Pollard (2005)
subpermafrost source, no data Canada
groundwater
Icings (hydraulic pressure): 91"0' 0" W
mainly continuous
discharge of subpermafrost
groundwater, and
sometimes intrapermafrost
groundwater

2 Springs (geothermal heat): = Groundwater as a potential | Northeastern Alaska 680 0" N Continuous permafrost Kane et al. (2013)
subpermafrost source, no data
groundwater
Arctic Ocean: 141°0' 0" W
subpermafrost
groundwater
Icings (hydraulic pressure): 70°0' 0" N
subpermafrost
groundwater 151°0' 0" W

3 Lake (topographically from 1.6 x 10' m* d™' to 2.1 x | Toolik Lake, (Alaska) | 68°0' 0'N From continuous to Dimova et al.
driven flow and permafrost | 10* m’ d™" discontinuous (2015)
thaw): n.d. 149°0' 0" W
(intrapermafrost/
suprapermafrost
groundwater)

4 River: suprapermafrost and = 0.6-61.6 mgC L HPI: Yukon River Basin 61°0' 0" N Discontinuous (50%-90%) | O’Donnell et al.
subpermafrost 16%-44% (Canada/Alaska) with localized regions of (2012)
groundwater 141°0' 0" B sporadic (10%-50%) and

isolated permafrost (<10%)
680 0" N
151°0' 0" E

5 Lake (permafrost thaw): 2000-4,000 m* d" and Yukon Kuskokwim 61°15' 504" N | From continuous to Dabrowski et al.
subpermafrost 2-8 mmol CH, m? d* (high | Delta, Alaska discontinuous permafrost (2020)
groundwater activity endmember) 163" 14/ 45.6" W

4,000-15000 m* d"' and
4-16 mmol CH, m* d*
(average endmember)

6 Pond (hydraulic gradient): | 0.1-20m’ d'1 and 7.6 mmol | Stordalen catchment 68°21'29.999" N | Sporadic permafrost Olid et al. (2021)
suprapermafrost CHym™d" (northern Sweden)
groundwater 18°58' 57" E

¥ Ponds (thawing of 1.2 mmol CH, m™ d™* Stordalen catchment 68°20759.999" N | Sporadic permafrost Burke et al. (2019)
permafrost):
suprapermafrost 19°01' 59.999" E
groundwater

8 Ponds: no data 100.6 mmol CO, m? d" and | Yale Myers 42736' 0" N No data Holgerson et al.

10.6 mmol CH; m* d* (2015)
(emission from ponds) Forest, Windham 7215 0" E
Counties
9 Glacial meltwater no data Spitsbergen 79 40' 0" N No data Kies et al. (2011)
10°40' 0" E

10 River (thawing of no data Yukon River basin 66°0' 0" N From continuous permafrost | Walvoord and
permafrost) (Alaska/Canada) (major part) to discontinuous | Kurylyk (2007)

145°0' 0" W (minor part)

11 Lake no data Shellabear Lake 74°49'59.999" N | Continuous permafrost Dugan etal. (2012)

(Canada)
113°30' W

12 Lake (thawing of 0.5 mmol CHym™ d™'in 2011 | Toolik Lake, (Alaska) | 68"37'59.999"N | Continuous permafrost Paytan et al. (2015)
permafrost):
suprapermafrost 0.06 mmol CH, m™ d™" in 149° 35"
groundwater 2012 59.999" W

Terrestrial- QTP

13 River (thawing of DIC 494 mmol L, DOC Fenghuo Mountain, TP | 34" 45' 0" N Continuous permafrost Song et al. (2020)
permafrost): 0.95 mmol L (for
suprapermafrost groundwater samples) 92’52/ 59.999" E

14 River and lake (thawing of | 3.5x10°m’d” (based on™Rn | Lakes and Yellow 3346 04.439" N | Continuous and Yi et al. (2018)
permafrost): calculation) River, QTP discontinuous permafrost and
suprapermafrost 99°39'27.720" E | seasonally frozen soil

3436’ 08.989" N
98°16' 13.439" E
15 Lake LGD: 7.67 x 10°m® d Qinghai Lake, QTP 28°27'21.999"N | No data Kong et al. (2019)
(radium inventory model) and
852 x 106 m* d"" (radium 98" 45 38.999" E
eddy diffusion model)
16 Lake LGD: 4x10'+ 3x10" m’ d Ximen Co Lake, QTP | 33°23'31.599" N | Discontinuous and isolated | Luo et al. (2018)
0.78 mmol m™ "' and permafrost
0.003 mmol m™ d”* for DIN
and DIP
Riverine nutrients: 101° 06’
1.19 mmol m™ d”! for DIN 12200" E
and 0.053 mmol m™ d™*
for DIP

17 Lake (precipitation and 11 m*d'—43m*d”' during | QTP 36 49'59.999"N | Discontinuous permafrost Pan et al. (2017)
active layer thaw) three ice-free seasons
Suprapermafrost 102° 30'0"E

Marine

1 Sea (pressure gradient): Buor-Khaya Gulf discharge | Buor-Khaya Gulf, 72 00'N Continuous subsea Charkin et al.
subpermafrost via tectonogenic talik equal to | Lapatev Sea (2017)
groundwater 17 x10°m* d

Lena River 123 x 10° m* d*! 130° 0'0"E
Yana River (in April)
0,06 x10° m* d*!

2 Sea (thawing of Scenario: SO ~24 m'd”!, Chukchi Sea 73737'13.302"N | Subsea permafrost Kim et al. (2021)
permafrost): submarine CHy45 mid™!
permafrost 166"

25'43.974"W

3 Kasitsna Bay (tidal av specific discharge Kasitsna Bay, Point 59 0'0'N Sporadic (Kasitsna Bay), Dimova et al.
pumping): subsea 19 m day™ (Kasitsna Bay); av | Barrow (Alaska) continuous (Point Barrow) | (2015)
permafrost specific discharge 0.01 m day™ 151° 0'0"E

(Point Barrow)
Point Barrow (permafrost 71°0'0"N
thaw): subsea permafrost
156" 0'0"W

5 Sea coast (terrestrial<10%, | 8.6 x 10” to 42 x 10°m*d"', | Eastern Beaufort Sea 70° 02'0"N Continuous permafrost Connoly et al.
topographic gradients): 23-118 x 10° mmol DOC d™', | coast (Alaska) o (2020)
suprapermafrost 1.21-6.14 x 10° mmol 143" 10'0"W

DON d”!
70° 07'0"N
144° 100"W

6 Ocean (tidal pumping, Kasitsna Bay (120 m*d™" m™" | Kasitsna Bay 70 0'0"N Sporadic permafrost Lecher et al,,
hydraulic gradient- of shoreline) NO,~ 3.86 x (Kasitsna Bay) 20162; Lecher
Kasitsna Bay, low tidal 10" mmol d”! et al, 2016b
pumping, low hydraulic
gradient- Elson Lagoonand | Si0;*°120 x 10" mmol ", | Elson Lagoon, 160° 0'0"W Continuous (Elson Lagoon)
the Beaufort Sea): subsea | 4.3 x 10° NO;” mmol d”' m of | Beaufort Sea
permafrost shoreline™, 13 x 10° $i0,*

mol d' m of shoreline™!

Elson Lagoon (12 m* m™ d"; | Cook Inlet 60° 0'0"N
0.74 mmol CH, m™ d), NO,

0.50 mol d- m of shoreline™',

0.3%10°Si0,*" mmol d"' m of

shoreline-1

Beaufort Sea 1.20 x 10° NO,™ | Gulf of Alaska 150° 0'0"W
mol d" m of shoreline™,

052 x 10° $i0;* mmol d”' m

of shoreline™", CH,

0.26 mmol m™ d”!

Cook Inlet

$i0,*7.77 10° mmol d*

NO,™ 250 10° mmol d”*

Gulf of Alaska River

contribution

$i0,*1.14 10" mmol d~!

NO;™ 2.16 10° mmol d™*

7 Fresh SGD to ocean:no | Sea CH, 35-30.0 10” mmol/ | Hornsund fjord 68" 09'30200"N | Sporadicfisolated permafrost | Hong et al. (2019)
data cm?/yr (Lofoten-Vesterdlen, | (Spitsbergen)

Norwegian Sea) Storfjordrenna gas 010°27'35.600"E
hydrate mounds f
(Spitsbergen), Lofoten- | 76 06'24800"N
Vesterilen R
015" 58/03.699"E.
76’ 58'59.900"N
016" 16'09.500"E.
76" 58'37.200"N
015° 50'58.599"E
8 Fresh SGD to sea:no data | no data Beaufort Sea 71°19'03.399"N | Subsea permafrost Hart et al. (2011)
143°
59'53.499"W
71° 19'02.600"N
143°
59'58.899"W
9 Fresh SGD to sea: no data | no data Beaufort Sea 70°47'25.162"N | Subsea permafrost Paull et al. (2015),
Paull et al. (2022)
135°
33'38.336"W
10 Fresh SGD to sea: no data | no data Kara Sea 72° 58'17.400"N | Subsea permafrost Semenov et al.
 E——— (2019)
068" 53'40.300"E
11 Fresh SGD to sea:no data | 3.1x10" m'd" Greenland shelf 65" 02'50.399"N | Subsea permafrost DeFoor et al.
(2011)
039"
17'29.500"W
12 Fresh SGD to sea: no data | 0.012x10° m*d” Cambridge 72° 57'10.599"N | No data Hay et al. (1984)
Fiord, Baffin Island o074’
33'00.200"W
13 Fresh SGD to sea no data, 90% of the maximum | Svalbard fjords 78" 24'48.156"N | Subsea permafrost Kim et al. (2022)

(permafrost thaw): subsea
permafrost

freshening ratio

017° 06'29.465"E.
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