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Abstract 23 

In many glacial settings, winter outflows of proglacial water create stratified domed ice 24 

structures on glacial forefields. These structures, called naledi, provide an opportunity to 25 

characterise the solute fluxes concentrations of hydrological systems in winter which are poorly 26 

constrained compared to summer outflows in hydrological systems during winter, which are 27 

poorly constrained compared with summer outflows which are dominated by supraglacial 28 

meltwater input. To characterise the different hydrological systems feeding naledi and provide 29 

conceptual models of their formation, we sampled 12 overwinter naledi and 4 supercooled 30 

summer ice accumulations (accreted ice) from the forefield of Isunnguata Sermia, a western 31 

outlet glacier of the Greenland Ice Sheet, during four field campaigns. Major ions and stable 32 

water isotopes reveal complex geochemical signatures, where the composition of successive 33 

naled layers reveal indicates fluctuations in water source and transport throughout winter. In 34 

comparison, core analysis of summer accreted ice is sediment laden and shows uniform 35 

geochemistry throughout, suggesting freeze-on of water from one a single source in quick, 36 

discrete events. These findings are supported by Electrical Resistivity Tomography (ERT) 37 

geophysical surveys, which reveal showing shallow hydrological pathways (1 – 5 m below the 38 

surface) in the glacial foreland (surveyed 400 m from the glacier terminus). Here,These  39 

meltwater is transported through a saturated sediment zone feeding proglacial upwellings. Our 40 

results inform the first conceptual models of summer vs. wintertime subglacial water routing 41 

and naled formation in the proglacial zone of the Greenland Ice Sheet. We show that wintertime 42 

naledi form from a combination of top-down (unconfined) and bottom-up (confined) freezing 43 

processes which incorporatesincorporating subglacial discharge, overland flow and 44 

precipitation., In contrast, whereas accreted ice forms from upwellings of high velocityhigh-45 

velocity, highly pressurisedhighly pressurised water which freezes upon release. These 46 

seasonal changes drive different geochemical and nutrient solute outputs, which are critical for 47 
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evaluating glacier meltwater contributions to proglacial groundwater systems and the impact 48 

of glacial discharge on downstream ecosystems.  49 

1. Introduction 50 

The Greenland Ice Sheet is a major exporter of biologically important elements to the world's 51 

oceans (Hawkings et al., 2016; Lawson et al., 2014; Wadham et al., 2016) and a hotspot for 52 

CO2 drawdown through chemical weathering processes (Graly et al., 2017a; Pain et al., 2021). 53 

Most of our knowledge of chemical and biological fluxes from the Greenland Ice Sheet come 54 

comes from analysis of the summer ablation season outflow, where channelised melt waters 55 

contact only a limited portion of the glacier bed (Bhatia et al., 2013; Hawkings et al., 2016; 56 

Jacob et al., 2014; Meire et al., 2016; Yde et al., 2014). However, during winter, outflow is 57 

more typically fed by slower-flowing subglacial meltwater, which has often been subjected to 58 

greater contact time with the ice/bed interface (Chandler et al., 2013; Davison et al., 2019). As 59 

there are inherent challenges associated with field sampling subglacial water flow over winter, 60 

there is limited inclusion of winter water in geochemical modelling, inhibiting our 61 

understanding of year-round subglacial weathering processes and nutrient export from 62 

Greenland.  63 

In many proglacial environments in the Arctic, domed ice structures called naledi 64 

(singular naled, butnaled but also referred to as aufeis or icings) develop within glacier 65 

forefields in the winter months (Carey, 1973; Hodgkins et al., 2004; Mallinson et al., 2019; 66 

Morse and Wolfe, 2015; Sobota, 2016; Yoshikawa et al., 2007). These naledi typically consist 67 

of stratified layers of frozen subsurface and subglacial water that has been ddischarged over 68 

winter (November - March). As such, they provide a potential source for characterising 69 

wintertime solute fluxes concentrations and insights into chemical weathering processes 70 

operating over low-flow hydrological conditions that are difficult to obtain by other means. 71 

Layers build up over winter to produce a domed, layered, ice structure, which can reach multi-72 
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metre heights, forming where outflows of water are expelled in discrete locations of the glacial 73 

foreland and quickly freeze due to low air temperatures (Harden et al., 1977; Kane, 1981).  74 

The prevailing theoretical models of naled formation, established ~40 years ago, 75 

suggest that naled grow in a top-down fashion because the cold winter atmosphere acts as a 76 

heat sink, freezing unconfined waters (meltwater or snow) that accumulate from above (Fig. 77 

1a-c) (Schohl and Ettema, 1986; Yde et al., 2012). However, more recent and direct 78 

observations of proglacial naled in Svalbard by Stachnik et al. (2016) interpreted naled 79 

formation as a primarily bottom-up process. This theory suggests new meltwaters confined 80 

below ice push up older, frozen layers (Fig. 1d-f), and that liquid water conduits within naled 81 

ice provide insulated transport pathways, protected from the cold surface (Fig. 1f). These 82 

contrasting models of formation make it challenging to extrapolate general chemical and 83 

biological insights into different hydrological systems. 84 

In previous research, principally on Svalbard, the chemistry preserved in naled ice has 85 

been successfully characterised by analysing ice cores collected in early spring (Stachnik et al., 86 

2016; Wadham et al., 2000; Yde et al., 2012). These studies found that the overwinter solute 87 

flux captured in naled differ differs significantly from the early spring or late summer 88 

meltwater output from glacial systems, suggesting they can capture a distinct wintertime 89 

hydrochemical regime (Graly et al., 2018). However, complexity in their geochemistry 90 

indicates multiple water source inputs may build up a single naled (Yde et al., 2012) with 91 

chemical differences between different ice layers (Stachnik et al., 2016). The glaciers of 92 

Svalbard represent relatively small glacier hydrologic systems, with small storage capacities 93 

compared to larger ice sheets, like the Greenland Ice Sheet and its outlet glaciers (Wadham et 94 

al., 2000). It is therefore possible that the chemical signatures of naled ice in these larger 95 

systems may represent different formation mechanisms than those in Svalbard. In glacial 96 

foreland areas, supercooled waters can also freeze and build up accreted ice structures over 97 
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summer, often during high discharge events sourced from glacial 98 

overdeepeningsoverdeepenings that are heavily sediment-laden (Alley et al., 1998; Evenson et 99 

al., 1999; Lawson et al., 1998; Roberts et al., 2001; Roberts et al., 2002; Livingstone et al., 100 

2026).  101 

 102 

Figure 1 Prevailing theories of naled ice formation. (a-c) A top-down freezing process by 103 

which overland flow and precipitation freeze at the surface due to subzero air temperatures 104 

(Schohl and Ettema, 1986). (d-f) A bottom-up freezing process by which subsurface waters 105 

erupt into the forefield and freeze from the base-up, with newly erupting waters accreting onto 106 

the bottom of the naled. In these bottom-up models, there is also potential for small water veins 107 

within the naled to accrete ice within (Wadham et al., 2000; Stachnik et al., 2016). 108 

 109 

Here, we measure and interpret the chemical characteristics and identify the sources of 110 

water creating wintertime naled ice and summertime accreted ice in the forefield of Isunnguata 111 

Sermia on the western Greenland Ice Sheet, . to explore seasonal changes in the hydrological 112 

system. We combine our geochemical analyses with geophysical surveys of the forefield to 113 

assess potential routing mechanisms of water flow, feeding these structures and explore 114 

seasonal changes in the hydrological system. Our results inform a new conceptual model of 115 

naled and accreted ice formation and hasapplicable applications for spatial and temporal 116 
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analysis ofto similar proglacial systems and subglacial processes in West Greenland and other 117 

glaciated regions.  118 

2. Study site 119 

Isunnguata Sermia (N67.1850, W-50.3394) drains ~15,900 km2 of the Greenland Ice Sheet and 120 

is located approximately 100 km away from the coast (Fig. 2) (Lindbäck et al., 2015). It The 121 

outlet glacier is located in the central west region of Greenland, where ice is routed through an 122 

overdeepened bed (extending to ~350 m below sea level) for over 20 km (Lindbäck et al., 123 

2015). Throughout its catchment area, Isunnguata Sermia is expected to flow over granodioritic 124 

gneisses and associated silicate rocks of the Nassuttooqidian Orogen, a large-scale fold-belt 125 

formed c. 2.7 billion years ago (van Gool et al., 2002).  126 

Previous work has characterised spring/summer runoff and subglacial hydrology at 127 

Isunnguata Sermia (Bartholomew et al., 2011; Meierbachtol et al., 2013) as well as subglacial 128 

discharge and hydrochemistry of summer outflows (Graly et al., 2017a). Wintertime outflow 129 

was chemically profiled by Pitcher et al. (2020), who sampled proglacial river water while 130 

performing local radar surveys of Isunnguata Sermia. This revealed that basal water is 131 

persistent at Isunnguata Sermia, discharging small amounts of water into the proglacial river 132 

system year-round. Isunnguata Sermia also sits on a reverse gradient bed slope with an active 133 

subglacial lake system (Livingstone et al., 2019). These lakes, located beneath the ablation 134 

zone of Isunnguata Sermia, have been shown to exhibit multi-year water storage, resulting in 135 

long water residence times, though research has also shown that meltwater can be quickly 136 

released during flood events (Chu et al., 2016; Livingstone et al., 2019).  137 

The forefield of Isunnguata Sermia contains several discreet discrete upwellings of 138 

subglacial water. These waters may emerge slowly, or as geyser-like features that expel water 139 

into the air on a meter metre- to multi-meter metre scale (Livingstone et al., 2026). In February 140 

2015, supercooled water was discovered below the clear ice of a proglacial outlet stream, 1 km 141 
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downstream of the Isunnguata Sermia terminus (Pitcher et al., 2020). This slow meltwater 142 

drainage, fed by the deeply incised subglacial trough that extends inland from the terminus 143 

(Graly et al., 2017a), suggests that the local geometry might drive proglacial upwellings of 144 

subglacial meltwater year-round. As a result, this site provides an ideal location to investigate 145 

the geochemical signature of water sources feeding naled ice and accreted ice, allowing us to 146 

examine changes in hydrological pathways and fully characterise the chemical signature of 147 

year-round outflows, for the first time. 148 

3. Methods 149 

3.1. Automatic cameras 150 

Monitoring of glacier outflow and the development of naledi were was performeddone by 151 

setting up timelapse time-lapse cameras (LTL-6210MC Plus Scouting Cameras) at six 152 

locations across the glacier forefield over winter in 2022 and 2023and monitored between 2022 153 

and 2024 (Fig. 2 and Table SI1). Cameras were set up at various six different locations and 154 

orientations to capture changes in the main outflow channel of Isunnguata Sermia and to review 155 

active upwellings at the time of installation. Photographs were taken at 11am11 am, 12pm12 156 

pm, 1pm 1 pm and 2pm 2 pm (local time) each day. Full descriptions of camera installations 157 

and observations can be found in Supplementary Information Table SI1. 158 

3.2. Sampling 159 

Four field campaigns were conducted with the aim of collectingto collect a representative 160 

sample set of ice and water samples across the Isunnguata Sermia forefield over multiple years 161 

both pre- and post-melt season (Fig. 2). We focused on three different sample types (i) naled 162 

ice (dome shaped structures, formed over winter likely during low discharge), (ii) naled waters 163 

upwelling in the outwash plain (capturing active water sources feeding naled ice over the winter 164 
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months) and (iii) accreted ice (sediment-laden ice structures associated with active upwellings 165 

in the summer months) (Fig. 2).  166 

Over the course of four field campaigns (October 2022, March-April 2023, September 167 

2023 and March-April 2024), we sampled 12 naledi and four 4 accreted ice structures (Fig 2a, 168 

Fig. S1-2). Ice cores were extracted with a motorised SIPRE Auger to a maximum depth of 2 169 

m. Cores were logged immediately, then sectioned by changes in ice facies and transported in 170 

individual sterile Whirl-Pak bags (Fig. 3). Core sections were then melted in a gently heated 171 

water bath in the field (less than 4 hours after sampling). The resultant waters were and filtered 172 

using Whatman 0.45µm cellulose membrane filters, before being decanted  intoto centrifuge 173 

tubes for major ion analysis. All samples were refrigerated and stored at 3-4°C until analysis. 174 

Four of the naled ice cores terminated in water sources. Cores at the other seven sites did not 175 

reach water and were limited to depths of between 8 and 139 cm, often due to the presence of 176 

thick gravel beds,deposits which rendered further drilling impossible.  177 

Of the cores that reached active water sources, naled I8 was located at the margin of 178 

the main meltwater channel and the three others (I2, I3 and I10) in an adjacent lateral meltwater 179 

stream (Fig. 2). In each case, samples of the naled upwelling waters were collected in sterile 180 

50 ml mL centrifuge tubes and filtered using Whatman 0.45 µm nylon membrane filters. 181 

Accreted ice cores were sampled around the glacier front and within the main active frozen 182 

meltwater channel area in October 2022 (n = 4, Fig. 2a, Fig. 4 and Fig. S3). Unlike the naled 183 

ice core sites, none of the accreted ice cores reached free-flowing waters. Cores were described, 184 

sectioned, melted and filtered in the same manner as described above. 185 

 186 
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 188 

Figure 2. Isunnguata Semia Sermia field site in West Greenland (a) Location of sampling sites, 189 

geophysical survey transects (A and B) and camera trap locations in the forefield of Isunnguata 190 

Sermia. White box denotes the photograph area shown in (d). (b) Sample area of the Isunnguata 191 

Sermia forefield (white box), where meltwater is exported from the Greenland Ice Sheet (c). 192 

(d) Overview photograph of the proglacial forefield from May 2023 with key sites annotated. 193 

The yellow features on the outwash plain are camp tents, which are approximately 1.6- to 1.9 194 

meterms high. Imagery © [2024] Vantor in panel (a) sourced from the Polar Geospatial Centre 195 

(showing  June 2022) whilst panels b-c show Esri basemap imagery | Powered by Esri. Satellite 196 

images in panel a sourced from the Polar Geospatial Centre (from June 2022) and panels b-c 197 

Sources: Esri basemap imagery | Powered by Esri.  198 
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 199 

Figure 3 Naled ice structures. E and examples of different ice facies from cores. drilled through 200 

naled ice structures (a) Ccore I3 (15 cm), (b) upper 90 cm of core I10 and (c) lower 68 cm of 201 

core I10, as well as a photograph of a naled structure (cored for I10) (d) where a black glove 202 

(~20 cm in length) is provided for scale. 203 

 204 

 205 

Figure 4 (a-b) Examples of a subglacial water outburst from Isunnguata Sermia, captured by 206 

automatic camera 4 in late September to early October 2023. Photographs show high water 207 

flow volumes on the 28th of September (a) followed by an erupting outflow 4 days later (b). (c) 208 

Example of a multi-metre high accreted ice structure, alongside an active, bubbling upwelling 209 

of water, reviewed by field researchers on the 20th of September 2023. (d) Example of a 210 

sediment-rich core from an accreted ice structure. 211 
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Figure 4 (a-b) Examples of a subglacial water outburst from Isunnguata Sermia, captured by 212 

automatic camera 4 in late September to early October 2023. High water flow volumes on the 213 

28th of September (a) were followed by erupting outflow just 4 days later (b). (c) Example of 214 

a multi-metre scale accreted ice structure, captures on the 20th of September 2023, showing an 215 

active, bubbling upwelling of water in the forefield of Isunnguata Sermia, where accreted ice 216 

(~2 m high) has built up to the sides of the upwelling. (d) Example of an ice core from an 217 

accreted ice structure, rich in sediment. 218 

 219 

Contextualontextual samples of glacier ice (n = 12) and supraglacial meltwater (n = 47) 220 

were also collected to represent end memberend-member water types. Glacier ice was sampled 221 

from the upper ice margin of Isunnguata Sermia in April 2024 using a chisel and hammer, with 222 

the upper 10 cm layer of ice discarded to remove the outer layer of weathered ice (Fig. 2a). Ice 223 

was extracted via a chisel and hammer with the upper 10 cm layer of ice discarded so that less 224 

weathered ice could be sampled. Supraglacial water was sampled from the ice margin and atop 225 

the Isunnguata Sermia glacier snout in 50 mlmL centrifuge tubes.  226 

3.3. Geochemistry 227 

Concentrations of major anions in water and melted ice samples were analysed in triplicate on 228 

a Dionex Integrion high-pressure ion chromatography (HPIC) system at Northumbria 229 

University using 5 ml mL of sample. Standard solutions of fluoride (F-), chloride (Cl-), sulphate 230 

(SO4
2-), and nitrate (NO3

-) were prepared using 18.2 MΩ ultrapure water to obtain standard 231 

curves. Concentrations of major cations were analysed in triplicate on an Optima 8000 232 

inductively coupled plasma optical emission spectrometerspectrometer (ICP-OES) at 233 

Northumbria University using 7 ml mL of sample. Standard solutions of calcium (Ca), 234 

potassium (K), magnesium (Mg), and sodium (Na) were prepared using ultrapure water to 235 

obtain standard curves. Limits of detection (LOD) for both instruments was determined by 236 

standard regression on the intercept of the calibration curve and measured 0.02 mg L-1. 237 

Analytical precision was assessed as the relative standard deviation (RSD %) of triplicate 238 

measurements for each sample. RSD was below 3% for all analytes and across all run days for 239 
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the ICP-OES and the IC, indicating good analytical reproducibility. HCO3
- was then calculated 240 

using the charge balance error (CBE) method,,  determined by Equation 1 where ε+ and ε - are 241 

total cation and anion equivalents: . Uncertainty in HCO3
- concentrations is derived from 242 

uncertainties of all measured cation and anion concentrations.  243 

𝐶𝐵𝐸 =
(𝜀+−𝜀−)

(𝜀++𝜀−)
𝑥100      244 

 (Eq. 1) 245 

3.4. Stable water isotopes 246 

Aliquots from melted cores and waterof samples were analysed for their hydrogen and oxygen 247 

isotopic composition using a Picarro L2130-i cavity ringdown spectrometerspectrometer at 248 

Northumbria University. Four calibration standards were measured at the beginning of each 249 

run (including in-house laboratory standards supplied and calibrated by the University of 250 

Bergen (‘EVAP-2’, ‘FINSE’, ‘GLW’) and international standard SLAP2 (Standard Light 251 

Antarctic Precipitation 2). Separate aliquots of reference water ‘Medium Natural Water ’ or 252 

‘Greenland Water’  (purchased from Elemental Microanalysis Ltd.) were interspersed analysed 253 

approximately every 10- to 15 samples tand used to monitor and correct instrument drift. 254 

Results were corrected for memory and drift and normalised to the VSMOW-SLAP (Vienna 255 

Standard Mean Ocean Water – Standard Light Antarctic Precipitation) scale, using the 256 

FARLAB Liquid Water Isotope Measurement Processor (FLIIMP) software package 257 

(Sodemann et al., 2023). No humidity correction was applied (following Weng et al., 2020). 258 

The drift standards (as well as one aliquot of VSMOW2 per run) were also used as data quality 259 

monitors. Analytical error is equal to or better than 0.4‰ for δD and 0.07‰ for δ18O (SE); 260 

overall reproducibility based on monitor standards is equal to or better than 1.0‰ for δD, and 261 

0.38‰ on for δ18O (SD) (Table SI2). Individual 'freezing packages' packages', which are 262 

discrete isotopic units within the naled ice body representing a temporally distinct episode of 263 
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water upwelling and subsequent freezing at the ice surface, were also identified by calculating 264 

freezing-curvesfreezing curves for each ice core. In the context of refreezing Greenland Ice 265 

Sheet waters, a δD:δ18O slope of around 6 is would be expected. The composition of the source 266 

water can be calculated from the two-isotope slope (Souchez and Jouzel, 1984), allowing us to 267 

determine the isotopic composition of the source water where a freezing slope is identified.  268 

3.5. Electrical Resistivity Tomography 269 

A SuperSting R8 eight‐channel earth resistivity metermetre (Advanced Geosciences, Inc.), was 270 

used to investigate subsurface conditions and potential water transport routes through the 271 

forefield of Isunnguata Sermia (Fig. 2) in April 2024. Prior to deployment, tThe frozen ground 272 

had to be prepared for electrode stake deployment. For each stake,  by small areas of frozen 273 

ground were thawedthawing small areas to a depth of ~30 cm using boiled water, heated from 274 

locally sourced snowmelt. A mixture of locally sourced glacial clay and salt or isotonic powder 275 

(GatoradeTM) was poured over the thawed ground to secure each electrode stake and ensure 276 

sufficient ground coupling once the electrodes froze in. Fifty-six electrodes were installed in a 277 

forward and reverse dipole‑dipole configuration along profile A with the same configuration 278 

along profile B (Fig. 2), where for 47 electrodes were placed. The maximum source current 279 

was set to 50 mA for both profiles, and electrode contact resistance was monitored throughout. 280 

All data were were processed and inverted using ResIPy v3.6.3 (Blanchy et al., 2020). The full 281 

data processing methodology is available in the  (see Supplementary Information).  282 

4. Results 283 

4.1. Automatic cameras and Field Photos 284 

The automatic cameras were set up with the aim of recording the development of naled ice (full 285 

descriptions of camera traps and observations can be found in Supplementary Information 286 
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Table SI1). Automatic cCameras captured active naled and accreted ice formation as well asas 287 

well as changes in winter outflow over the foreland of Isunnguata Sermia from 2022 to 2024. 288 

In 2023, Camera 5, orientated on the proglacial outwash plain facing the ice margin, for 289 

example, captured the formation of winter-accumulating naled ice and an outflow of yellow-290 

coloured water on the 22nd of October 2023 when the rest of the meltwater channel was frozen 291 

(shown in Fig. 5). The origins of this yellow water flow are not fully clear andsource of flow 292 

from this yellow water may originate from a location off-camera or from the rising domed 293 

naled structure. ; but iThets distinct colouration of this water dominated can be seen freezing 294 

over the channel and naled structure for over 3 days 3 days, where layers of yellow-coloured 295 

ice seemed to build up from the margins of the outflow, before being covered by fresh snow 296 

on 28th October. This created a clear ice layer on top of the yellow covered ice. These 297 

accumulation patterns, recorded for the first time by our automatic cameras suggest that similar 298 

ice layering may be expected in the naled formationsicings, and the ice cores extracted from 299 

them. This camera also captured the formation of winter-accumulating naled ice in the distance 300 

(Fig 5). 301 

A glacial outburst flood from Isunnguata Sermia was also detected between September and 302 

early October 2023 (see Livingstone et al. 2026). By analysing footage from two separate 303 

automatic cameras, placed in different locations, facing different and orientations (see 304 

Supplementary Information), we can see a gradual increase in water levels of the main 305 

meltwater channel was observed, before a vigorous outburst flood event occurred on October 306 

2nd (Fig. 4a-b).. We also observed the sudden build-up of sediment-laden accreted ice around 307 

the upwelling during the outburst event (Fig. 6). Much of the resulting accreted ice structure 308 

persisted up to 6 months later, preserved by the cold winter temperatures, though it appeared 309 

to have eroded, suggesting some melt wastage had occurred.  310 

 311 
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 312 

 313 

 314 

Figure 5 Upwelling of glacial waters in the forefield of Isunnguata Sermia, captured by an 315 

automatic camera installation (Camera 5) - installed for the 2023/2024 winter season (a-d). 316 

Over the course of 6 days, distinctly yellow-coloured water flows and ice accumulations were 317 

recorded, suggesting variable water/snow inputs/throughputs. (a) Photograph showing the first 318 

emergence of yellow-coloured water in the glacial foreland. (b) The yellow outflow completely 319 

covers the proglacial river in the field of view. (c) White ice and snow begin to overlay the 320 
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yellow layer, which have has frozen. (d) The yellow ice layer is fully covered with fresh white 321 

ice and snow. Black dashed outline highlights the naled ice area. (e) A naled dome formed in 322 

the centre of the proglacial stream overnight on the 2nd April 2024, captured in field 323 

photographs. 324 

 325 

Figure 6 Accreted ice formation (a-d) captured by an automatic camera installation - installed 326 

for the 2023/2024 winter season. (a-b) Over the course of a week towards the end of the melt 327 

season, an eruption of glacial meltwater occurred in the main proglacial meltwater channel 328 

close to the Isunnguata Sermia ice margin (Livingstone et al., 2026), see -329 

https://vimeo.com/manage/videos/1103612163. (c) This resulted in the rapid accumulation of 330 

ice accretions around the source of the upwelling. (d) Over 6 months later, some of that ice 331 

accumulation persists around the upwelling source, likely preserved by the cold winter 332 
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temperatures, though the ice structure appears deflated and eroded suggesting some melt 333 

wastage has begun to occur. A similar process is seen in (e), where sediment-rich ice 334 

accumulations around an upwelling site in late September 2023 had deflated and eroded 335 

substantially (f) the following April 2024. 336 

4.2. Ice facies analysis 337 

Ice cores revealed distinct ice facies, which we group into four classifications: light ice, opaque 338 

ice, yellow-coloured ice, and sediment-rich ice (Fig. 3). Some ice has either horizontal or 339 

vertical stripes – which are more visible in the ‘light ice’ and ‘opaque ice’. Light ice and opaque 340 

ice packages do not have sediment inclusions or discolouration. L, with the light ice was mostly 341 

translucent, whereas and the opaque ice appeared white or ‘clouded’clouded ’, and , both ice 342 

types were combined together for geochemical analysis as ‘clear ice’ for simplicity. Yellow-343 

coloured ice was distinctly yellow in colour and appeared as discrete layers within the naled 344 

cores. Five ice cores recorded these yellow-coloured ice layers, which ranged in thickness from 345 

10-25 cm, at various depths (Fig. 7b, e; Fig. 8a, c, e). Yellow-coloured ice did not appearwas 346 

not found in any of the accreted ice cores. Sediment-rich ice had clear sediment inclusions that 347 

accounted for >50% of the core section. Sediment layers were present in nearly all core samples 348 

(except I2, I7 and I8), with more pronounced sediment-rich layers (between 10-40 cm thick) 349 

recorded in I1, I3, I5 and I10 (Fig. 7 and 8). These sediment-rich layers only appeared as 350 

discrete layers within the naled corescores, but they account for almost the full core length in 351 

the accreted ice cores (Fig. 3 and 4). Facies logs for each ice core and their resultant 352 

geochemical profiles are provided in Figures 7, 8 and 9. 353 

Accreted ice cores were typically multi-metre in length and consisted of heavily 354 

sediment-laden ice (Fig. 4), which ). This ice appeareds to be a mix of frazil ice and silt to fine 355 

sand sediments.  and coCores ranged in length from ~25 to 240 cm (Fig. 9). The longest core, 356 

A4, had no visible layers, but the full core was sediment-laden with clay to fine sand sizedsand-357 

sized particles (see Fig. 4d). Bands of opaque ice, less than 10 cm thick, were recorded at 358 
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various intervals throughout cores A1, A2 and A3. Aside from these intersections, all accreted 359 

ice cores exhibit similar sediment-laden ice facies with tabular ice lenses (Fig. 4) and limited 360 

discernible differences between and within ice cores. 361 

4.3. Geochemistry 362 

Proportions of major ions and total dissolved solids (TDS) are shown for each core in Fig. 7, 8 363 

and 9. The naled ice cores and their sub-naled waters display a range of total dissolved solids 364 

(TDS)TDS concentrations, broadly spanning from very dilute (less than 1 mg L⁻¹) to highly 365 

concentrated (up to 1,3003,000 mg L⁻¹) depending on the core and depth. Across most cores, 366 

HCO₃⁻ is the dominant anion, while Ca²⁺ is consistently the most abundant cation. In general, 367 

we observe that ice layers with low TDS, such as as those found throughout naled I1 and the 368 

lower portions oflower I7 (Fig. 7a. , Fig. 8b), are typically SO₄²⁻ poor (though sometimes NO3
- 369 

enriched). , and Whereas very concentrated TDS layers such as the naled waters in I2 and I3 370 

(Fig.7b and c) are more often SO₄²⁻ enriched. Naled waters from I2 and I3, exhibit  and have 371 

substantially higherhigher TDS concentrations than the overlying ice. The geochemical 372 

composition of some of the naled waters are not represented in Fig.8, namely cores I8 and I10, 373 

as an unknown source of positive charge was detected causing a large change imbalance.  374 

Naled cores I1, I7, I8, I11 and I12 were all located in the main proglacial river channel. 375 

In terms of spatial differences, nNaled I1 was located closest to the glacier and unique in that 376 

it was extracted from beneath a layer of mud, whereas all other naled icings were collected 377 

from clean ice surfaces.  The upper layer of naled I1 with some sediment inclusions, had no 378 

detectable SO₄²⁻ and low TDS values of 2.5 mg L-1 (Fig. 7a) Naled I1 was also the naled 379 

structure closest to the glacier margin and located in the main meltwater channel. Similarly, 380 

naled I7 and I8 (two samples taken from the same naled structure, Fig. 2a) and I11 were also 381 

located in the main channel. I12 was then sampled as a newly emerging naled with only a thin 382 

layer of domed ice extracted after it was observed to have begun forming in the main channel 383 
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overnight in March 2024. Here, the very surface of the naled ice was sampled and showed 384 

moderate TDS amounts of 16-18 mg L-1 with an almost even proportion of HCO3
- and SO₄²⁻, 385 

similar to the ion proportions seen in other naled ice cores (Fig. 9b). All of the cores sampled 386 

from the main channel lack yellow ice layers within the naled cores apart from I8, with which 387 

had a distinct yellow layer at the very surface and yellow water at the base of the core (Fig. 8). 388 

These main channel cores generally exhibit moderate TDS concentrations, with the exception 389 

ofexcept I8, which reaches up to 13240 mg L⁻¹ at its base and 3,098 mg L⁻¹ in the water. HCO3
- 390 

dominance is consistent across all main channel cores, SO₄²⁻ contributions remain are relatively 391 

low compared to some side channel cores. NO₃⁻ is slightly more elevated in I8 than in the other 392 

main channel cores. I12 was sampled as a newly emerging naled with only a thin layer of 393 

domed ice extracted after it began forming in the main channel overnight in March 2024. Here, 394 

the very surface of the naled ice was sampled and showed moderate TDS concentrations of 24-395 

40 mg L-1 with an almost even proportion of HCO3
- and SO₄²⁻.  396 

Side channel cores, I2, I3, I4, I5, I6, I9 and I10 show greater variability in both TDS 397 

amounts concentrations (12-500 mg L-1 in ice and 1,3002,100 mg L-1 in naled waters) and ion 398 

proportions. While HCO3
- and Ca²⁺ still dominate in many of these cores, SO₄²⁻ contributes 399 

more proportionallythe proportion of ions across several coresof them, most notably the naled 400 

water in I2, I6, and I10. Core I10 is particularly distinct, with SO₄²⁻ comprising over 40% of 401 

total ions throughout and TDS values reaching up to 500 548 mg L⁻¹ in the yellow ice layers. 402 

Naled waters sampled beneath I2 and I3 also show substantially higher TDS concentrations of 403 

1,3002,030 mg L⁻¹ and 890 1,032 mg L⁻¹, respectively.  404 

Accreted ice cores (A1-A4) are much more uniform than naled ice cores in their 405 

geochemical signature both within single cores and across cores (Fig. 9c-f). All cores have 406 

TDS concentrations between 7-3013 and 39 mg L-1 (Fig. 9c-f). HCO₃⁻ and Ca2+ consistently 407 Formatted: English (United Kingdom)



 

Page 21 of 51 

dominate, throughout all of cores atcomprising 50-80% of anions and cation proportionss, 408 

respectively. The most variability is seen in accreted core A4, where SO4
- dominates the anions 409 

in some of the core sections. Accreted cores also have marginally higher proportions of K+ 410 

compared to the naled ice cores. 411 
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 413 

Figure 7 Ice facies and geochemical profiles of major ions for naled ice cores I1 through 414 

I5 collected April 2023 and March-April 2024. Vertical columns indicate ice facies types. 415 

Geochemical results are illustrated with cumulative horizontal bars adjacent to sampling 416 

depth (exact depth range indicated by black brackets). Total dissolved solids (TDS) are 417 

given in mg L-1 (upper, black bar); note unique axis values for each core. For some 418 

samples, values are so low,  that they plot as a point. The proportions of cations (middle 419 

bar plot, Ca2+, K+, Mg2+, and Na+) and anions (lower bar plot, Cl-, SO4
2-, NO3

-, and HCO3
-420 

) are given in percentages.  421 
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 423 

Figure 8 Ice facies and geochemical profile of major ions for naled ice cores I6 through 424 

I10 collected March-April 2024. Vertical columns indicate ice facies types and changes 425 

with depth. Geochemical results are illustrated with cumulative horizontal bars adjacent 426 

to sampling depth (exact depth range indicated by black brackets). TDS is given in mg L-427 
1 (upper bar; note unique charge range for each core) and the proportions of cations 428 

(middle bar plot, Ca2+, K+, Mg2+, and Na+) and anions (lower bar plot, Cl-, SO4
2-, NO3-, 429 

and HCO3
-) are given in percentages. *Naled water in core I8 and I10 has an unknown 430 

source of positive charge and is therefore not included in the graph. ̂ Sample not analysed. 431 
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 433 

Figure 9 Ice facies and geochemical profile of major ions for naled ice cores I11 and I12 434 

collected March-April 20242024, and accreted ice cores collected October 2022 and 435 

April 2023. Vertical columns indicate ice facies types and changes with depth. 436 

Geochemical results are illustrated with cumulative horizontal bars adjacent to sampling 437 

depth (exact depth range indicated by black brackets). TDS in is given in mg L-1 (upper 438 

bar; note unique charge range for each core) and the proportions of cations (middle bar 439 

plot, Ca2+, K+, Mg2+, and Na+) and anions (lower bar plot, Cl-, SO4
2-, NO3

-, and HCO3
-) 440 

are given in percentages.  441 

 442 

 443 

 444 
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 446 

4.4. Stable water isotopes 447 

Isotopic compositions (δ18O and δD) reveal that accreted ice samples generally have 448 

slightly higher δ18O and δD values  (Fig. 10a; -21±1.7 ‰) compared to naled ice (Fig. 449 

10a; -24±2.3 ‰). Surface glacier ice plots separately from all naled samples with the 450 

lowest δ18O value (-33.5 ‰), indicating the naled ice is distinctly different in water source 451 

and/or formation mechanism than surface glacier ice (Fig. 10a). Deuterium excess (D-452 

excess = δ2H – 8· δ18O) values were used to determine the role of evaporation or freezing 453 

processes on the water samples isotopic composition (Fig. 10b). Deuterium excess values 454 

range from approximately 3 ‰ to 32 ‰ with a general trend of decreasing deuterium 455 

excess with increasing δ¹⁸O values (Fig. 11).  456 

Isotopic composition changes Changed in isotopic composition were also 457 

observed down-cores, revealing potential freezing mechanisms. Within naled core I8 458 

(Fig. 10b) δ18O values generally decrease downcore (the lowest values detected at 132-459 

146 cm of -29.5 ‰) and whereas deuterium excess increasing increases from 9.8 ‰ at 460 

the top of the core to 25 ‰ at the base, exhibiting  due to increasing fractionation 461 

processes downcore (Fig. 10b). However, a distinct but small increaseslight increases in 462 

δ18O and decreases in deuterium excess values are also seenwas noted at 104-108 cm 463 

mid-core. When plotted on a freezing curve, naled ice samples I5, I8, I10 and I11 all 464 

display R2 values of >0.9, suggesting sequential freezing downcore (Fig. 11). However, 465 

some core sections (in I2, I3, I4, I6, I7 and I9) do plot away from the freezing line with 466 

R2 values of 0.07-0.93 (Fig. S4 in Supplementary Information). These sections are 467 

representative ofrepresent discrete intervals of an increase in δ18O and decreases in 468 

deuterium excess (also seen in Fig.10b), suggesting the start of a new freezing packages.  469 
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 470 

Figure 10 Summary of stable isotope analysis analyses of different ice types. (a) Cross-471 

plot of δD vs δ18O compared to the Global Meteoric Water Line (GMWL). (b) Down-472 

core change in δ18O (green points) and deuterium excess (orange points) in naled core I8. 473 

Shaded regions in a-c denote the range of isotope and chemical data for ice and water. 474 

Note, only a select numbersubset of samples were analysed for stable water isotopes. 475 

 476 

Figure 11 Cross-plot of deuterium excess vs δ18O of naled ice samples I5, I8, I10 and I11 477 

on hypothesised freezing curves. All samples plot along the freezing curve in depth order 478 

with increasing δ18O and decreasing deuterium excess values withat depth, indicative of 479 

sequential freezing downcore. 480 
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4.5. Electrical Resistivity Tomography 481 

Electrical Resistivity Tomography (ERT) experiments surveys were conducted <400 m 482 

from the terminus of Isunnguata Sermia, in an area where gravel-rich sediments dominate 483 

(Fig. 2). Our The resulting ERT images (Fig. 12) reveal considerable spatial heterogeneity 484 

in subsurface resistivity, spanning from log₁₀ρ ~0.83 to >8.1. In both ERT profiles, the 485 

uppermost layer (~1 - 5 m below the surface) is dominated by high resistivity values 486 

(log₁₀ρ >10.5), which are often indicative of dry and (at least partially) frozen material 487 

(Kneisel et al., 2014). As the surface is dominated by unsaturated gravel-rich glacial 488 

outwash material and compacted till, we expect this uppermost subsurface layer is similar 489 

in character.  490 

Beneath this the high resistivity layer, an intermediate zone (approximately 5–15 m 491 

below ground level) exhibits markedly lower resistivities (log₁₀ρ ~2 - 4), with resistivity 492 

varying across both profiles (yellow/white/blue colours in Fig. 12a). Bound by higher 493 

resistivity above and below, this zone likely represents a saturated sediment zone layer 494 

composed of sands/gravel and/or finer material or fractured bedrock (Palacky, 1987; 495 

Hauck & Kneisel, 2008; Reynolds 2011). Each of these materials can host groundwater, 496 

ice or subglacial meltwater. Localised zones of even lower resistivity (log₁₀ρ ~1- 2) are 497 

observed within this intermediate zone in both profiles (Fig. 12a, insets). Their geometry 498 

is suggestive of discrete pockets or conduits of moisture, potentially reflecting melting 499 

permafrost or glacial outflow pathways (e.g., Hauck & Kneisel, 2008). In both profiles, 500 

resistivity values abruptly return to log₁₀ρ ~10.5 and then log₁₀ρ ~10.6 Ωm beneath the 501 

intermediate zone. We interpret this to represent be drier sediments, and/or frozen 502 

ground/ice (Kneisel et al., 2014), which we deemwould be likely in the forefield of 503 

Isunnguata Sermia in winter. 504 
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 505 

Figure 12 Two intersecting Electrical Resistivity Tomography (ERT) profiles surveyed 506 

in front of Isunnguata Sermia (location mapped on Figure 1). Depth and distance from 507 

starting location in metres. Resistivity values span a wide range (from log₁₀ρ ~1 to over 508 

10.8), suggesting significant variations in moisture and/or porosity and/or liquid/frozen 509 

contrasts. Pockets of low resistivity, typical of high porosity or water-rich sediment zones, 510 

are shown in highlighted boxes. 511 

5. Discussion 512 

5.1. Naled ice formation mechanisms 513 

 Time lapseTime-lapse camera footage, along with geochemical analyses of naledi and 514 

geophysical investigations of the glacial foreland at Isunnguata Sermia have allowed us 515 

to capture naledi structures formation mechanisms in unprecedented detail. Our data 516 

show icings forming under both confined and unconfined water input conditions.  517 

In the confined condition, ice layers build up into dome-like structures, fed by the 518 

upwelling of waters from below (Fig. 5, 13).  The waters likely originate from subglacial 519 

sources and are transported through subsurface conduits and/or saturated till (Fig. 12). In 520 

April 2024, naled ice domes were observed to have started forming overnight suggesting 521 
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that they may form relatively quickly (Fig. 5e). Following formation of an ice layer that 522 

restricts water flow, resultant build-up of water pressure beneath the naled can fracture 523 

the ice surface (e.g. Fig. 5c). The method of formation we describe here is akin to the 524 

formation mechanism described by Wadham et al., (2000) and Stachnik et al., (2016) 525 

(outlined in Fig. 1d-f).  526 

Not all of the naledi studied were exclusively fed from waters below, and our 527 

results show that more than one formation mechanism exists with the incorporation of 528 

unconfined waters from, for example, englacial flow or precipitation. Automatic camera 529 

footage in Figure 5 shows thatdemonstrates naledi can also bebeing built from these 530 

unconfined waters, as ice layers accumulate from overland water flow (beside 531 

upwellings)such as supra- and englacial melt and from local precipitation such as the 532 

snow eventevent captured in the automatic cameras (Fig. 13). The cameras also captured 533 

the incorporation of yellow coloured waters originating off-camera. Due to the colour 534 

similarity with the waters collected below naled structures, we believe this overland flow 535 

originated from a large upwelling of overwinter waters at a nearby naled location. These 536 

camera-derived observations, combined with geochemical analysis, help to explain some 537 

of the unique ice facies we observed in the naled ice cores.  538 

The waters with relatively high concentrations of TDS at the base of the naled cores 539 

are interpreted to reflect prolonged water storage in the subglacial system (at least over 540 

the winter months) - where chemical equilibration and mineral dissolution result in the 541 

highest TDS concentrations across our study site (e.g., Gokhman et al., 1987; Hodgkins 542 

et al., 2004; Stachnik et al., 2016; Yde et al., 2012). Layers of similar colours and 543 

geochemical signatures are also found within the naled cores such as I2, I8 and I10, 544 

suggestive of an eruptive process injecting these TDS-rich yellow coloured waters into 545 

the ice structure. Our geophysical analysis of the substrate supports both of these ideas, 546 
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as low resistivity TMS returns are suggestive ofsuggests a saturated sediment layer which 547 

could be fed by subglacial meltwaters and/or groundwater. The geophysical survey data 548 

interpretation also identifies a potential conduit for water flow (~ 5 m in diametermeter), 549 

which could efficiently transport subsurface waters over wintertime, contributing to naled 550 

ice structures when air temperatures limit overland flow.  551 

The clear naled ice with low solute concentrations suggest suggests water origins 552 

from waters have had with limited mineral surfacessurface contact for reactions to occur 553 

on (such as supra- or englacial melt/storage and/or overwinter precipitation). These low 554 

solute waters form naled ice through relatively fast source to sink flow fed by proglacial 555 

meltwaters that haven’t been transported through glacial till. An alternative explanation 556 

is that these layers (most often found at the top of the naled cores)  are partially frozen 557 

(or partially wasted) ice/slush, which  just retains some of the solutes available - as the 558 

rest of the solutes have either run off completely (if unconfined), or moved downwards, 559 

where they have become concentrated in the bottom layer of the freezing package. For 560 

example, in I8 we see very low TDS values (0.8-1.2 mg L-1) in the middle of the core, 561 

followed by giher concentrations of 15-141 mg L-1 further down the core, within the most 562 

isotopically enriched layers.An alternative explanation is that these layers, most often at 563 

the top of the naled cores are from only partially frozen (or partially wasted) ice/slush, 564 

with the ice retaining only some of the solutes and the rest of the solutes either running 565 

off (if unconfined) or being concentrated in the bottom layer of the freezing package. For 566 

example, in I8 we see very low TDS values (0.8-1.2 mg L-1) in the middle of the core, 567 

followed by 15-141 mg L-1 further down the core and within the most isotopically 568 

enriched layers. 569 

The downcore chemical and isotopic variation in naled ice can be explained, at 570 

least in part, by freezing processes. During freezing, heavier isotopes freezeisotopically 571 
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enriched water freezes first, with a stronger effect on 2H than 18O. Remaining, freezing 572 

water will fractionate on a freezing slope unlike that of meteoric water, controlled by the 573 

initial composition of the water and the fractionation factors of freezing (Jouzel and 574 

Souchez, 1982; Souchez and Jouzel, 1984). In a package of ice that froze in a single 575 

outburst event, we expect the heaviest isotopes on the top and lighter isotopes downcore. 576 

We also expect the concentration of dissolved solutes to significantly increase at the 577 

bottom of a freezing package, from the effects of progressive freeze concentration of 578 

dissolved solutes in the source water (Halde, 1980). 579 

 580 
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581 

 582 

Figure 13. Conceptual diagram of naled ice formation mechanisms in western Greenland, 583 

based on ice facies, geochemical evidence and geophysical surveys of the proglacial area 584 

in front of Isunnguata Sermia. Inset box shows the evolution of naledi through winter, 585 

where water with long subsurface residence times discharge discharges into the proglacial 586 

forefield. Other water sources, such as supraglacial and englacial melt, also contribute to 587 

naled ice layers freezing-in sequences. Naledi in this area incorporate form from both 588 

bottom-up and top-down formation mechanisms – incorporating two existing theories of 589 

naled formation. Water upwellings accrete freeze onto the underside of the naled ice, and 590 

overland flow from supraglacial melt, englacial melt and precipitation accrete freeze on 591 

top of the ice, where layers of either water flow can build up over time (through the 592 

winter).  593 

 594 
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The stable water isotopes analysed here reveal sequential freezing downcore with 595 

discrete freezing packages likely resulting from multiple upwelling events. These 596 

upwellings freezing freeze on at the base of existing ice, pushing up into that existingthe 597 

ice, and creating domed structures over wintertime. However, we also observe that in the 598 

top sections of some samples of the longer cores (I2 and I7) and the shorter cores below 599 

50 cm (I3, I4, I6 and I9) don’tdo not plot on this freezing curve line. This is suggestive 600 

of aindicates a different freezing sequence, potentially forming from a top-down process. 601 

As water discharge is reduced over these the winter months, and less capable of 602 

transporting glacial sediment is transporteds, the resulting naled ice is less sediment-laden 603 

than summer accreted ice, formations which form forms under faster water flow 604 

conditions (Fig. 13). We therefore conclude that the naledi on the forefield of Isunnguata 605 

Sermia form through a combination of unconfined and confined water sources.  , whereS 606 

subsurface waters which emerge through the substrate overlain by ice  accumulate by 607 

freeze freeze-on below, whereas water overland flows and precipitation accumulate 608 

progressively upwardfrom above (Fig. 13). 609 

5.2. Accreted ice formation mechanisms 610 

The formation of accreted ice was captured on automatic cameras in the late melt season, 611 

September-October 2023, after a large upwelling event (Fig. 4; 6). Based on the speed of 612 

their formation captured on cameras and supported by our geochemical analyses, we 613 

propose that they form where supercooled meltwater is evacuated into the glacier 614 

forefield and quickly freezes to form accreted ice during large eruption events during 615 

periods with cold surface temperatures creating structures composed of a mix of frazil ice 616 

and silt to fine sand sediments (Fig. 14).           The ice accretions formed by the late melt 617 

season were observed to have persisted through the winter months preserved by cold 618 

temperatures, with gradual wastage evidenced by deflation and erosion of the ice surface 619 
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over the winter (likely due to discrete melt events), leaving behind large amounts of 620 

sediment accumulations. Due to our focus on overwinter ice accumulations, we were not 621 

present in the summer months to observe the complete wastage of accreted ice, however 622 

due to repeated field visits, accreted ice structures were observed to have formed in the 623 

same locations in subsequent years. This observation indicates that the subsurface 624 

plumbing system is stable on interannual timescales. 625 

 626 

The accreted ice samples exhibit a moderately uniform geochemical signature 627 

throughout, where the cores are dominated by sediment richsediment-rich ice layers. This 628 

uniformity between sites, and within each core suggests consistent water sources, 629 

potentially derived from single or time-constrained outflow events. These cores are also 630 

geochemically similar to previously characterised summer outflow waters in other studies 631 

(i.e., Graly et al., 2014; Graly et al., 2017a). Preserved by cold air temperatures, the ice 632 

accretions formed by the late melt season persist through the winter months, although 633 

gradual wastage is evidenced by deflation and erosion of the ice surface towards the end 634 

of the winter (due to discrete melt events), where melting leaves behind large sediment 635 

accumulations. Due to our focus on overwinter ice accumulations, we were not present 636 

in the summer months to observe the complete wastage of accreted ice; however, our 637 

repeat field campaigns allow us to note that accreted ice structures form in almost the 638 

exact same location each year. This observation indicates that the subsurface hydrological 639 

system must be stable over interannual timescales. 640 

The subglacial hydrological system in this region is thought to providedrives fast-641 

moving, highly pressurised subglacial waters into the proglacial field –,  generating large 642 

upwellings which gush up to several metres in heigh height during summer months (Graly 643 

et al., 2017a). This water is presumably routed through the deep subglacial trough beneath 644 
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Isunnguata Sermia (Lindbäck et al., 2015), where water will accumulate and interact with 645 

sediments and bedrock, before being driven up the reverse bed slope by high water 646 

pressure (when the subglacial hydrological system reaches capacity) (Cook et al., 2006; 647 

Lindbäck et al., 2014). The subsurface here is likely to be very high porosityhigh-porosity 648 

sand/gravel deposited during the Holocene ice margin retreat and, which favors favours 649 

'groundwater' flow and not channelized channelised flow. These highly pressurised 650 

supercooled waters then freeze into large icing structures close to minimal meltwater 651 

output zones at the glacier terminus (Fig. 6, 14). Currently, the growth and wastage rates 652 

of this accreted ice formation is are unknown,, however though we observed that sporadic 653 

hours hours- to days-long upwelling events contribute to the majority of the ice formation 654 

(Fig. 6a-c). We hypothesise, based on the results presented here that the formation 655 

timescale is likely fast with sudden upwellings of high velocity, highly pressurised waters 656 

erupt into the glacial forefield (Fig. 14). Where these structures are formed from single 657 

outburst events in the late summer season, they may also incorporate waters from sub-, 658 

supra- and ice-marginal lakes where their outbursts are the primary source of the 659 

upwelling (e.g., Livingstone et al., 2026). 660 
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661 

 662 

Figure 14 Conceptual diagram of accreted ice formation mechanisms in front of 663 

Isunnguata Sermia, Greenland, based on ice facies, geochemical evidence and 664 

geophysical surveys of the glacier foreland. Over summer, an efficient subglacial 665 

hydrological system moves sediment-loaded waters with low ion concentrations through 666 

subsurface water flowhydrological pathways. This allows accreted ice to form where 667 

upwellings of highly pressurised supercooled waters erupt into the forefield and freeze 668 

adjacent to the upwelling in an isolated event (see development of accreted ice structures 669 

in the inset panel). 670 

5.3. Implications and comparisons with existing formation theories 671 

Previous theories of naled formation have adapted either a top-down or bottom-up 672 

approach (Fig. 1). One approach details growth from waters below icing structures, with 673 
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liquid water conduits within naled ice providing transport pathways insulated from the 674 

cold surface (Fig. 1f) (Stachnik et al., 2016; Wadham et al., 2000). The other approach 675 

focusses describes on accumulations from above where the cold, winter atmosphere air 676 

temperature acts as a heat sink, freezing any waters or precipitation that accumulate from 677 

above (Fig. 1a-c) (Schohl and Ettema, 1986; Yde et al., 2012). Our observations and 678 

results supportssupport both of these existing theories. Winter-forming naledi at our study 679 

site in GreenlandIsunnguata Sermia form through a combination of top-down and bottom-680 

up freezing processes, whilst summer accreted ice structures form by freeze-on of higher 681 

velocity, supercooled waters erupting onto the glacier foreland when surface temperatures 682 

are cold.  683 

These systems offer insights into hydrological systems in Greenland that are difficult 684 

to ascertain observe from by other means. They also show how water routing can vary 685 

spatially and temporally through the melt season. Geochemical differences in ice samples 686 

also raise important questions related tofor nutrient supply and TDSsolute and nutrient 687 

release from the Greenland Ice Sheet. With pronounced peaks in TDS detected in the 688 

overwinter naled waters, year roundyear-round analyses of glacial waters is are critical 689 

for capturing the full extent of foreland water flow and the impact of these waters on 690 

downstream ecosystems, particularly at the release of these solute-rich waters during the 691 

initial onset of the melt season. Indeed, tThe seasonal changes in geochemistry we 692 

observe suggest that nutrient export solute export in winter may be under-represented in 693 

existing literature, with important implications for our understandingwhich should be 694 

considered for a thorough understanding of biogeochemical processes and their wider 695 

ecosystem effects downstream (Hawkings et al., 20252026). 696 
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6. Conclusions 697 

Previous research on proglacial icings, primarily on Svalbard, have proposed distinct 698 

formation mechanisms for the generation of winter naled ice structures. Over the course 699 

of four field seasons, we have investigated the formation and build-up of winter-forming 700 

naledi and summer formingsummer-forming accreted ice together for the first time, at the 701 

proglacial forefield of Isunnguata Sermia, in western Greenland. Using 15 ice cores, we 702 

geochemically characterised these ice structures for major ion and trace element 703 

concentrations, as well as δ2H and δ18O isotopic composition. By combining 704 

geochemistry with geophysical surveys and automatic camera footage, we can fully 705 

characterise and interpret icings, and the hydrological pathways that drive their formation 706 

at Isunnguata Sermia for the first time. The different geochemical signatures and the 707 

stratification of ice layers in the naled cores we extracted and analysed suggest that there 708 

are multiple water sources and pathways which contribute to naled formation at 709 

Isunnguata Sermia. We detected several distinct water types within the naledi, from 710 

highly concentrated naled bottom waters - enriched in dissolved ions (originating from 711 

deep hydrological sources and/or groundwater), through to extremely dilute naled ice 712 

layers that most likely originate from supraglacial or englacial waters (which have had 713 

limited time and/or opportunity for sediment-water interaction). Our findings 714 

demonstrate how naledi can form through a combination of top-down and bottom-up 715 

freeze-on processes, where water is supplied from a variety of water sources. We suspect 716 

that similar mechanisms will create naledi elsewhere, though one process may dominate 717 

over another depending on local conditions (e.g. ice/bed topography, meltwater 718 

availability, ground conditions). In contrast, the summer accreted ice we observe at 719 

Isunnguata Sermia is much less geographically diverse, implying supercooled waters 720 

from the same (or similar) sources freeze-on quickly, presumably during more discrete, 721 

high outputhigh-output events. By analysing icings year roundyear-round, we record a 722 
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clear hydrological transition at Isunnguata Sermia, between summer (where supercooled 723 

waters emerge from efficient channelised drainage systems at pressure), and winter 724 

(where more inefficient distributed drainage networks dominate). . These seasonal 725 

changes drive different geochemical and nutrient outputs from water flows of the 726 

Greenland Ice Sheet, which can inform us about inland conditions which are hard to 727 

obtain through other means. Our observations demonstrate the importance of seasonality 728 

in solute availability and show the importance of measuring glacier 729 

meltwater contributions to proglacial groundwater systems and downstream ecosystems 730 

over longer study intervals.Our observations are critical for evaluating glacier meltwater 731 

contributions to proglacial groundwater systems and downstream ecosystems, 732 

quantifying the seasonality associated with changes in solute availability and flux.  733 

Data Availability 734 

Supplementary information including all geochemical and isotope data and automatic 735 

camera GIFs are available at Zenodo doi: 10.5281/zenodo.23159526 at OSF doi:as 736 

supplementary material. Photographs of individual ice cores and detailed methodologies 737 

are provided alongside this manuscript. https://doi.org/10.17605/OSF.IO/A4QZK. 738 

Photographs of individual ice cores and detailed methodologies are provided alongside 739 

this manuscript.  740 
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