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Abstract
The post Little Ice Age recession and downwasting of Hørbyebreen, a Svalbard polythermal glacier, has revealed a sub-polar glacial landsystem within which a geometric and sinuous ridge network (GSRN) has evolved by ice melt-out. Spatio-temporal evolution of these features is evaluated using time series of remote sensing data, aerial photography, DEMs and field observations. The GSRN is interpreted as an assemblage of crevasse and hydrofracture inﬁlls branching out from parent eskers, a signature of the rapid release of pressurised subglacial and englacial meltwater, likely related to surge-induced jökulhlaups. This gives rise to a range of component materials including till, gravel and interdigitated till and gravel. Ancient examples of such jökulhlaup-diagnostic GSRN in ice sheet settings are recognised as elongate zones of conjugate, reticulate and honeycomb patterned ridges in close association with eskers that often also displaying reticulate ridge patterns. We present a conceptual model of a process-form continuum for the production of different styles of GSRN that identifies: a) surge crevassing, indicated by glacier wide GRN and zig-zag eskers; b) ice stream surging plug flow, indicated by linear assemblages of GRN; c) sub-marginal till emplacement in radially crevassed active temperate snouts, indicated by narrow concentric arcs of GRN linked to push moraines; and d) jökulhlaup-induced hydrofracture, indicated by linear assemblages of GSRN.  
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1 Introduction
The post Little Ice Age recession of glacier snouts in Svalbard has revealed extensive forelands comprising landform-sediment associations that are representative of the sub-polar glacial landsystem (e.g. Hambrey et al. 1997; Sletten et al. 2001; Glasser & Hambrey 2003; Lukas et al. 2005; Schomacker & Kjær 2007; Evans et al. 2012; Midgeley et al. 2018; Ewertowski et al. 2019a). Particularly instructive is the role of snout downwasting in revealing englacial debris concentrations and their gradual evolution into landforms, from which glacial process-form regimes can be elucidated and employed as modern analogues in palaeoglaciological reconstructions. Surveying and quantiﬁcation of these process-form regimes is being increasingly undertaken by the employment of time series of remote sensing data (aerial images, satellite images, digital elevation models [DEMs]) in combination with ﬁeld mapping and sediment sampling. 

Such an approach was undertaken by Ewertowski et al. (2019a) in monitoring the landform transformations at Hørbyebreen, a Svalbard polythermal glacier, over the last 80 years. They identified two domains of the polythermal glacial landsystem as: 1) subglacial surfaces, related to areas of temperate basal ice with limited englacial and supraglacial debris; and 2) ice-cored lateral moraines and moraine-mound complexes, related to marginal, cold-based ice with signiﬁcant englacial debris concentrations and, hence, prominent supraglacial debris accumulations. Also prominent in the downwasting snout is an assemblage of geometric ridges (cf. rhombohedral ridges; Ottesen et al. 2008; Dowdeswell et al. 2016), comprising a network of linear supraglacial debris concentrations emerging from the melt-out of englacial debris structures. These linear features are also juxtaposed with less numerous, ice-cored sinuous ridges, the whole complex being interpreted as crevasse and hydrofracture inﬁlls that branch out from parent eskers (Evans et al. 2012; Storrar et al. 2020). This landform assemblage is thought to be a signature of the rapid release of pressurised meltwater in a polythermal glacier snout but is likely also related to surge-induced jökulhlaup events similar to those observed in Icelandic glacier snouts (Russell et al. 2001, 2006).

Here we report on the detailed investigations of the geometric and sinuous ridge network at Hørbyebreen. Our aims are to refine our understanding of their process-form regime beyond the model proposed by Storrar et al. (2020) and to provide a modern analogue to help explain similar landform assemblages in the ancient glacial record. Examples of such networks are reported from the Late Pleistocene glacial geomorphological records in Alberta, Canada and Poland where their occurrence signifies the former operation of hydrofracturing by meltwater drainage during ice sheet recession.  

2 Hørbyebreen study area and previous research  
Hørbyebreen is a valley glacier located at the northern end of Petuniabukta, central Spistbergen in the high Arctic Svalbard archipelago (Figure 1). The glacier is polythermal (Malecki et al. 2013) and comprises two main ice ﬂow units, the northern unit (forming the easternmost part of the snout) being named Hørbyebreen and the southern unit (forming the westernmost part of the snout) named Hoelbreen. Within these, flow banding and arcuate foliation traces indicate that there are between six to eight ice flow units in operation across the glacier (Figure 2), three of which appear to derive from unnamed cirque glaciers feeding the south side of Hoelbreen. Details of the thermal regime provided by Malecki et al. (2013) revealed a 40-m thick temperate basal layer beneath 100–130 m of polar ice. Previous studies on the glacier and its geomorphology include Karczewski (1989),  Karczewski and Rygielski (1989), Wojciechowski (1989), Karczewski et al. (1990), Gibas et al. (2005), Rachlewicz (2009), Evans et al. (2012) and Ewertowski et al. (2019a). Emerging from this research, the landsystem signatures of the downwasting snout and its evolving foreland, together with historical observations on glacier dynamics, have been used to propose that the glacier is subject to polythermal and occasional surging behaviour. Additionally, the build-up and rapid, intermittent release of meltwater from the internal warm-based part to the cold-based snout of the snout has been proposed based upon the landform assemblages (Evans et al., 2012; Ewertowski et al. 2019a; Storrar et al. 2020).

In detail, the developing landsystem (Figure 3) is characterised by either subglacial surfaces, in areas where there was limited englacial and supraglacial debris and basal ice was temperate, and ice-cored lateral moraines and moraine-mound complexes, in areas of significant supraglacial debris related to cold-based ice of the snout margins (Ewertowski et al. 2019a). Significantly, an additional prominent assemblage of geometric and sinuous ridges has emerged in the downwasting snout since the beginning of the 21st century, located within the ice flow units of Hoelbreen. These features have been interpreted as the products of crevasse and hydrofracture infills, branching out from an esker complex as a result of the release of pressurised meltwater from the temperate to cold-based parts of the glacier snout (Evans et al. 2012; Ewertowski et al. 2019a). This was potentially associated with surging, because Hoelbreen and its multiple flow units in particular have displayed looped moraines in aerial photographs captured since 1938.

3 Methods
The mapping of the emerging landsystem signatures in the Hørbyebreen snout was undertaken using time series of remote sensing data, employing aerial photographs, satellite imagery, DEMs and field observations. The imagery included four sets of Norsk Polar Institute historical aerial photographs and two sets of satellite images from Digital Globe and Apollo Mapping (see Ewertowski et al. 2019a for full details). Aerial photographs were processed using Agisoft Photoscan (1.4.0) photogrammetric software and used to produce orthophotographs and DEMs. Ground control points (16 in total) were established around the glacier snout in 2012 and 2013 with a Topcon Hiper II dGPS and then employed for retrospective georeferencing. A further nine check points, established over the whole snout, were used as independent control in the assessment of DEM quality. The root mean square error (RMSE) was calculated from elevation differences between the DEMs and independent control points; 0.61m for 1961, 1.25 m for 1990, and 0.95 m for 2009. Additionally, systematic and random vertical errors were investigated by comparing the 1961 and 1990 DEMs with the 2009 DEM at stable points (i.e. bedrock outcrops). Satellite images from 2013 were orthorectified using 2009 DEM and ground control points and then pansharpened. The resulting maps of the snout and foreland are reported by Ewertowski (2019a), from which Figures 2 and 3 are derived. 

Low altitude aerial surveys were undertaken in the field in 2014 and 2016 using unmanned aerial vehicles in manual modes, specifically DJI quadcopters Phantom 2 (2014) and Phantom 3 (2016). The UAVs were equipped with 12MP cameras and a focal length of 3.61 mm (20 mm for 35-mm-frame equivalent). UAV-captured images were processed in the Agisoft Photoscan (1.4.0), and orthomosaics (2.6 cm ground sampling distance [GSD] in 2014 and 1.9 cm GSD in 2016) and DEMs (8 cm GSD in 2014 and 7.9 cm GSD in 2016) were produced (see Ewertowski et al., 2019b). Detailed mapping of the distribution of geometric and sinuous ridge networks was performed on-screen using orthomosaics combined with DEMs and bi-directional hillshade models for better visualisation and interpretation. 

Assessments of the possible origins of the englacial debris concentrations and their resultant ridge forms on the glacier snout were undertaking using clast form analyses and lithological characteristics of samples collected from the various exposures. Additionally, a control sample was collected from a subglacial till exposure through an area of fluted till with lodged boulders located on the eastern part of the glacier foreland. Clast lithologies were documented in the field based upon hand specimen identification. Clast shape was measured using the a, b and c axes of samples of 50 limestone clasts. The roundness of the same clasts was assessed using the Powers roundness index (Powers 1953). The details of these measurements and their analysis are outlined in Benn & Lukas (2021) and involve: a) the calculation of the C40 index (the percentage of clasts with a c:a axis ratio of <0.4; Benn and Ballantyne, 1993); b) the calculation of an RA summary index (percentage of angular and very angular clasts within a sample; Benn and Ballantyne, 1993); and c) the mean roundness (AvR), based upon a numerical classification of Powers roundness as VA = 0 to WR = 5 (cf. Spedding and Evans, 2002; Evans, 2010). The Type I co-variance plot of Lukas et al. (2013) was then used to compare clast form results with glacial sediment types of known genesis and similar lithologies, because this plot (Figure 4) is representative of more massive (low anisotropy) lithologies like the local limestone. These analytical approaches facilitate an assessment of debris origin, transfer process and modification when considered in the context of parent debris band/ridge.  
Based on the snout wide mapping of Ewertowski et al. (2019a) and our subsequent higher resolution UAV surveys and field sampling of sediments, we now present more detailed assessments of the geometric ridge networks and associated sinuous ridges in the context of the emerging englacial structures on the western (Hoelbreen) part of the snout. Additionally, we identify some potential ancient examples of GSRN from ice sheet settings in the vicinity of the Caribou Hills, Alberta, Canada and in western Poland. These features form one element of wider landform assemblages mapped from satellite imagery and DEMs as part of regional assessments of ice sheet landsystem signatures (cf. Atkinson 2014, 2018; Szuman et al. 2021a, b). We employ simple form analogy to propose that these ancient landforms have similar origins to the GSRN emerging at Hørbyebreen.   

4 Results
4.1 Description of the Hørbyebreen snout GSRN
The historical evolution of the englacial debris patterns and other glaciological structures at Hørbyebreen is presented in Figures 2 and 3, which display the emergence of a complex of geometric and sinuous ridges on the western (Hoelbreen) part of the downwasting glacier surface. As previous descriptions of conjugate cross-cutting linear ridges, particularly on Svalbard glacier forelands, have promoted the term “geometric ridge network” (Bennett et al. 1996; Evans et al. 2016a, 2020; Atkinson et al. 2018), we here adopt the modified term “geometric and sinuous ridge network; GSRN” to account for the association of the two ridge types in a complex arrangement at Hørbyebreen. 
Our high resolution imagery and mapping reveals the emergence of the GSRN between 2009 and 2016 in association with other debris concentrations, specifically longitudinal debris stripes and medial moraines, and the gradual superimposition of these englacial features on a fluted subglacial till surface with numerous lodged boulders (Figures 2b, 3, 5 & 6). Measurements of ridge orientations (Figures 7 & 8) reveal that a dominance of relatively ice flow-parallel alignments was replaced by ice flow-transverse alignments between 2009 and 2016. The changing morphological characteristics of ridges and debris stripes over time are conveyed in Table 1 and Figure 9, which reveal four important trends: 1) the number of individual geometric and sinuous ridge segments and stripes increased, with the largest increases occurring for ridges; 2) the total lengths of geometric and sinuous ridges increased; 3) the total lengths of englacial debris stripes decreased; and 3) the average lengths of individual segments decreased, for both ridges and debris stripes. 

Table 1: Ridge types, numbers and characteristics measured in each of the three survey years       
	
	
	Year

	Ridge type
	Parameter
	2009
	2014
	2016

	Geometric and sinuous ridges
	Number
	451
	1304
	1621

	
	Total length (m)
	15 416
	29 657
	31 379

	
	Average length (m)
	34
	23
	19

	
	Length stand. dev.
	41
	27
	21

	Englacial debris stripes
	Number
	635
	726
	756

	
	Total length (m)
	12 276
	10 480
	9522

	
	Average length (m)
	19
	14
	13

	
	Length stand. dev.
	21
	17
	14



The melt-out of the longitudinal debris stripes has resulted in their modification from thin supraglacial ridges (longitudinal foliation, S1) to wide bands whose orientations parallel those of underlying flutings, except where “looped moraines” have developed. Once they have completely melted out of the downwasting snout, the debris stripes (and medial moraines) can be differentiated from flutings based upon their modest sediment thickness and clast form characteristics; they are commonly juxtaposed on glacier forelands on Svalbard (cf. Glasser & Hambrey 2003; Hambrey & Glasser 2003; Evans et al. 2012). Similarly, the GSRN can be differentiated from longitudinal debris stripes and medial moraines based on their clast form and sediment properties as well as their contrasting plan forms (Figure 7). More importantly, the feeder debris bands for GSRN either clearly cross-cut longitudinal debris stripes or emerge from beneath them during melt-out. This indicates that GSRN structures have been developed after the longitudinal debris stripes were formed, cross-cutting them during development at various angles and up to various heights in the ice (Figure 10). The variable vertical extents of the englacial debris bands that feed GSRN ridges is reflected also in the increasing numbers of ridges that have emerged between 2009 and 2016 (Figures 5, 7 & 9; Table 1); this indicates that larger numbers of debris bands were initially emplaced in basal ice only and wedged out vertically. Moroever, the changes in the predominant orientations of the emerging GSRN ridges between 2009 and 2016 (Figures 7 & 8) reveal that the lower englacial debris bands are orientated more flow transverse. Finally, the emerging pattern of GSRN appears to show an increasing density and greater sinuosity of ridges along a central axis that is located in the easternmost area of medial moraine in the Hoelbreen ice flow units (Figure 3), as previously noted by Evans et al. (2012) and Ewertowski et al. (2019a). Further details from our mapping indicate that the GSRN originates in the narrow easternmost ice flow unit of Hoelbreen, demarcated by a medial moraine between Hoelbreen and Hørbyebreen, with evidence of an expanding GSRN within that medial moraine in 2016 (Figure 5).       
The sedimentological details of these features, based upon observations from their final landforms and their englacial precursors, reveal clear debris transport pathways and, therefore, process-form regimes. Longitudinal debris stripes can be sampled where they melt-out to form low amplitude ridges or linear veneers of clasts on the glacier surface and foreland respectively (Figure 11). They are composed of clasts of relatively few lithologies or are virtually mono-lithological, exemplified by samples collected from the west Hoelbreen (Figure 11a) and east Hoelbreen (Figure 11b) ice flow units respectively. These demonstrate a strong limestone source for the central snout changing to a coal/shale dominance over limestone and sandstone at the western (Hoelbreen) margin. Clast shape data indicate a spread of forms with C40 values of 56% and high angularity (RA = 88 & 100%, AvR 0.1 & 0.9; Figure 11).           
Geometric ridges are composed of either diamicton (Figure 12a) or poorly sorted gravels (Figure 12b). Clast lithologies are highly varied, with all bedrock types in the glacier drainage basins being represented. Clast shape data indicate predominantly blocky forms with C40 values of 30% and 22% for the diamicton and gravel samples respectively. Angularity (RA) values are low and range from 24% for the diamicton sample to only 6% for the gravels; this is compatible with AvR values of 2.10 and 2.32 for the two samples. Importantly, striated clasts are present in both geometric ridge types, with relatively high numbers (32%) in the diamictons and low numbers (6%) in the gravels (Figure 12).   
Sinuous ridges, similarly, are composed of diamicton (Figure 13a) or poorly-sorted gravels (Figure 13b & c). Samples from the sinuous ridges reveal varied clast lithologies but with noticeably very low limestone and metamorphic and high coal/shale components in the diamicton sample. Clast shape data reveal clear differences between diamicton and gravel cored ridges with C40 values of 42% for diamicton and 8% and 28% for gravels. Angularity values similarly vary between the sediment types but overall are low, with RA values of 20% for diamicton and 2% for gravels, and AvR values of 2.1 for diamicton and 2.74-2.9 for gravels. Striated clasts occur in the sinuous ridges but are relatively low in number (10% in diamicton and 0-4% in gravels; Figure 13).        
The control sample from subglacial till (Figure 14) reflects the characteristics of clast forms and lithologies located at the ice-bed interface at Hørbyebreen. Clast shape data reflect predominantly blocky forms (C40 = 30%) with low angularity (RA = 10%) and an AvR of 2.28. Striated clasts, indicative of abrasion in the subglacial traction zone, are also prominent (26% of the sample). Clast lithologies are varied, with the most prominent (48%) being of metamorphic origin. The lack of coal/shale hand specimens is most likely related to their high susceptibility to crushing in the subglacial traction zone and their conversion into diamicton matrixes.                

4.2 Interpretation of the Hørbyebreen snout GSRN
The characteristics of the longitudinal debris stripes indicate an englacial debris septa origin (Eyles & Rogerson 1978), whereby rockfall debris delivered to the glacier surface in the accumulation zone forms part of the horizontally bedded stratigraphic sequence of snow, firn and ice that builds up over time. This horizontal bedding is gradually deformed by the process of transpression, as ice flow units emerge from their feeder basins and coalesce to form the valley glacier (Hambrey & Glasser 2003; Jennings et al. 2014, 2016; Jennings & Hambrey 2021). High angularity clast forms and non-varied to monolithological clast lithologies are entirely compatible with this genesis. The occurrence of coal/shale is particularly indicative, because it is easily crushed and therefore not well represented in diamicton (or gravel) samples based on hand specimens but does occur in debris stripes due to passive transport and deposition.        
The temporal changes in morphological characteristics of ridges and debris stripes presented in Table 1 and Figure 9 indicate that more ridges emerged at the glacier surface as the ice downwasted. This explains the substantial increase in the number of geometric and sinuous ridges and their total lengths. Nevertheless, meltwater incision and degradation has resulting in the gradual fragmentation of ridges, decreasing the average length of individual segments. The change from ice flow-parallel to ice flow-transverse ridge alignments between 2009 and 2016 (Figure 8) reflects the gradual emergence of more transverse forms from the snout as it downwasted, i.e. from the basal ice facies. This is clearly reflected in the maps of Figure 7, wherein GSRN increasingly cross-cut longitudinal debris stripes and medial moraines over time and therefore were emplaced later, in the lower snout, and from within the basal ice facies or directly from the glacier bed. The latter interpretations explain the composition of individual ridges, being either diamicton or poorly-sorted gravel. Clast characteristics of the diamictons are diagnostic of subglacial till origins and thereby indicate the injection of till into fractures or tunnels in the basal ice; fracture infill is compatible with a crevasse squeeze origin (Sharp 1985a, b; Evans & Rea 2003; Evans 2018), whereas tunnel infill is indicative of a till esker origin (Christoffersen et al. 2005; Evans et al. 2010, 2016b; Eyles et al. 2015), also classified as sediment supply limited eskers by Burke et al. (2015). Existing explanations of till esker genesis (Christoffersen et al. 2005; Evans et al. 2010) propose that subglacial R channels operate during the early melt season and, if glacifluvial sediment supply was limited (Burke et al. 2015), then fill with till immediately after water pressures drop; they are preserved only if subsequent ice-bed coupling and glacier flow is modest. Ridges comprising poorly-sorted gravels are indicative of meltwater sediment infill. Where they form sinuous ridges they are most simply interpreted as eskers, potentially englacial as well as subglacial, whereas a linear, gravel-cored ridge is more compatible with a zig-zag esker origin (Knudsen 1995; Evans & Rea 2003; Evans et al. 2007; Kjær et al. 2008). 
The juxtaposition of till and glacifluvial cored linear ridges, formed by crevasse squeeze and zig-zag esker development respectively, is a diagnostic characteristic of surging glacier landsystem signatures (Evans & Rea 2003; Evans et al. 2007; Kjær et al. 2008; Schomacker et al. 2013; Ingólfsson et al. 2016). Supraglacial crevasse and conduit fills of stratified sediment related to a surge in 1991 at Skeiðararjökull, Iceland have also been linked by Bennett et al. (2000) to surge-induced elevation of subglacial water pressures. Such process-form regimes are compatible with the historical evidence of past surges at Hørbyebreen, or more specifically Hoelbreen (Evans et al. 2012). However, the till and glacifluvial sediment cores in the linear as well as sinuous ridges, in places interdigitating within single ridges, indicates that ice fractures (crevasses) and tunnels were subject to similar but still varied sedimentary processes. Moreover, the emerging landform patterns reveal that linear and sinuous forms are interlinked, and linear forms are developed more widely in the basal ice, as evidenced by their increasingly more common occurrence over time as the snout downwastes. This attests to basal, bottom up (Mode I) ice fractures and till injection (Rea & Evans 2011). However, the spatial arrangement in which linear forms branch off sinuous forms, particularly from the central axis of denser and more sinuous ridges located in the narrow easternmost ice flow unit of Hoelbreen (Figure 5), indicates that fractures were also likely propagated away from pressurized tunnels at the suture zone between ice flow units, thereby explaining glacifluvial infills. This suggests that the hydrofracturing normally associated with the development of Mode I fractures during surging (Rea & Evans 2011) was being generated in particular along englacial to subglacial tunnels, with subglacial till encroaching in places and/or at times when water pressures dropped. 
For wider comparison, an important relevant contemporary case study is that of the Skeiðararjökull 1996 jökulhlaup. Here supraglacial ridge networks have been observed at various stages of development on the glacier snout where they are the product of hydrofracturing that was propagated from the bed and through the overlying ice. Sediment was thus emplaced within both the hydrofractures and pre-existing fractures/crevasses and comprised vertical dykes containing stratified sands and gravels displaying bedforms (Roberts et al. 2000a, b, 2001, 2002; Waller et al. 2001; Russell et al. 2005, 2006; Tweed et al. 2018). The infilling of crevasses was also thought to have related to the expulsion of water from major artesian vent complexes, whereby upwelling, supercooled water led to frazil ice accretion (Tweed et al. 2005). Particularly instructive was the recognition of mushroom-shaped sedimentary structures, in which radially expanding bedforms appeared to record the injection of a vertical water jet into a pre-existing englacial cavity; i.e. the cross-cutting and linkage of englacial and subglacial drainage pathways. The abnormally steep to vertical bedding planes in the mushroom structures are interpreted by Roberts et al. (2001, 2002) and Roberts (2002) as the product of freeze-on to the ice walls of the conduit and thereby record supercooling. The linkage of linear hydrofracture-generated ridges and eskers has also been documented from the Skeiðararjökull 1996 jökulhlaup landform assemblage, indicating that pressurised water from subglacial aquifers can augment ice tunnel drainage. 
This groundwater influence has been identified by Boulton et al. (2007a, b) as a year round phenomenon in active temperate glaciers and therefore presumably one that can be exploited during high discharge (jökulhlaup) events. In such predominantly non-jökulhlaup settings it also appears to generate a relatively stable, self-organised system of equidistantly spaced tunnels, leading to a similar pattern of eskers after deglaciation. Although groundwater appears to play a significant role in delivering meltwater to subglacial streams, the pattern of esker development in modern glaciers (e.g. Breiðamerkurjökull is used by Boulton et al. 2007a, b) is also clearly strongly related to medial moraine locations (Price 1969; Evans & Twigg 2002; Storrar et al. 2015). This can be explained by the tendency for supraglacially-derived meltwater to concentrate in the elongate ice surface depressions or gutters developed between ice flow units (e.g. Huddart et al. 1999) and the reworking of the significant volumes of debris in medial moraines at such locations (Price 1969; Evans & Twigg 2002; Storrar et al. 2015). This is reflected in our clast form data, wherein gravel-cored ridges contain different, further travelled lithologies compared to the diamicton ridges. 
The GSRN now being exposed at Hørbyebreen is clearly restricted to the ice flow units on the true right hand side of the snout. These appear to have been fed predominantly by Hoelbreen and its tributary cirque glaciers. Historical imagery indicates that these ice flow units surged some time prior to 1938 and, hence, it is likely that jökulhlaups released at that time were responsible for the construction of the GSRN. At the same time, similar to the Skeiðararjökull 1996 jökulhlaup scenario, linear hydrofracture-generated drainage routes were linked to eskers created in ice tunnels draining through medial moraines. Hydrofractures were created and filled when meltwater discharge exceeded the capacity of the regular drainage pathways through the glacier.    
4.3 Descriptions and interpretations of ancient GSRN
We now briefly present some previously unreported examples of potential ancient GSRN, one from the Peace River/Hay River lowlands to the northeast of the Caribou Hills in northern Alberta, Canada and seven from the southern Fennoscandinavian Ice Sheet (FIS) marginal zone in Poland. These examples are significantly larger in scale than those presented here for Hørbyebreen, reflecting their ice sheet versus valley glacier origins, but nevertheless record the operation of the same glaciohydraulic process-form regime. The Alberta example (Figure 15) comprises a >80 km long and 12 km complex of geometric ridges orientated predominantly sub-parallel to former ice stream flow (westerly flowing Hay River Ice Stream; Margold et al. 2014) and linked to a prominent master esker network composed of up to ten, low sinuosity arcuate or linear individual ridges (Atkinson et al. 2014). The arcuate segments of the eskers tend to contain the highest number of ridges, with individuals showing anastomosing relationships, with inset sub-parallel anabranches (cf. Brice 1984), rather than the more common dendritically branched tributaries typical of main trunk eskers more widely on the bed of the Laurentide Ice Sheet (Brennand 2000; Storrar et al. 2014). Overall the GSRN in the Alberta case study appear similar to Brennand’s (2000) ‘short sub-parallel (type II)’ and ‘deranged (type III)’ eskers; additionally, the relatively long ice flow-parallel ridges are also compatible with ‘long subglacial GLOF’ eskers (Type 1a) of Perkins et al. (2016). The juxtaposition of long GLOF and short deranged eskers we regard as indicative of a particular style of jökulhlaup sediment emplacement. When compared to the Hørbyebreen GSRN, these patterns can be simply interpreted as having been controlled by subglacial to englacial structures, more specifically fractures initiated along a corridor of the ice stream bed and therefore likely to have been created by hydrofracturing due to high meltwater discharges along a major subglacial drainage pathway. We therefore suggest that any future recognitions of ‘deranged’ eskers in glaciated terrains be considered as potential palaeo-jökulhlaup indicators.  

The Polish example (Figure 16) comprises geometric ridge networks that have been identified in several places of the bed of the FIS in western Poland and interpreted as crevasse squeeze ridges (Szuman et al. 2021a, b). Close inspection of some of these features using high-resolution DEMs indicate that they exhibit the specific characteristics of GSRN. An example most similar to the Hørbyebreen GSRN is located at 15°44'51.95"E 52°32'14.01"N and shows a similar pattern of up to 1 km long ridges expanding from a large esker (Fig. 16 iii, iv) and cutting through other features (Fig. 16 v). The ridges are short (between 1 and 5 m in height) and narrow (up to 70 m wide). Slightly more subdued examples are present at: 53°11'17.205"N, 14°48'50.069"E; 53°9'22.928"N, 15°8'28.075"E; and 52°48'19.072"N, 15°26'52.682"E (Figure 16 vi, xiii, x). These ridges are generally shorter (individual segments rarely longer than 300 m) and less continuous. However, both straight and sinuous segments are still visible, especially in Figure 16 ix. Other ridge types include those located at 17°23'39.864"E, 52°23'38.926"N and 17°55'27.154"E, 52°28'41.571"N (Fig. 16 xii, xv, xvii). They show different characteristics of long (up to 5 km), low relief (up to 3 m high) and closely spaced, mainly sinuous ridges. Therefore, they are probably related to infilling of meltwater conduits recording highly pressurised discharge. A complicated relationship to each other and with the central axis of former drainage (i.e. large eskers and tunnel valleys; Figure 16 xiii, xvi) indicates that they developed at different levels in the ice and became partially superimposed during ice melt-out. 

5 Discussion – GSRN genesis and potential palaeoglaciological applications
5.1 Origins of modern GSRN  
This study clearly demonstrates that eskers and associated crevasse infills, which are juxtaposed and genetically inter-related as GSRN, can be composed of a range of material types, ranging from diamictons that derive from subglacial tills to poorly sorted gravels. The infill of sinuous tunnels by subglacial till has recently been more widely reported from freshly deglaciated forelands where the term ‘till esker’ has been employed (Christoferssen et al. 2005; Evans et al. 2010, 2016b), although such landforms have not hitherto been linked to jökulhlaup-generated hydrofracture networks. Indeed, linear till-filled ridges are normally genetically classified as crevasse-squeeze ridges and those composed of stratified sediment and mass flow deposits have traditionally been regarded as crevasse fill ridges indicative of advanced stages of ice stagnation (Flint 1928; Richter 1937; Sproule 1939; Mackay 1960; Gravenor & Kupsch 1959); these genetic scenarios both relate to geometric or waffle-shaped planforms of multiple, cross-cutting linear ridges rather than the low sinuosity to linear, interconnected ridges observed at Hørbyebreen.       
The existing till esker genetic models (cf. Christoferssen et al. 2005; Evans et al. 2010, 2016b) have been compiled specifically to explain the occurrence of till along the axes of former meltwater tunnels, where discharges would have been sufficient to erode till in the vicinity of the tunnels. Migration of till to such meltwater axes was used by Boulton and Hindmarsh (1987) to explain tunnel channels in deforming bed settings, as well as eskers lying on the floors of such channels. Diapirs of subglacial sediment have also been reported in some eskers, demonstrating that the weight of the ice along the tunnel margins can cause lateral flow and extrusion of material into conduit floors (Banerjee & McDonald 1975), especially where glacifluvial sediment supply was limited (Burke et al. 2015). Clearly, in order for till eskers to form and survive, their formation must take place during a short lived episode of subglacial R channel production, but which does not then progress to the stage of tunnel channel excavation. This would allow the encroachment of subglacial till to form a tunnel mould, which is then not cannibalised by meltwater. The englacial origins of at least some of the GSRN at Hørbyebreen indicate that pressurised meltwater conduits will have been downcut until their floors approached the bed, thereby allowing subglacial till to encroach on tunnel sections once their ice floors could no longer contain the basal deforming layer pressures and/or meltwater discharges dissipated. The latter would explain the interdigitation of till and gravel in some ridge cores as well as their preservation. A similar scenario was envisaged by Parizek (1959) and later applied by Evans et al. (2020) for ancient landforms on the North American prairies, whereby unpressurized, ice-walled channels cut down through stagnant glacier ice to allow the extrusion of subglacial till upwards at the channel margins and thereby form a channel mould. In these doughnut chain and till eskers scenarios, it is pressurised groundwater that creates artesian vents, which in turn develop fractures, allowing till injection immediately after pressure dissipation due to water escaping into existing conduits/crevasses. The injection of basally or englacially-derived supercooled water, however, as demonstrated in the case studies reviewed above, is likely to simultaneously infill fractures with stratified sediment, thereby explaining the occurrences of non-till-cored geometric ridges.    
In addition to their sediment cores, the plan forms of geometric ridges are increasingly being employed to elaborate on their genesis. The waffle-shaped patterns of extensive (i.e. snout-wide) geometric ridge networks have been unequivocally linked to Mode I basal fractures and till squeezing at surge termination and, hence, the term crevasse squeeze ridge (CSR) has been applied (Sharp 1985a, b, 1988; Evans & Rea 2003; Rea & Evans 2011). In contrast, the more recent emergence of narrow concentric arcs of crevasse squeeze ridges in disconnected assemblages of non-transverse linear ridges, locally associated with sawtooth or hairpin-shaped push moraines, has been unequivocally linked to the combined operation of till squeezing in marginal, radial crevasses and push moraine construction, diagnostic of active temperate rather than surging snout conditions (Price 1970; Evans et al. 2016b, 2017, 2018; Chandler et al. 2016a, b, 2020). Linear assemblages of geometric ridges reveal further detail on the process-form regimes operating in glacier snouts. Where composed of poorly-sorted gravels and displaying ridge orientations compatible with those of surrounding CSRs, such linear assemblages are clearly related to the high meltwater discharges associated with surging and are thus termed zig-zag (cf. concertina) eskers (Knudsen 1995; Evans & Rea 2003; Evans et al. 2007; Rea & Evans 2011). Linear assemblages or corridors of till-filled geometric ridges (CSRs) have been identified on ancient ice sheet beds, where they have been explained as the products of Mode I crevassing due to surge-related hydrofracturing (Rea & Evans 2011; Evans et al. 2016a); the corridor pattern in this explanation is thought to relate to CSR locations being dictated by englacial to subglacial tunnels. The Hørbyebreen GSRN reported here exemplify a linear assemblage of low sinuosity to linear, interconnected ridges, within which ice flow-transverse ridges are developed towards the base of the glacier (Figures 5 & 7). We suggest that this style of planform is diagnostic of hydrofracturing and subglacial to englacial drainage development in response to surge-induced jökulhlaup type discharge, related to the former surging of the Hoelbreen ice flow units. Although surging was the likely trigger in this case study, ancient assemblages of GSRN are not necessarily surge indicative but rather jökulhlaup-indicative.     

5.2 The case for previously reported examples of ancient GSRN 
Reviews of previously reported glacial landform complexes that display obvious close spatial relationships between geometric and sinuous ridges indicate that our Albertan and Polish examples are not unusual. Complex eskers with a pattern that could be classified as GSRN, have been reported from ancient glaciated terrain. For example, Storrar et al. (2020) provide examples from NW Canada and Wisconsin, USA (their Figure 1c & d), which they include as exemplars of complex esker networks and go on to employ Hørbyebreen as a modern analogue of a ‘surge/jökulhlaup event system’ (cf. Evans et al. 2012). It is likely that many more examples of GSRN exist in the Pleistocene glacial landform record and that such features have been classified simply as undifferentiated esker networks, although the spatial relationships between crevasse infills and eskers had been noted in early research (e.g. Flint 1928; Richter 1937; Sproule 1939; Trefethen & Harris 1940). More recently reported examples of CSR and esker relationships displaying geometric plan forms and related to glacier surging include those of Ottesen et al. (2008), Dowdeswell & Ottesen (2016a, b), Dowdeswell et al. (2016), Delaney et al. (2018). A landform assemblage referred to as enigmatic by Greenwood and Jakobsson (2016) also appears very similar to those reported in this paper. The occurrence of both glacifluvial sediments and till in ridges described as conjugate, reticulated and honeycomb are clearly described by Dredge et al. (1986) from northern Manitoba, Canada, where they are associated with eskers and related to former ice sheet marginal fracture patterns. Similar linear assemblages of geometric ridges occur 25 km south of Mosquito Lake, NWT, Canada, and were interpreted as pitted outwash by Craig (1964), who noted their occurrence as elongate zones and their close association with eskers, as well as reticulate eskers and a likely association with fractured ice; close inspection of these features using the ArcticDEM reveals a very close resemblance to zig-zag esker planforms (Figure 17a). A further esker-geometric ridge association of significance reported by Craig (1964) are reticulate ridge patterns on “esker knobs” at specific points along predominantly single ridge eskers (Figure 17b). The occurrence of such an association could conceivably record the collapse of cupolas beneath the ice sheet surface due to flow expansion in jökulhlaup-fed tunnel networks, similar to the thermally-induced ice cauldrons created during Icelandic floods (cf. Bjornsson 1975, 2002), and previously proposed for jökulhlaup eskers by Mokhtari Fard (2002). This would explain the development of concentric rings of crevasse infills by the infilling of the fractured ice roof as it was lowered onto the cavity infill below.         


5.3 Developing a process-form model
Based upon the case studies presented above we propose a conceptual process-form continuum for the production of different styles of geometric ridge network development in which the nature of the ridges and also adjacent esker construction are controlled by glacier ice structure (Figure 18). This ranges from widespread or glacier wide GRN and zig-zag eskers produced by surge crevassing (e.g. Sharp 1985a, b; Evans & Rea 2003; Rea & Evans 2011); through corridors or linear assemblages of GRN or GSRN produced respectively by surging plug flow (Evans et al. 2016a) or jökulhlaup-induced hydrofracture (this study) within individual ice flow units; to narrow concentric arcs of GRN associated with push moraines, produced by sub-marginal till deformation in radially crevassed active temperate glacier snouts (Evans et al. 2016b, 2017, 2018). The continued improvement in resolution of aerial and satellite imagery and DEMs will in future enable more comprehensive and accurate mapping of complex and often low amplitude glacial landforms such as GRN and GSRN, and this will inevitably enable the wider recognition of palaeo-jökulhlaup activity, as well as palaeo-surging, based upon the application of modern analogues (cf. Russell et al. 2001; 2006; Burke et al. 2008, 2009).   

6 Conclusions
This study has demonstrated that repeat surveys of the landforms emerging from downwasting glacier snouts such as Hørbyebreen deliver invaluable process-form models that can be applied to palaeoglaciological reconstructions in ancient glaciated terrains. At the same time, the continued improvements in resolution of aerial imagery of ancient glaciated terrains will deliver more comprehensive and accurate mapping of complex glacial landforms. In the case of GRN and GSRN, which at Horbyebreen document crevasse and hydrofracture inﬁlling branching out from a parent esker system due to the rapid release of pressurised meltwater, this will inevitably lead to the wider recognition of palaeo-surging and palaeo-jökulhlaup activity in former glaciers and ice sheets. Our conceptual model of a process-form continuum for the production of different styles of GRN and GSRN identifies: a) surge crevassing, indicated by glacier wide GRN and zig-zag eskers; b) ice stream surging plug flow, indicated by linear assemblages of GRN; c) sub-marginal till emplacement in radially crevassed active temperate snouts, indicated by narrow concentric arcs of GRN linked to push moraines; and d) jökulhlaup-induced hydrofracture, indicated by linear assemblages of GSRN.  
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Figure captions
Figure 1: Location maps of the study area. Proglacial areas contain the GSRN reported in this paper. Hillshade model generated from a DEM produced from Norsk Polar Institute 2009 aerial photographs. Figures 2, 3 and 7 are located by boxes. 

Figure 2: Maps of ice structures and debris concentrations and landform-sediment (surficial) units developing over time. Locations of following figures are identified by labelled boxes on the 2009 (lower) map.   

Figure 3: Maps showing the spatial and temporal changes in dominant glacigenic deposits and process-form regimes in the snout area and emerging foreland of Hørbyebreen (after Ewertowski et al. 2019). 

Figure 4: The Type I co-variance plot of Lukas et al. (2013), used in this study to compare clast form results with glacial sediment types of known genesis and similar lithologies.  

Figure 5: Maps of debris concentrations and ridges for the years 2009, 2014 and 2016, showing emergence and evolution of forms over time. Figures 6a and 6b are located by boxes on the 2014 (centre) map. 

Figure 6: Orthophotographs and DEMs showing the nature and emergence of features over time: a) an area of predominantly sinuous ridges, with the sequential development of a ridge segment marked by the red arrow between 2014 and 2016; b) an area of sinuous and linear ridges (GSRN) between 2014 and 2016. Note how in both cases the GSRN is emerging through the longitudinal debris stripes of the downwasting glacier snout. See Figure 5 for locations.    

Figure 7: Maps of GSRN components and englacial debris stripes for the years 2009, 2014 and 2016.

Figure 8: Rose plots depicting the orientations of GSRN in existence in 2009 (left) and those emerging between 2009 and 2016 (right).  

Figure 9: Histograms depicting the metrics for debris stripes (red) and geomotric and sinuous ridges (blue) for each of the three survey years of 2009, 2014 and 2016. 

Figure 10: Diagrammetric representation and illustrative ground photographs of the three-dimensional appearances and cross-cutting nature of GSRN feeder bands and englacial debris stripes.  

Figure 11: Ground photographs and clast shape and lithological data for longitudinal debris stripes at: a) west Hoelbreen; b) east Hoelbreen.  

Figure 12: Ground photographs and clast shape and lithological data for geometric ridges: a) diamicton-cored; b) gravel-cored.

Figure 13: Ground photographs and clast shape and lithological data for sinuous ridges: a) diamicton-cored; b) and c) gravel-cored.    

Figure 14: Ground photograph and clast shape and lithological data for subglacial fluted till.  

Figure 15: Ancient GSRN located on the Peace River/Hay River lowlands, northeast of the Caribou Hills, northern Alberta, Canada: a) Google Earth image of part of the GSRN, showing gently arcuate to straight esker ridge segments with geometric ridges at bottom right. Distance across the image is 22 km and the image centre is located at 59 41’ 29’’ N, 114 45’ 41’’ W; b) Map of GSRN (red symbols) superimposed on DEM of the northern Caribou Hills and adjacent lowlands. Former ice stream flow is indicated by the green lines, representing megaflutings, and was from east to west and arcing round the Caribou Hills.  

Figure 16: Assemblages of GSRNs located on the bed of the Fennoscandian Ice Sheet in Poland: i) & ii) location maps and limit of the last glaciation; iii) narrow ridges expanding from larger esker (iv) and short, straight segments emerging from low relief N-S orientated ridge (v); vi & vii) subdued assemblage of cross-cutting ridges; viii & ix) short, arcuate to straight ridges; x & xi) complex of short, straight ridges; xii-xiv) longer (up to 4 km), densely spaced sinuous ridges; xv & xvi) long and densely spaced ridges extending laterally from tunnel valley and main esker; xvii & xviii) slightly subdued, sinuous ridges. 

Figure 17: Examples of esker and crevasse fill relationships (after Craig 1964): a) ArcticDEM extract of elongate assemblage of predominantly reticulate eskers showing very close resemblance to zig-zag esker planforms. Note that the esker limbs (infilled crevasses) lie oblique to former ice flow; b) ArcticDEM extract (left) and GoogleEarth image (right) of “reticulate ridge patterns on esker knobs” (Craig 1964), interpreted here as concentric rings of crevasse infills created by ice cupola collapse. 

Figure 18: Conceptual process-form continuum for the production of different styles of geometric ridge network development.  
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