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Abstract. Englacial conduits act as water pathways to feed surface meltwater into the subglacial drainage system. A change

of meltwater into the subglacial drainage system can alter the glacier’s dynamics. Between 2012 and 2019, repeated 25 MHz

ground penetrating radar (GPR) surveys were carried out over an active englacial conduit network within the ablation area of

the temperate Rhonegletscher, Switzerland. In 2012, 2016 and 2017 GPR measurements were carried out only once a year,

and an englacial conduit was detected in 2017. In 2018 and 2019 the repetition survey rate was increased to monitor seasonal5

variations of the detected englacial conduit. The resulting GPR data were processed using an impedance inversion workflow to

compute GPR reflection coefficients and layer impedances, which are indicative of the conduit’s infill material. The spatial and

temporal evolution of the reflection coefficients also provided insights into the morphology of the Rhonegletscher’s englacial

conduit network. During the summer melt seasons, we observed an active, water-filled, sediment-transporting englacial conduit

network that yielded large negative GPR reflection coefficients (<-0.2). The GPR surveys conducted during the summer pro-10

vided evidence that the englacial conduit was 15-20 m ± 6 m wide, ~0.4 m ± 0.35 m thick, ~250 m ± 6 m long with a shallow

inclination (2°) and having a sinusoidal shape from the GPR data. We speculate that extensional hydraulic fracturing is respon-

sible for the formation of the conduit as a result of the conduit network geometry observed and from borehole observations.

Synthetic GPR waveform modelling using a thin water-filled conduit showed that a conduit thickness larger than 0.4 m (0.3

× minimum wavelength) thick can be correctly identified using 25 MHz GPR data. During the winter periods, the englacial15

conduit no longer transports water and either physically closed or became very thin (<0.1 m), thereby producing small negative

reflection coefficients that are caused by either sediments lying within the closed conduit or water within the very thin conduit.

Furthermore, the englacial conduit reactivated during the following melt season at an identical position as in the previous year.

1 Introduction

Surface meltwater is routed through the glacier’s interior by englacial drainage systems, before it reaches subglacial drainage20

systems (Fountain and Walder, 1998; Cuffey and Paterson, 2010). Subglacial drainage systems play an important role on the

dynamics of glaciers (Iken et al., 1996; Bingham et al., 2008). For example, water flowing along the base of a glacier can

facilitate glacial sliding by lubricating the ice-bed interface (Hewitt, 2013). With an increase in subglacial water pressure,

the ice-bed friction weakens, resulting in a faster sliding velocity (Iken and Bindschadler, 1986; Zwally et al., 2002). The
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subglacial water pressure can dramatically increase, if either the englacial or subglacial drainage systems do not adapt quickly25

to an increased melt water input. Furthermore, the water pressure can increase depending on how water is routed through the

glacier’s drainage system. There is often a short time lag, in the region of hours and days, between the start of surface melting

and an increase in glacier velocity (Bingham et al., 2005). Englacial drainage systems often provide the meltwater pathways

that can facilitate changes in subglacial water pressure, and as a result they can impact the glacier’s dynamics. Furthermore,

knowledge of the englacial conduit’s seasonal evolution and geometry is important for a glacier’s hydrological modelling.30

Therefore, studying the seasonal evolution of an englacial drainage system throughout the melt season is key to understand

how and when they transport water into the subglacial drainage systems.

There exist different mechanisms for the formation of englacial drainage networks and these are broadly dependent on the

temperature of ice. Ice below the pressure melting point (cold ice) is impermeable and until recently (Vatne, 2001; Boon and

Sharp, 2003), it was assumed that surface melt water has limited penetration within cold-ice glaciers. However, recent research35

has provided evidence that englacial drainage networks are present in cold ice glaciers and they are formed by three distinct

mechanisms (Benn et al., 2009; Gulley, 2009). The first mechanism includes surface melt water that creates incisions on the

glacier’s surface, and these surface streams can become englacial, if their upper levels becomes blocked or closes due to ice

creep. Such englacial streams are known as ‘cut-and-closure’ conduits and first described by Fountain and Walder (1998) and

later by (Vatne, 2001; Gulley et al., 2009a). The second mechanism for the formation of englacial conduits within cold ice, is40

hydraulically assisted fracture propagation (Boon and Sharp, 2003; van der Veen, 2007). Englacial conduits can develop from

water filled crevasses where stressed ice and the water pressure within the fracture is large enough to overcome the fracture

toughness of the surrounding ice. The third mechanism is related to the exploitation of permeable structures within the body

of the glacier, such as fractures (Fountain et al., 2005) or debris-filled crevasses (Gulley and Benn, 2007).

The englacial drainage network theory was originally developed for ice at the pressure melting point (temperate ice) (Shreve,45

1972; Röthlisberger, 1972). Temperate ice was assumed to be permeable and this led to the theoretical model that englacial

conduits form from water flowing between ice crystal boundaries within connected veins. Lliboutry (1971) argued that englacial

conduits have difficulty forming within connected veins as a result of deformation and recrystallisation of the grains closing

intergrannular channels. Furthermore, field observations by Gulley et al. (2009b) have resulted in the formation mechanisms

of englacial conduits within temperate ice being questioned. As within cold ice, englacial conduits seem to form as a result of50

hydraulically assisted fracture propagation in temperate ice (Gulley, 2009). Additionally, englacial conduits can form from the

exploitation of pre-existing fractures (Fountain et al., 2005; Gulley et al., 2009a).

There exist only a limited number of studies investigating englacial conduit conditions on temperate ice. Studies of glacier’s

drainage systems are based primarily on dye tracer experiments, speleology, borehole studies, geophysical measurements

or a combination of these techniques. Englacial drainage systems have been interpreted from dye tracer testing on temperate55

glaciers (Nienow et al., 1996, 1998; Hock et al., 1999), but difficulties arose, since tracer tests do not offer direct observations of

englacial drainage networks. Direct observations have been made into inactive englacial channels using speleology techniques

(Gulley, 2009; Naegeli et al., 2014; Temminghoff et al., 2019), but they were obviously conducted, only when the drainage
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system was dry and inactive. Therefore, such observations do not provide temporal information on the englacial conduit's

seasonal evolution.60

Geophysical experiments can provide observations on active englacial conduit networks covering a large spatial distribution,

and they can be repeated, thereby providing information on the temporal evolution. Two geophysical methods have regularly

been used for studying the glacier's hydrological systems, seismology (active and passive) and radar. Ground-penetrating-radar

(GPR) has been used to detect englacial drainage systems in cold ice (Moorman and Michel, 2000; Stuart, 2003; Catania et al.,

2008; Catania and Neumann, 2010; Schaap et al., 2019; Hansen et al., 2020) and temperate ice (Arcone and Yankielun, 2000;65

Hart et al., 2015). There exist only a small number of studies that investigate seasonal changes within the englacial hydrological

network and all of these have been undertaken on cold-ice glaciers. Across several years, GPR measurements were performed

by Bælum and Benn (2011) over a small cold-ice valley glacier to investigate the glacier's thermal regime. Pettersson et al.

(2003) used time-lapse GPR imaging, separated by 12 years, to detect changes to the cold-temperate ice transition surface

and Irvine-Fynn et al. (2006) used repeated GPR measurements to investigate hydrological seasonal changes on a polythermal70

glacier. However, for these studies the GPR pro�les were not repeated several times during a year and across a number of

years. Therefore, very limited information is available on the seasonal evolution of englacial drainage systems and there is

little knowledge of these changes within temperate glaciers.

Re�ectivity analysis is commonly employed on GPR data in order to provide subsurface properties and to identify subsur-

face materials. The strength of the re�ected GPR signal is a function of media's electrical properties that form an interface and75

can therefore be used to determine subglacial environments. Such studies have been conducted with an impulse ice-penetrating

radar system within a cold-ice environment (Macgregor et al., 2011; Christianson et al., 2016), however no such analysis have

been performed using a commercial GPR within a temperate ice environment or to characterise an englacial conduit network.

In order to extract the re�ectivity from a commercial GPR system, an inversion work�ow can be implemented (Schmelzbach

et al., 2012). Within a glaciological such an inversion work�ow can provide hydrological temporal and spatial changes. Tem-80

poral and spatial changes have be obtained using repeated GPR amplitude analysis and such studies have been completed on

non-glaciological settings (Truss et al., 2007; Guo et al., 2014). Such investigations have not yet been conducted within a

glaciological environment to detect hydrological changes.

Alongside GPR, passive seismology has been employed to identify and characterise the subglacial drainage network (Gim-

bert et al., 2016; Bartholomaus et al., 2015). Such an approach has recently been used to investigate subglacial conduits on85

temperate glacier (Vore et al., 2019; Lindner et al., 2019; Nanni et al., 2020). Passive seismology can be a complimentary tool

to GPR re�ectivity analysis in order to monitor seasonal evolution of the glacier's hydrological system. Our primary focus of

our study is to use the GPR re�ectivity analysis to detect seasonal changes within an englacial conduit network.

In this study, we use a comprehensive GPR dataset that includes GPR pro�les from 2012, 2016, 2017 and repeated GPR

seasonal pro�les during 2018 and 2019. GPR imaging and re�ectivity analysis facilitates studying the temporal and spatial90

changes of an englacial conduit network on a temperate glacier. By repeating GPR measurements several times throughout the

melt seasons, we can gain insights into how an englacial network changes and evolves in response to the meltwater supply.

Additionally, by performing GPR measurements across subsequent melt seasons, we can verify, if these englacial networks
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were reactivated after the winter period in a similar location, or if they close down and become inactive the following melt

season. We detect these seasonal and annual changes by extracting the GPR re�ection strength (re�ectivity) using a GPR95

impedance inversion scheme (Schmelzbach et al., 2012). The spatial extent of the re�ectivity patterns allows potential englacial

�ow paths to be imaged. Alongside the GPR data, we were able to use direct observation into the englacial conduit network

using a borehole camera in 2018. In brief, there are three main objectives of this research, namely

1. to implement a GPR processing routine to extract GPR re�ection coef�cients related to englacial structures,

2. to interpret the spatial re�ection coef�cients in order to gain an understanding of the temporal conduit morphology, and100

3. to correlate the englacial conduit's dimensions to previous studies in order to understand the conduit's formation mech-

anisms.

Furthermore, we used a GPR data simulation algorithm using a variety of 3D englacial conduit models in order to quantify

the spatial dimensions of an active englacial conduit network.

2 Study Site105

This englacial network monitoring case study was conducted on the Rhonegletscher (Fig. 1), where an englacial conduit

network was previously detected using active seismic re�ection data (Church et al., 2019). The Rhonegletscher is the sixth

largest glacier in the Swiss Alps (Farinotti et al., 2009), and it is the source of the Rhone river. The glacier has been well

studied and documented due to the ease of access from the nearby Furka pass, with the �rst measurements from the beginning

of the 17th century (Mercanton, 1916). The glacier �ows southwards from 3600 down to 2200 m above sea level (asl) with a110

surface area of approximately 16 km2 (Huss and Farinotti, 2012). In recent years, a proglacial lake formed as a result of the

glacier retreating (Tsutaki et al., 2013; Church et al., 2018). This proglacial lake is dammed by a granite riegel, and there is

likely a hydraulic interaction between the lake and the glacier's drainage network. The survey site was located within the lower

ablation area between 2280 m and 2350 m asl, where the ice thickness in 2017 was approximately 100 m (Fig. 1).

3 Field Data and Processing115

3.1 GPR Data Acquisition

To investigate seasonal englacial conduit variations, we performed 13 GPR �eld campaigns from 2012 until 2019 (Table 1).

Three GPR surveys, that covered a single pro�le across the survey site (Q-Q' in Fig. 1), were conducted over three different

years (2012, 2016 and 2017). Upon detection of an englacial GPR re�ection, which was later identi�ed as an englacial conduit

network (details on the identi�cation of the network can be found in Church et al. (2019)), we performed a dense GPR grid at120

different times of the year in 2018 and 2019 over the englacial conduit network (grids of black lines in Fig. 1). The GPR grid
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Figure 1. Map of the Rhonegletscher's lower ablation area, ice thickness (colour-coding), basal topography (black contour lines) updated

from Church et al. (2018) and GPR repeated survey site (black grid). The two thicker GPR pro�le lines (R-R' and Q-Q') are displayed in

Fig. 3 and Fig. 4. Five boreholes were drilled in August 2018 to provide ground-truths on the conduit and are marked as blue and red dots.

The red dot represents the borehole where the borehole camera acquired a video.

includes 13 pro�les oriented east-west (average length: 250 m) and 10 pro�les oriented north-south (average length: 150 m),

with a spacing of 13 m between adjacent pro�les.

The majority of the �eld measurements were conducted as common offset (CO) surveys, and they were acquired using a

Sensor & Software pulseEKKO Pro GPR system with 25 MHz antennas. CO measurements are acquired keeping the transmit-125

ting and receiving antenna at a constant distance apart (known as offset) and allows large quantities of data to be collected in a

time-ef�cient manner. The GPR antennas were carried by hand during summer month acquisitions (snow-free, June-October)

and during winter month acquisitions (snow covered, November-May), they were mounted and pulled on pulk sleds. The GPR

antennas were positioned in a transverse electric (TE) broadside con�guration and kept at a constant offset of 4 m between

transmitting and receiving antennas. Additionally, the orientation of the antennas were perpendicular to the walking direc-130
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