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Regional and Annual Variability in Subglacial Sediment Transport by Water for Two Glaciers in the Swiss Alps









	
	ORIGINAL RESEARCH
published: 31 October 2018
doi: 10.3389/feart.2018.00175





[image: image2]

Regional and Annual Variability in Subglacial Sediment Transport by Water for Two Glaciers in the Swiss Alps


Ian Delaney1*, Andreas Bauder1, Mauro A. Werder1 and Daniel Farinotti1,2


1Laboratory of Hydraulics, Hydrology and Glaciology (VAW), ETH Zurich, Zurich, Switzerland

2Swiss Federal Institute for Forest, Snow and Landscape Research (WSL), Birmensdorf, Switzerland

Edited by:
Felix Ng, University of Sheffield, United Kingdom

Reviewed by:
Leigh A. Stearns, University of Kansas, United States
 Qiao Liu, Institute of Mountain Hazards and Environment (CAS), China
 Pierre-Marie Lefeuvre, University of Oslo, Norway

*Correspondence: Ian Delaney, delaney@vaw.baug.ethz.ch

Specialty section: This article was submitted to Cryospheric Sciences, a section of the journal Frontiers in Earth Science

Received: 12 March 2018
 Accepted: 10 October 2018
 Published: 31 October 2018

Citation: Delaney I, Bauder A, Werder MA and Farinotti D (2018) Regional and Annual Variability in Subglacial Sediment Transport by Water for Two Glaciers in the Swiss Alps. Front. Earth Sci. 6:175. doi: 10.3389/feart.2018.00175



Glaciers expel large amounts of water and sediments, and the discharge of both is influenced by glacier retreat. Because the majority of sediment originates subglacially, as opposed to proglacially, focus must be given to subglacial sediment discharge. The latter, however, is poorly constrained. We present a subglacial sediment transport time-series from the Gornergletscher and Aletschgletscher catchments in the Swiss Alps, based on hourly suspended sediment transport data and bedload transport estimates. This dataset is used to identify interannual and regional variability and to quantify the relationship between sediment transport and water discharge. Analysis of the relationship suggests that the access of water to subglacial sediment exerts substantial control on the quantity of sediment discharged. Historical data from Gornergletscher since the 1970's show that elevated amounts of sediment were discharged in the 1980's, following the onset of increasing glacier melt. However, by 2016 and 2017, the sediment discharge had returned to quantities below those in the 1970's, suggesting that sediment discharge may return to an equilibrium over decadal times scales following the onset of a new hydrological regime. Erosion rates for the two catchments (0.28 mm a−1 to 0.49 mm a−1) are lower than in other glacierized catchments of the Swiss Alps (~1 mm a−1). In some years in both catchments, these rates are even less than a third of those reported in earlier decades, highlighting substantial regional and interannual variability in catchment-scale erosion. Empirical models of the relationship between sediment concentration and water discharge, calibrated with the presented 2016–2017 data, fail to capture the elevated sediment discharge over the 1980's. This suggests that processes other than runoff, such as changing access to subglacial sediment by meltwater, were responsible for the increase. Subglacial sediment discharge depends on both water discharge and sediment availability. Therefore, we argue that physically-based models of subglacial sediment transport, that can capture its complex temporal and spatial evolution in response to glacier retreat, are needed to predict and understand a glacier's sediment yield.
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1. INTRODUCTION

The retreat of alpine glaciers not only changes their hydrologic regime (e.g., Farinotti et al., 2016), but can also alter their sediment discharge (e.g., Koppes et al., 2009; Micheletti et al., 2015; Raymond-Pralong et al., 2015; Costa et al., 2018). Glaciers are known to evacuate large amounts of sediment from their beds (e.g., Østrem, 1975; Collins, 1979; Hallet et al., 1996), which can affect communities downstream of glacierized catchments. This is problematic for hydropower companies that must manage the sediment influx into reservoirs (leading to infill) and water intakes (causing turbine abrasion) (e.g., Anselmetti et al., 2007; Felix et al., 2016). Increased sediment discharge from glacierized environments has been observed in conjunction with increased runoff and glacier retreat: during an especially hot summer (Stott and Mount, 2007), on the west coast of Greenland (Bendixen et al., 2017), in Rhone-river catchment of the Swiss Alps (Costa et al., 2018), and at outlet glaciers (Koppes et al., 2009, 2015). However, the response is inconsistent from catchment to catchment (e.g., Hinderer et al., 2013) and varies with local factors such as the presence of a proglacial lake (Geilhausen et al., 2013), the ability of water to transported sediment in different hydrological regimes (e.g., Raymond-Pralong et al., 2015) and the length of time since glacier retreat began (e.g., Lane et al., 2017). Therefore, the influence of glacier retreat on sediment discharge in alpine regions remains uncertain.

Sediment transported out of glacierized catchments can either originate from the subglacial or the proglacial environments, areas in front of glaciers that have been exposed by glacier retreat. As ice no longer buttresses and supports recently exposed proglacial sediment, large amounts of sediment can be readily available for fluvial transport (Church and Ryder, 1972). However, proglacial areas can stabilize over relatively short time periods due to gully formation, which limits the access of water to available sediment, and due to sorting of transportable sediment, which leaves larger clasts in the proglacial area (Ballantyne, 2002; Lane et al., 2017; Delaney et al., 2018). As a result, 50–90% of sediment leaving some catchments has subglacial origins, as opposed to proglacial origins (Fenn and Gomez, 1989; Guillon et al., 2015, 2017; Delaney et al., 2018). As proglacial areas stabilize, they can contribute progressively less to the catchment's sediment budget with time. Therefore, understanding subglacial sediment transport processes is imperative to quantifying sediment dynamics in glacierized regions.

Several processes govern sediment dynamics and bedrock erosion in the subglacial environment (Alley et al., 1997). Subglacial sediment must first be created. This occurs through plucking of bedrock by (i) changing pressure gradients (as glacier ice moves over bedrock bumps) and (ii) refreezing of meltwater that expands cracks within the bedrock, leading to material detachment from the glacier bed (Alley et al., 1997). Debris-laden ice sliding over its substrate abrades the underlying bedrock and produces additional sediment (Alley et al., 1997). Some of this newly-created sediment can be accreted to the basal ice in locations such as overdeepenings and carried with the ice flow (Swift et al., 2018). The majority of sediment, however, is transported down-glacier by water flowing along the glacier bed (e.g., Walder and Fowler, 1994).

Subglacial water, responsible for the fluvial transport of sediment, is pressurized by the overlying ice (Röthlisberger, 1972). The shear stress exerted on subglacial sediment by the water flow increases with its velocity and once the shear stress exceeds a critical value, sediment is mobilized (e.g., Meyer-Peter and Müller, 1948; Walder and Fowler, 1994). As a result, subglacial sediment transport is not only a function of water discharge (e.g., Rickenmann, 2001), but also of ice dynamics, as pressurized water flow can exhibit higher velocities (Walder and Fowler, 1994). The access of fast flowing meltwater to subglacial sediment is another major factor impacting subglacial sediment discharge (e.g., Collins, 1996; Willis et al., 1996; Herman et al., 2015).

Over the past decades, observations of subglacial sediment discharge has been used to determine catchment erosion quantities (e.g., Bezinge, 1987), identify characteristics of subglacial drainage systems (e.g., Collins, 1979, 1989; Richards and Moore, 2003), examine differences between cold and temperate based glaciers (e.g., Hodson and Ferguson, 1999) and investigate the availability of subglacial sediment for transport by meltwater (e.g., Willis et al., 1996; Riihimaki et al., 2005; Swift et al., 2005; Mao et al., 2014). Many of these studies analyzed data from a single glacier (e.g., Richards and Moore, 2003; Riihimaki et al., 2005; Herman et al., 2015) and over one season (e.g., Willis et al., 1996; Swift et al., 2005). To understand subglacial sediment processes more comprehensively, however, the inter-annual variations in sediment discharge and the differences in erosion rates and decadal-scale changes to sediment discharge across multiple glacierized catchments must all be evaluated. With increased understanding, these processes can then be implemented in physical and numerical models to make quantitative estimates of subglacial sediment dynamics and discharge as glaciers retreat.

This paper makes use of two sediment discharge time series from the Gornergletscher and Aletschgletscher catchments in the Swiss Alps over the 2016 and 2017 seasons. By examining these data, we constrain the amounts of subglacial sediment leaving these catchments, present a hypothesis about subglacial sediment availability, and analyze the capacity of a simple empirical model to forecast subglacial sediment transport. In the Gornergletscher catchment, observed, long-term subglacial sediment discharge measurements allow us to examine decadal changes in subglacial sediment transport following glacier retreat. By synthesizing these data we examine processes that can be implemented and considered in physically-based subglacial sediment transport models (e.g., Creyts et al., 2013; Carter et al., 2017).

2. STUDY SITES AND DATA

Our main datasets were collected from the Gornergletscher and Aletschgletscher catchments (Figure 1) over the 2016 and 2017 melt seasons. Additionally, some historical sediment discharge data are available for the Gornergletscher catchment. In both locations, the glacier meltwater is captured and used for hydropower purposes. Both glaciers terminate near or in bedrock gorges (Figures 1, 2A,C). Thus, periglacial sediment leaving the catchment must have passed through the subglacial drainage system (Figures 2A,C), and subglacial processes can be examined in isolation.


[image: image]

FIGURE 1. Maps, land cover and hypsometry for Aletschgletscher catchment (A) and Gornergletscher catchment (B) located within Switzerland (E). Water intakes that house instrumentation are labeled, as are the ice marginal lake and Gornersee in the Gornergletscher catchment. Interpreted glacier flow lines are marked. (C,D) Represent hypsometry for the Aletschgletscher and Gornergletscher catchments, respectively. Ovals with arrows (A,B) denote the approximate location and directions of photos (A,C) in Figure 2.
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FIGURE 2. The glacier termini of Aletschgletscher in 2016 (A) and Gornergletscher in 2017 (Archives VAW/ETH Zürich; St. Walter) (C), as well as the water intake for the Aletschgletscher catchment (B) and sediment trap below the Gornergletscher catchment (D). Note that both glaciers terminate near bedrock gorges. Approximate locations of photographs (A,C) are given in Figure 1.



2.1. Gornergletscher Catchment

The Gornergletscher catchment is 80 km2 in area (Figures 1B,D), with glaciers covering roughly two-thirds of that area (Bauder et al., 2007). An ophiolite complex, including mafic crystalline rocks, comprises the catchment's bedrock (Swisstopo, 2005). The glacier has a maximum elevation of 4600 m a.s.l. and its terminus lies at approximately 2300 m a.s.l. The maximum thickness of the glacier is 450 m (Sugiyama et al., 2008). Gornergletscher has been the site of numerous subglacial hydrological studies (e.g., Röthlisberger, 1972; Collins, 1979; Sugiyama et al., 2008). Several of these studies focused on a lake, Gornersee, that formed annually at the confluence of Grenzgletscher and Gornergletscher, and on the annual subglacial outburst from the lake (Huss et al., 2007; Sugiyama et al., 2008). In recent years the lake has failed to form; however, a different ice marginal lake forms slightly downstream and drains annually (Figure 1A). Additionally, since the early 1970's, Gornergletscher has been the site of research into subglacial sediment processes and availability (e.g., Collins, 1979, 1989, 1996; Bezinge, 1987)

A water intake (45° 59′ 25″ N, 7° 43′ 49″ E), part of the Grand Dixence hydropower scheme, collects all proglacial water discharge, except when the intake is over-topped by high water discharge. Grand Dixence S.A. has provided water discharge measurements collected at 15 minute intervals since 1969. Precipitation data have been recorded by MeteoSwiss1 in Zermatt (1638 m a.s.l., 4 km from the glacier terminus). A gravel trap constructed at the water intake slows incoming water, and thus larger sediment clasts are deposited here; the trap prevents them from entering the tunnel network (Figure 2D). The captured water then flows to an additional gravel trap and is split and routed through two separate sand traps, where our instrumentation is housed (Section 3.1, Figure 2D). The traps are flushed frequently and the flushing times and fill-levels are recorded. We use this information to estimate bedload transport (discussed in Section 3.2).

A unique series of suspended sediment discharge measurements (not bedload) beginning in the early 1970's exists for the Gornergletscher catchment (Bezinge, 1987; Collins, 1990, 1996). These data were collected by gravimetrically determining sediment concentration in water samples collected at hourly resolution (Collins, 1990, 1996). We use these data to explore the drivers of annual sediment discharge quantities and potential decadal-scale variations in sediment discharge. Over this period from 1972 to 1990, seasonal estimates of sediment discharge from certain years have been constrained by digitizing the published plots and using values found in Bezinge (1987), Collins (1990, 1996); see Table 1. During those seasons when the mass totals presented in Table 1 of Collins (1990) exceed those found by the digitized graphics from the same publication, the totals from Table 1 of Collins (1990) are used because we assume his tabulated values are more accurate than our plot digitization. Within this dataset, gaps exist spanning from weeks to multiple years, and the periods of data collection often do not span the entire melt season. Furthermore, the substantial incongruence between instrumentation and measurement techniques (e.g., Orwin and Smart, 2005; Felix et al., 2013) suggests that variations between the present study (seasons 2016 and 2017, Section 3.1) and historical data could be attributed in part to different instrumentation and measuring techniques.


Table 1. Summary of annual sediment and hydrological data from the Gornergletscher catchment.
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2.2. Aletschgletscher Catchment

The Aletsch catchment is approximately 198 km2 in area (Figures 1A,C) and is 60% glacierized with a crystalline substrate (Swisstopo, 2005). It consists of three glacierized sub-catchments: the Grosser Aletschgletscher (135 km2), the Mittelaletschgletscher (15 km2), and the Oberaletschgletscher (40 km2) catchments. The maximum ice thickness exceeds 800 m at Konkordiaplatz, which is the confluence of the tributary glaciers creating Grosser Aletschgletscher (Bauder et al., 2007). This overdeepening at Konkordiaplatz may reduce the ability of subglacial water to transport sediment out of the catchment (Creyts et al., 2013; Werder, 2016; Swift et al., 2018). The Mittelaletsch catchment drains into Grosser Aletschgletscher, while the Oberaletsch catchment joins the main catchment below the terminus of Grosser Aletschgletscher. Below the confluence of the Oberaletsch and Grosser Aletschgletscher catchments, water flows through the Massa gorge (Figure 1A), where water discharge was determined at 10 minute resolution by the Federal Office for the Environment2 monitoring station (46° 23′ 09″ N, 8° 00′ 25″ E). Roughly 100 m downstream of the water intake, a portion of the discharge is diverted and captured by a water intake for hydropower purposes (Figures 1A, 2A,B). Thus, our instrumentation (Section 3.1), installed at the water intake's sand trap, captures sediment from all three catchments (Figure 1A). Precipitation data were collected at Bruchji (2300 m a.s.l., 6 km from glacier terminus) by MeteoSwiss3.

3. METHODS

Methods implemented to collect the suspended sediment and bedload transport data over the 2016 and 2017 seasons are discussed below. Additionally, an empirical model that relates water discharge to suspended sediment concentration/discharge is presented.

3.1. Suspended Sediment

Turbidity meters (Endress+Hauser CUS51d) were installed in the water intakes (Figures 2B,D) to record measurements of turbidity every five seconds using formazin nephelometric units. These data were then averaged and resampled at the resolution of the water discharge data (Sections 2.1 and 2.2). Upon collection of turbidity data, an empirical relationship is required to establish the sediment concentration for a given turbidity value (e.g., Felix et al., 2018). To do this, bottle samples were collected automatically when turbidity exceeded set values, so that bottle samples were collected over a wide range of sediment concentrations (Figure 3). To determine gravimetric sediment concentration in each bottle sample, the total volume of the sample was calculated from its mass, assuming a density of 1000 kg m−3. The sample was then placed in an oven where the water evaporated. The residual was weighed to yield the mass of sediment in the bottle sample. This mass divided by the sample volume yielded the sediment concentration. The sediment concentration of individual samples, and the corresponding turbidity values at the time of sample collection, were used to establish a linear relationship between turbidity and sediment concentration (e.g., Felix et al., 2018). In the Aletschgletscher catchment a linear regression value of r=0.74 (p < 0.001) is achieved, while at the Gornergletscher catchment the value is 0.85 (p < 0.001, Figure 3); the 95% confidence intervals are based upon the standard error of the calibrated relationship. In total, 67 (90) bottle samples were collected at the Aletschgletscher (Gornergletscher) catchment over the 2016 melt season.
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FIGURE 3. Calibration relationship between turbidity (formazin nephelometric unit (FNU)) and suspended sediment concentration for Gornergletscher (A) and Aletschgletscher (B). Black line represents best fit. Gray lines represent the 95% confidence interval. Blue lines represent the 95% prediction interval.



Turbidity meters in the water intakes were placed approximately 1 m below the water surface. Higher sediment concentrations likely occur lower in the water column, but logistical difficulties prevented installation at a deeper point. Suspended sediment data for 2016 spans from May 10 to October 24 for both catchments. Over the 2017 season, however, instrument failure at the Aletschgletscher catchment limited the study period from May 31 to August 31, whilst at the Gornergletscher catchment data were collected continuously between May 10 and September 18.

The sediment discharge by mass at a given time, Qsm ( kg s−1), is given by

[image: image]

where Qw is water discharge (m3 s−1) and SSC is suspended sediment concentration (kg m−3). Volumetric sediment discharge is given by, [image: image], where ρssc is the density of suspended sediment (assumed to be 1500 kg m−3).

The total sediment discharged over a annual period, Qstot, is,

[image: image]

where Qs is sediment discharge by mass or volume, Qsm or Qsv, respectively, and Δt is the sampling rate of the data in seconds.

Corresponding confidence intervals in sediment discharge were derived from the estimated standard errors for sediment concentration. The mean suspended sediment concentration, [image: image], over a time period is computed by dividing the total sediment discharge by the total water discharge, Qw.

3.2. Bedload

Sediment traps exist downstream of the water intakes to prevent large quantities of sediment from entering the hydropower infrastructure (Figures 2B,D). Each trap consists of a large basin with water flowing in on one side and leaving on the other side by over-topping. Thus, the basins slow the water, causing deposition of sediment in the bottom of each basin. At certain time-intervals or sediment fill-levels, the basin is flushed by means of an opening in the bottom. The sediment fill-levels and the times of flushing of these traps can be used to estimate the amount of sediment leaving the catchment by bedload transport, given the known geometry of the trap (e.g., Micheletti et al., 2015). At the Gorner site, sediment-trap flushing and occasionally fill levels were recorded by hydropower operators. Flushing occurred in the night following a fill-level alarm, leading, however, to underestimates of sediment inflow due to the time-lapse between the alarm and the flushing. During periods of high water discharge, the trap was flushed every night regardless of fill-level. A lower bound of bedload transport can be estimated given the protocol described above, and excluding flushing where no sediment fill-level was recorded. An upper bound of bedload can be determined by assuming full traps at the time of every flushing. Due to inconsistency in the flushing protocols, only upper and lower bounds of the seasonal totals of bedload transport were used. An assumed sediment density of ρs = 1500 kg m−3 is used to translate volumetric measurements to mass. Flushing protocols at the Aletsch site dictated that flushing occurred nightly regardless of the fill-level of the traps. Therefore, bedload transport quantities were not determined at this location.

3.3. Empirical Model

Empirical models have been previously used to describe subglacial suspended sediment concentration as a function of water discharge (e.g., Müller and Förstner, 1968; Swift et al., 2005). Here, such models are used to understand the hydraulic drivers and temporal variability of subglacial sediment discharge; notably, we examine the viability of these models to forecast the response of subglacial sediment transport under a variety of hydraulic conditions. Models including some time-dependence parameters achieve a higher correlation between modeled and observed suspended sediment concentrations (e.g., Willis et al., 1996; Swift et al., 2005). Here, a time-dependent term is added to the empirical model presented by Müller and Förstner (1968) that relates suspended sediment concentration to water discharge

[image: image]

where SSCm is modeled suspended sediment concentration (kg m−3), Qw is water discharge (m3 s−1) , and t is the duration (s) of glacier melt since May 10 of that year. In Equation (3), a (kg sn m−3(n+1)), b (kg sn−1 m−3(n+1)), and n (-) are empirical parameters. The modeled suspended sediment discharge by mass, Qsmm (kg s−1), is determined by

[image: image]

The empirical parameters of individual models runs, for a time period and site, are estimated by a least squares fit with the data using the package LsqFit.jl4. Parameters were considered significant if their standard error at the 95% confidence interval was greater than the parameter itself (Table 2). To constrain the effects of time-dependence and the sensitivity of suspended sediment discharge to water discharge, different suites of model runs were examined (A, B, and C hereafter). In suites A and B, the parameters b and n were set to zero and one, respectively, while in suite C all empirical parameters were utilized in the fit (Table 2).


Table 2. Fitted parameters and skill metrics of the empirical models presented in Section 3.3.
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The model performance is sensitive to the resolution of the sampling interval of the input data (Qw). As a result, the data were averaged over 24 h to reduce the effects of diurnal variations in sediment discharge and lags between water discharge and sediment concentration (Section 5.2.1, Table 3). To assess model performance, Pearson's correlation and the Nash-Sutcliffe (NSE) efficiency were used. Values of NSE = 1 denote a perfect match between modeled values and data, while negative values indicate performance worse than simply taking the mean of the data.


Table 3. Correlations between sediment concentration and water discharge, Qw.
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4. RESULTS

4.1. Gornergletscher Catchment

Between May 10 and October 24, 2016, 23,800±2700 m3 (95% prediction interval, Figure 3) of suspended sediment was evacuated from the Gornergletscher catchment. Sediment traps caught 1900–2400 m3 of bedload, leading to a total evacuation of 23,000–28,900 m3 of sediment over the season. The mean sediment concentration was 0.25 kg m−3. The maximum sediment concentration, 5.04±0.79 kg m−3, was recorded on May 29 and is synchronous with the drainage of an ice marginal lake from May 25 to June 2 (Figure 4), and the onset of increased water discharge. During the same period, sediment discharge reached a maximum, while water discharges remained relatively low (Figure 4). Following the middle of July, suspended sediment concentrations remained constant and thus sediment discharge varied largely in response to water discharge.


[image: image]

FIGURE 4. Time series of the Gornergletscher catchment data over the 2016 and 2017 seasons. (a,d) Suspended sediment concentration (SSC), blue bars represent precipitation (P). (b,e) Sediment discharge (Qs). (c,f) Water discharge (Qw). Gray bars indicate the periods of the ice-marginal lake drainages.



Between May 10 and September 18, 2017, 37,300±3400 m3 of suspended sediment was expelled. This is about 65% greater than the 2016 season, although the total water discharge was only 4% greater. The mean sediment concentration was 0.37 kg m−3, with a maximum of 3.27±0.73 kg m−3 occurring on July 9, a result of a precipitation event, as opposed to the lake drainage in 2016, which caused the peak sediment concentration in that season. Similar to 2016, in 2017 high sediment concentrations but lower water discharges were observed at the onset of the melt season, coincident with drainage of the ice marginal lakes (Figure 4). Unlike in the 2016 season, however, in 2017 sediment concentration and sediment discharge fluctuated strongly over the last two months of the study period, largely in association with precipitation events. A minimum amount of 1500 m3 and a maximum amount of 6600 m3 of sediment passed through the traps in 2017.

6-12% of the total sediment load was transported by bedload over both seasons. This is much lower than the roughly 40% that has been observed at Bench Glacier in Alaska (e.g., Riihimaki et al., 2005).

The eleven seasons of previous data for the Gornergletscher catchment provide the basis for a decadal-scale comparison of sediment discharge, water discharge, and mean suspended sediment concentration (Bezinge, 1987; Collins, 1990, 1996). The largest total water discharges occurred in 2016 and 2017, being 1.33×108 m3 and 1.39×108 m3, respectively, yet, some of the smallest amounts of sediment transport occurred over these years (Figure 5, Table 1). In contrast, the highest amounts of sediment discharge occurred in the 1980's, with the maximum amount of 111,600 m3 sediment discharge occurring in 1990 when 1.30 × 108 m3 of water was discharged over the season, a similar quantity of water discharge compared to recent years. Mean seasonal sediment concentrations were substantially higher prior to the 1990's than in 2016 and 2017, with the average for the eleven examined years between 1972 and 1990 being 1.07 kg m−3, while the 2016–2017 average is 0.31 kg m−3.
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FIGURE 5. Historical sediment and water discharge totals (A) and mean seasonal suspended sediment concentration (B) from the Gornergletscher catchment. Data aside from the 2016 and 2017 are from previous publications (Table 1). Breaks in the plot indicate periods without measurements. Black lines are empirical model outputs described in Section 5.2.2.



4.2. Aletschgletscher Catchment

Measurements in the Aletschgletscher catchment began on May 10 and stopped on October 25, 2016. Over this period the catchment expelled 173,600±22,200 m3 of suspended sediment. The mean sediment concentration was 0.45 kg m−3. The maximum sediment concentration was 6.24±0.79 kg m−3, higher than that observed at Gornergletscher during the same season. Unlike the Gornergletscher catchment, the highest concentration was observed late in the season, from September 4–8 during a precipitation event (Figure 6). During that period, more than 37,500±1800 m3 of sediment (roughly 20% of the season's yield) was transported from the glacier. From the onset of the measurements, sediment concentration was largely steady, with occasional spikes predominantly driven by precipitation events (Figure 6). Sediment discharge mostly remained low until the middle of June. At this time, the water discharge first exceeded 50 m3 s−1 and remained high until mid-September.
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FIGURE 6. Time series of the Aletschgletscher catchment data over the 2016 and 2017 seasons. (a,d) Suspended sediment concentration (SSC); blue bars represent precipitation (P). (b,e) Sediment discharge (Qs). (c,f) water discharge (Qw).



Due to instrument malfunctioning, the 2017 data collection period only lasted from 31 May to 31 August. Over this time, the catchment discharged 152,000±24,300 m3 of suspended sediment. The mean sediment concentration was 0.46 kg m−3, equal to the mean concentration during the 2016 season. A maximum concentration of 3.7±0.66 kg m−3 was observed on June 26, as a result of a precipitation event.

5. DISCUSSION

5.1. Availability of Subglacial Sediment

Through examination of specific events and the season-long relationships between water discharge and sediment dynamics, some hypotheses can be formulated regarding the availability of subglacial sediment for transport by water (Willis et al., 1996; Riihimaki et al., 2005; Swift et al., 2005).

At the Gornergletscher catchment, an ice marginal lake fills with water upon the initiation of melt, and subsequently drains. During 2016 and 2017, the lake drainage occurred slowly from the last week in May to the first week in June. This event was recorded by time-lapse photography of the ice marginal lake (unpublished data, VAW, ETH Zürich). In both years, suspended sediment concentration and sediment discharge during the lake drainage were generally higher than at any other time over the season (Figure 4). By contrast, water discharge was not especially high during these drainage events (Figures 4, 7), suggesting an enhanced ability of water to mobilize sediment (Figures 7A,B). This is likely caused by the absence of a well-developed drainage system prior to the lake drainage, due in part to the smaller water discharge (e.g., Werder and Funk, 2009). In these conditions, water can reach a larger portion of the glacier bed during the lake drainage and a greater amount of sediment is thus available for transport. A more channelized drainage system during a high discharge regime, that follows later in the season, could limit the access of water to a smaller portion of the glacier bed (Iken and Bindschadler, 1986), thus less sediment can be accessed and mobilized despite high water discharges. Additionally, there could have been increased quantities of sediment at the glacier bed early in the melt season, when these lake drainages occurred, produced by glacier sliding in the winter and spring, but not transported away yet by subglacial water (Harper et al., 2002; Herman et al., 2015).
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FIGURE 7. Relationship between water discharge (Qw) and suspended sediment concentration (SSC) at the Gornergletscher catchment during the 2016 (A) and 2017 (B) seasons. Data during lake drainages are shown by colored dots, while gray dots represent season-long relationship.



Two notable events yielding insights into the availability of subglacial sediment occurred at the Aletschgletscher catchment in 2016. Discharge and suspended sediment concentration between May 20 and June 6 show a clockwise hysteresis at lower water discharges, followed by a chaotic relationship as discharge increases (Figure 8C). The clockwise hysteresis is more pronounced at lower water discharges (below 10 m3 s−1), and a single counter-clockwise loop is located within the data (Figure 8C). Counter-clockwise loops indicate a sediment source far from the catchment outlet (Williams, 1989), possibly caused by an increased water discharge activating sediment stored in the distributed drainage system (Iken and Bindschadler, 1986). The clockwise hysteresis indicates a sediment source that can be evacuated quickly with increasing discharge and that sediment supply is limited below the glacier (Williams, 1989; Singh et al., 2005). The persistence of these loops at higher water discharges suggests that progressively more sediment is being accessed and removed as water discharge increases. This could be due in part to up-glacier migration of the drainage system. It can be speculated that the change in hysteresis after early June, might be due to the drainage system expanding to access fewer sediment sources below the glacier or extending past Konkodiaplatz, where the overdeepening makes the relationship between sediment and water more complex (e.g., Creyts et al., 2013).
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FIGURE 8. Relationship between water discharge (Qw) and suspended sediment concentration (SSC) for notable events in the Aletschgletscher catchment. (A) Strong hysteresis between discharge and sediment concentration in early season. Counter-clockwise loop discussed is marked. (B) Transition from strong hysteresis between discharge and sediment concentration to chaotic relationship. (C) High-precipitation event in the Aletschgletscher catchment in colored dots, with season-long relationship in gray dots.



The other notable event in Aletschgletscher's catchment is the precipitation event from September 4 to 8, 2016 (Figure 6), which produced the highest sediment concentrations during the study period and discharged 20% of the seasonal sediment yield (Section 4.2). When water discharge first exceeds 70 m3 s−1, sediment concentration sharply increases (Figure 8). Higher discharges at other times in the season did not result in similarly elevated sediment concentrations, suggesting that new sediment sources were accessed during the event. Conceivably, low water discharge prior to the event could have resulted in reduced capacity of the drainage system (Iken and Bindschadler, 1986). The rapid increase in water input could have overwhelmed the drainage system, creating high water pressures which caused both increased access of subglacial water to sediment sources (Figure 6) and high enough water velocity to transport sediment.

To assess the efficiency of water to mobilize subglacial sediment over the course of the season, cumulative amounts of sediment discharge were compared to cumulative amounts of water discharge (Figure 9). In all years, except for the Aletschgletscher catchment in 2016, the relationship shows a strongly concave–down shape, with steeper than average gradients between cumulative sediment and water discharge at the beginning of the season, and shallower than average gradients at the end of the season. This implies that water is far more efficient at transporting suspended sediment at the beginning of the melt-season compared to the end. Such a trend is documented in other work examining the Gornergletscher catchment in the 1980's (Collins, 1990). It is consistent with conceptual models for inefficient subglacial drainage systems present early in the melt season (e.g., Iken and Bindschadler, 1986), which allow for greater access by water to subglacial sediment sources. An efficient drainage system later in the season limits the access by water to these sources and leads to decreased sediment mobilization (e.g., Collins, 1996).
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FIGURE 9. Normalized cumulative amounts of sediment and water for 2016 (gray) and 2017 (black) for Gornergletscher (A) and Aletschgletscher (B). Straight line represents constant relationship between water (Qw) and sediment (Qs) discharge.



The concave–down nature of this relationship at the Gornergletscher catchment is substantially more pronounced in 2016 than in 2017. This is in part due to higher sediment discharges during the 2016 lake drainage (Figures 4, 7) compared to 2017. In contrast, the Aletschgletcher catchment in 2016 experienced a relatively steady gradient between cumulative sediment and water discharge throughout the melt-season (Figure 9B), except for a very pronounced increase due to the high precipitation event (September 4–8, 2016, Figures 6A–C). A more constant relationship suggests that similar amounts of sediment are available for water transport at the glacier bed under a variety of different water discharge conditions.

5.2. Relationship of Sediment Discharge and Concentration With Water Discharge

Previous work (e.g., Richards and Moore, 2003) suggests that variations in suspended sediment concentration are largely driven by water discharge variations, while the remainder of the variations in sediment concentration are attributable to subglacial processes, such as channel reorganization. To examine such processes, this section discusses the relationships between sediment concentration/discharge and water discharge, using the hourly and seasonal data over the 2016 and 2017 seasons. For the Gornergletscher catchment, annual data spanning several decades are also considered.

5.2.1. Seasonal Time-Scales

Subglacial sediment transport occurs at far lower discharges than in fluvial systems where up to 90% of sediment is transported during short, high-discharge events (Wolman and Miller, 1960; Gintz et al., 1996; Torizzo and Pitlick, 2004). Within the data presented here, 40–55% of the total seasonal sediment transport occurs when water discharge is below the 75th percentile of annual discharge (Figure 10). Between 15 and 25% of seasonal sediment transport occurs when water discharge is below the season's median. In the Aletschgletscher catchment, only 20% of the total sediment discharged in the 2016 season is expelled when water discharges exceeded the 95th percentile (Figure 9). This suggests far greater availability and/or easier mobilization of sediment in the subglacial environment than in fluvial counterparts, possibly due to deformation and englacial transport and deposition of till into subglacial conduits (Walder and Fowler, 1994; Swift et al., 2005; Gimbert et al., 2016). The majority of sediment transport from the glacier bed occurs when water discharge is in the highest 25th percentile of the season. This suggests that subglacial sediment discharge is highly sensitive to the hydrograph shape, and that high discharges and the pressurized nature of subglacial water flow produce a more complex relationship between sediment and water discharge (Walder and Fowler, 1994). As a result, projections of sediment discharge based on hydrological forecasts and empirical relationships could be highly sensitive to climatic variability, since the latter has a strong influence on water discharge (e.g., Barnett et al., 2005).
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FIGURE 10. Percentage of sediment transport (Qs) occurring under a given water discharge (Qw) for both catchments in 2016 (A,B) and 2017 (C,D). The blue regions represent 25th and 75th quantiles of Qw, while red lines represent median values. Note that at the Aletschgletscher catchment, minimum water discharge values at the beginning of the 2017 season are not present due to instrument malfunctioning, and that this also leads to exaggerated mean values of water discharge when compared to 2016.



To examine the relationship between sediment concentration and water discharge, the cross-correlation between the two datasets was considered (Table 3). The largest correlations, for the Gornergletscher catchment, were found with a lag in discharge at the resolution of the data (15 min), while at the Aletschgletscher catchment, lags of between 3 and 4.5 h were found (note, however, that correlation values are only slightly improved from those without lag). The lag at the Aletschgletscher catchment could be due to increased access to sediment caused by increasing water pressures (due to the rising limb of the hydrograph) and access to higher amounts and continued sediment input prior to the falling limb of the hydrograph.

Multivariate techniques and parameterization of water discharge (e.g., time since last peak discharge) have been used to explain a large portion of the variability between sediment concentration and discharge from glaciers (Willis et al., 1996; Swift et al., 2005). Here, implementation of the empirical model presented in Section 3.3 is used to understand processes influencing subglacial sediment discharge from the respective glaciers. At the Gornergletscher catchment, omission of the time-dependent parameter in the empirical model (b in Equation 3, suite A in Table 2), results in poor Nash-Sutcliffe efficiency (NSE) and correlation (Table 2). In the other cases (suites B and C in Table 2), time dependence substantially increases the correlation between modeled and measured sediment concentration, although NSE can remain low in suite B. Inclusion of parameter n (suite C in Table 2) modifies the effect of water discharge on suspended sediment concentration, generally causing substantial increases in NSE and further increases in correlation. The significance of the time-dependence parameter, b, underscores the evolution of subglacial sediment availability at this glacier (Figure 9). Additionally, the lower values for exponent n, suggest a muted response in sediment concentration with respect to variations in discharge (Table 3), which could also suggest more limited amounts of sediment available for transport below the glacier.

At Aletschgletscher, the model performs less well. Addition of the time-dependent parameter, b, has a much more variable effect and results in an uneven response in the skill. Values of b are much smaller at the Aletschgletscher catchment compared to the Gornergletscher catchment, suggesting that the sediment availability remains more steady across the season (Figure 9). When parameter n is considered at Aletschgletscher (suites A and C), other parameters are generally not significant (an exception being 2017, suite A). The variability in the significance and values of the empirical parameters across both years at both glaciers, along with the skill metrics, show that the empirical relationships presented here poorly model the observed data. It is quite likely that other empirical relations would perform similarly.

5.2.2. Analysis of the Long-Term Time Series of Subglacial Sediment Transport in the Gornergletscher Catchment

The high sediment discharges for Gornergletscher, found in 1973, 1983, and 1990, are not particularly remarkable at the regional scale (Costa et al., 2018). Since 1987, the Rhone catchment, in which the Gornergletscher lies, has been experiencing increased sediment concentrations and water discharge following atmospheric warming and related snow and glacier melt (Costa et al., 2018). This increase is also observed in the sediment discharge from the Gornergletscher catchment (Section 4.1, Figure 5, Costa et al., 2018) identified 1987 as a year of especially high sediment discharge. At Gornergletscher, however, the 1987 sediment discharge is only slightly above average. A large increase in sediment discharge was observed in the Rhone catchment between 2008 and 2015 (Costa et al., 2018), prior to the installation of our instruments. The low sediment discharge years from Gornergletscher in 2016 and 2017, however, do not fit into the trend observed in the Rhone catchment (Costa et al., 2018). This suggests that regional trends in sediment dynamics may not be indicative of the behavior of individual glaciers, unlike other glaciologic processes such as glacier mass balance (e.g., Huss, 2012; Pellicciotti et al., 2014).

Subglacial sediment transport does not appear to be sensitive to water discharge over decadal periods (Figure 5, Table 1). However, as 2016 and 2017 have the highest seasonal water discharges and the lowest sediment discharges, year-to-year variability may be influenced by changes in water discharge. This could be due to smaller lake drainages in recent years (Bianchi, 2016), which evacuate smaller amounts of sediment. Additionally, the increase in sediment discharge from the Gornerglestcher catchment in the 1980's, compared to 1974 and 1975, could be a result of the onset of increasing water discharge and glacier melt. Similarly, a period of consistent water discharge in the 1970's was followed by a general increase in the early 1980's (Farinotti et al., 2012), after which high amounts of annual sediment discharge are common (Figure 5). Coincident increases of both water discharge and sediment transport suggest that, while subglacial sediment dynamics are not especially sensitive to water quantities, they are sensitive to changes in hydrologic regime or climate (e.g. Koppes and Montgomery, 2009). Glacier retreat and augmented water discharge may have caused a short-term increase in sediment transport in the subglacial environment of the Gornergletscher catchment, followed by relative stability caused by sediment exhaustion. A similar progression has been observed in proglacial environments, where, after deglacierization, sediment discharge first increases and then decreases again after stabilization of the proglacial area (e.g., Ballantyne, 2002; Lane et al., 2017; Delaney et al., 2018).

To assess the ability of our empirical model to capture longer term variations in subglacial sediment discharge from Gornergletscher, the model presented in Section 3.3 was calibrated to data from 2016 to 2017. The corresponding parameters are given in row 7, Table 2. The output of the empirical model underestimates the measured sediment discharge in the 1970's and 1980's by about two-thirds (Figure 5, Table 1). This suggests that water discharge alone is a poor indicator for sediment discharge. Alternatively, sediment discharge could be far more sensitive to changes in the ability of the water to access the glacier bed and the sediment stored there.

5.3. Regional and Interannual Variability in Erosion Rates Across the Swiss Alps

Measured specific erosion rates across the Swiss Alps show considerable regional variability (e.g., Bezinge, 1987; Anselmetti et al., 2007; Meile et al., 2014; Stutenbecker et al., 2017; Delaney et al., 2018). The measurements presented here add to these data and further show substantial spatial and temporal variability in erosion rates. Rates presented here are assumed to capture the entire melt season and are calculated using the relation
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where ė is the erosion rate (mm a−1), Qstot is the total volume of sediment discharged over one year (m3 a−1) as determined from Equation (2), A is the area of the catchment (m2), ρs is the density of sediment, assumed to be 1500 kg m−3, and ρb is the density of bedrock, assumed to be 2650 kg m−3 (e.g., Anselmetti et al., 2007).

Taking the Gornergletscher catchment area as 80 km2, the sediment discharge inferred earlier (Section 4.1) yields a specific erosion rate of 0.16–0.20 mm a−1 for the 2016 season and 0.25–0.33 mm a−1 for the 2017 season. These values are substantially lower than the specific erosion rates inferred for melt seasons in the 1980's, which range from 0.82 to 0.38 mm a−1 (Section 4.1, Table 1). The rates are roughly a third of the 1 mm a−1 reported for the Vispa catchment, in which the Gornergletscher lies (Stutenbecker et al., 2017).

Given a catchment area of 198 km2, a specific erosion rate of 0.43 mm a−1 can be inferred from the Aletschgletscher catchment over the 2016 season. In 2017, 0.49 mm of bedrock was eroded over the foreshortened study period (Section 4.2); 0.34 mm of bedrock was eroded over the same dates in 2016. This demonstrates greater erosion rates in 2017 over the peak of the melt season compared to 2016. From 1990 to 2002 the catchment discharged an estimated 340,000– 470,000 m3 a−1 of sediment (Morris and Fan, 1998; Meile et al., 2014), resulting in erosion rates between 1.01 mm a−1 and 1.39 mm a−1, close to those determined by Stutenbecker et al. (2017) using other techniques. Multi-beam echo-soundings of the Gebidum reservoir, below the Aletschgletscher, and an estimated reservoir retention of 50% (Brune, 1953), suggest that 212,000–262,000 m3 of sediment was deposited annually in the reservoir from 2013 to 2016 (unpublished VAW, ETH Zürich data). This results in erosion rates of 0.63 mm a−1– 0.78 mm a−1 for the Aletschgletscher catchment. Assuming that roughly 40% (Riihimaki et al., 2005) of the total sediment transport could have occurred as bedload transport, which is not measured at this location, the erosion rates from the suspended sediment data (Section 4.2) is within the range found by the multi-beam echo-soundings. The high erosion in the Aletschgletscher catchment could be the result of elevated sediment availability to transport by meltwater compared to the Gornergletscher catchment (Section 5.2.1, Figure 9). However, sediment availability could change over several years, leading to a reduction in catchment erosion rate.

The specific erosion rates determined in this study for the Gornergletscher and Aletschgletscher catchments are low compared to previous measurements for the same catchments. On the one hand, this could be due to our poor observational constraints on bedload sediment transport from these catchments in this study. On the other hand, sediment exhaustion and response to climatic change (Section 5.2.2) could result in lower erosion rates at present compared to earlier decades (e.g., Sziło and Bialik, 2018). Increased sediment discharges and erosion rates are, in fact, thought to have taken place in the 1980's and 1990's at both sites (see the previous paragraph and Section 5.2.2). In other regions of the Swiss Alps, erosion rates of about 1 mm a−1 (Anselmetti et al., 2007; Wittmann et al., 2007; Stutenbecker et al., 2017; Delaney et al., 2018) have been measured, although data collected by Wittmann et al. (2007) and Stutenbecker et al. (2017) shows substantial regional variability. Our results show that temporal variations in erosion can be significant (e.g., Kirchner et al., 2001), with catchment erosion rates for individual glaciers varying up to 40% between two seasons and by more that 50% over decadal time scales.

6. CONCLUSIONS

We presented high resolution sediment discharge measurements from the Gornerglestcher and Aletschgletscher catchments in the Swiss Alps over the 2016–2017 seasons, and compared these measurements with hydrological parameters and external datasets to make assessments of the availability of subglacial sediment, drivers of subglacial sediment discharge and possible decadal changes in sediment discharge. The amounts of sediment expelled from the catchments vary greatly between the two glaciers. This mainly results from the difference in catchment area. Specific erosion rates are 0.3–0.5 mm a−1 in the Aletschgletscher catchment and 0.2–0.3 mm a−1 in the Gornergletscher catchment, and vary by nearly 50% across different years in both locations. These erosion rates are smaller than those estimated across the European Alps (Hallet et al., 1996; Anselmetti et al., 2007; Wittmann et al., 2007; Hinderer et al., 2013; Stutenbecker et al., 2017; Delaney et al., 2018). This is possibly due to regional and temporal variability across the measurements or, possibly because our estimates are based primarily on measurements of suspended sediment, instead of bedload transport. The high erosion rates observed presently in the Aletschgletscher catchment could, additionally, be due to increased subglacial sediment availability (Section 5.2.1, Figure 9).

Our data suggest that sediment is available for transport in the subglacial environment through a variety of hydrological conditions. This is in contrast to fluvial systems, where a greater proportion of sediment is transported in high flows (Figure 10, e.g., Wolman and Miller, 1960). Several indicators suggest that the availability of subglacial sediment evolves during the season, with more sediment available for transport at the beginning of the season compared to the end, particularly in the Gornergletscher catchment. The relationship between cumulative water and sediment discharge exhibits a concave–down shape across both glaciers (Figure 9), showing that water at the beginning of the season is more efficient at transporting sediment. This could be due to the formation of a channelized drainage system as the melt season progresses (Iken and Bindschadler, 1986), which localizes water to specific patches of the glacier bed, where channels persist later in the season.

Water discharge and sediment discharge data presented here show that there is no straightforward empirical way to relate water discharge and sediment dynamics between the two studied glaciers. Seasonal evolution of sediment availability and sensitivity of water discharge to sediment concentration should be considered. The variability in the seasonal evolution of sediment availability between the Gornergletscher catchment and the Aletschgletscher catchment suggests that processes at the glacier bed—including drainage system efficiency and access of meltwater to sediment—control sediment discharge. This implies that inferring sediment discharge from hydrology alone is difficult and prone to large uncertainty, and that making estimates of future sediment discharge in this empirical framework could be problematic. These observations, along with earlier work examining subglacial sediment availability (Willis et al., 1996; Riihimaki et al., 2005; Swift et al., 2005), indicate that subglacial sediment availability may vary greatly from glacier to glacier and even between seasons.

If the relationship between water discharge and sediment is inconsistent, the ability of empirical models to forecast sediment transport is limited. Additionally, parameterizing subglacial sediment discharge in this manner across multiple glaciers is similarly restricted. The capacity of water to transport sediment is dictated by the velocity of water flowing along the glacier bed (e.g., Meyer-Peter and Müller, 1948; Engelund and Hansen, 1967). In glacial environments, water velocity is a function of the glacier surface slope and gradient of the hydraulic potential, as the water is assumed to be pressurized by the deformation of the overlying glacier ice (e.g., Walder and Fowler, 1994). Over longer periods, subglacial sediment must also be created by means of quarrying and abrasion by debris-laden ice (Alley et al., 1997). These processes are usually assumed to be related to the glacier's sliding velocity and size (Hallet, 1979; Alley et al., 1997; Herman et al., 2015), which will also change as a glacier retreats.

Linking hydrological quantities and sediment discharge using physical principles by implementing modeling frameworks, such as those presented by Walder and Fowler (1994), Creyts et al. (2013), and Carter et al. (2017) hold promise. This approach would quantify the interplay between subglacial hydrology and subglacial sediment dynamics, and enable more robust projections of the evolution of future sediment discharge from glacierized basins.
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