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Water accumulation dynamics of Tête Rousse glacier revealed by 3D-SNMR measurements

Between 2009 and 2018, we applied the three-dimensional Surface Nuclear Magnetic Resonance method (3D-SNMR) to the monitoring of water accumulation in the Tête Rousse glacier in French Alps. 3D-SNMR data allow for non-invasive observations of water and ice dynamics following three drainages of the accumulated water (2010, 2011 and 2012). We detected two principal reservoir in respectively the downhill and uphill zones of the glacier. After each drainage, meltwater refilled the downhill reservoir but its volume reduced. In 2018, the downhill reservoir contained about 10% of the volume relative that measured in 2010. In 2018, the water volume in the uphill reservoir was about 26,000 m 3 . It makes about the half of the volume considered dangerous in 2009 when first detected in the downhill reservoir (50,000 m 3 ). The total volume assessed for the entire glacier in 2018 was about 31,500 m 3 against 24,800 m 3 measured in 2014. The increase in the volumes of the uphill zone accompanies a change in the geometry of the downhill cavern.

Water accumulation dynamics of Tête Rousse glacier revealed by 3D-SNMR measurements

Introduction

In glaciers, a water accumulation is a potential hazard such as an outburst flood. These processes are accelerated with the global warming accelerating melt of snow and ice. Monitoring of water accumulation allow for early warning, which provides a time for minimizing consequences of the flood [START_REF] Haeberli | Assessing risks from glacier hazards in high mountain regions: some experiences in the Swiss Alps[END_REF][START_REF] Jansson | The concept of glacier storage: A review[END_REF].

In Tête Rousse glacier (French Alps), an outburst flood occurred in June 1892. Powerful water and mud flow resulted in the death of over 200 people and caused material damages in the downstream villages [START_REF] Vallot | Sur les causes de la catastrophe survenue à Saint-Gervais (Haute Savoie)[END_REF]. Since 2007, the Tête Rousse glacier was under observation and in 2009, glaciologists discovered about 48000 m 3 of meltwater accumulated in the ice body [START_REF] Vincent | Origin of the outburst flood from Tête Rousse glacier in 1892 (Mont-Blanc area, France)[END_REF][START_REF] Vincent | Detection of a subglacial lake in Glacier de Tete Rousse (Mont Blanc area, France)[END_REF].

In 2009, the three-dimensional Surface Nuclear Magnetic Resonance method (3D-SNMR) applied to the monitoring of water accumulation appeared to be an efficient tool for estimating the volume of water in the glacier thus contributing to estimation of the hazard. Images of the water content provided by 3D-SNMR measurements allow for non-invasive observations of water and ice dynamics. We report our observations carried out between 2009 and 2018.

Method

SNMR is a non-invasive geophysical method for groundwater investigations [START_REF] Legchenko | Magnetic resonance imaging for groundwater[END_REF]. For one sounding, the field setup comprises a transmitting/receiving loop (Tx/Rx) with the side-length of 80 m in our case. A pulse of an alternating magnetic field energizes the loop (Tx), and, after the current comes to the end, groundwater molecules induce the resulting magnetic field in the same loop (Rx). The depth of investigation is about 80-100 meters. 3D-SNMR requires a set of SNMR soundings processed together. For a 3D-survey, loops should be set side by side or overlapping. In this case, the same point in the subsurface induce the signal in a few loops. A set of 1D soundings provide data for the 3-D inversion. [START_REF] Legchenko | Three-dimensional magnetic resonance imaging for groundwater[END_REF])
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For solving Eq. ( 1) we approximate it by a matrix equation and apply the Tikhonov regularization [START_REF] Tikhonov | Solution of ill-posed problems[END_REF].

Results

Figure (1) shows the map of the Tête Rousse glacier and position of measuring loops. Between 2009 and 2011, we used nine loops studying only the downhill zone. Then, more loops were applied and since 2013, the field setup covered also the uphill zone.

For field measurements, we use NUMIS plus instrument from IRIS Instruments (France). For data processing and 3-D inversion, we use the SAMOVAR software of the Institut de Recherche pour le Développement (IRD, France). The implementation of the loops was carried out using a Trimble Geo7X GPS receiver, equipped with an external Tornado antenna and with the functionalities of the TerraSync software. We checked the loop positions with the same Trimble Geo7X GPS in differential mode, real time with reference to the TERIA network. The precision of the reading was estimated on a daily basis and shows an uncertainty of less than 0.05 m in X and Y. This uncertainty is largely acceptable for SNMR monitoring. water volume estimated with 3D-SNMR and the volume pumped out show a good correspondence in-between (Fig. 2a). After 2012, the volume reduces because of natural processes only. There are significant changes : The upperhill water volume growths and in 2018 the water content maximum is getting deeper than that in 2014.

Conclusions

Monitoring of a glacier response to three consecutives drainage works (2010 -2012) provides a rare data set that allows better understanding englacial dynamics. The downhill cavern drained in 2010, 2011 and 2012 was rapidly refilled after each pumping, but after three cycles drainage-refilling it lost more than 80% of the initial volume. 3D-SNMR shows that after 2013 the water volume continues reducing under natural conditions. In 2018, the volume of this cavern was about 10% relative to that measured in 2010.

In 2018, the water volume in the uphill reservoir was about 26000 m 3 . It makes about the half of the volume considered dangerous in 2009 when first detected in the downhill reservoir. The uphill reservoir is located between 20 and 70 m deep and probably touches the bedrock.

The total volume assessed for the entire glacier in 2018 was about 31,500 m 3 against 24,800 m 3 measured in 2014. The increase in the volumes of the uphill zone accompanies a change in the geometry of the downhill cavern. Water was not detected in the outlet zone.
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 1 Figure 1 -The map of the Tête Rousse glacier and position of SNMR loops.
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 2 Figure 2 -a) the volume in the downhill cavern measured with the 3D-SNMR (crosses). Circles show pumping results. No pumping was applied after 2012. B): the volume measured between 2013 and 2018.

Figure

  Figure (2b) shows the water volume evolution after the drainages. The total volume of water increased by 6,785 m 3 . In 2018, the uphill reservoir shows 25,915 m 3 relative to 13,300 m 3 measured in 2014. But between 2014 and 2018, the downhill reservoir lost 6,470 m3 of the volume.

Figure ( 3

 3 Figure (3) shows the water accumulation observed with 3D-SNMR.
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 3 Figure 3 -3-D image of the water reservoir (orange volume) shown by 3D-SNMR in 2018.
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 4 Figure 4 -Water content measured with3D-SNMR in 2014 (left) and 2018 (right). The horizontal slices are at the depth of 55 m.
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 4 Figure (4) shows an example of the content observed in 2014 and 2018 at the depth of 55 m.There are significant changes : The upperhill water volume growths and in 2018 the water content maximum is getting deeper than that in 2014.
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