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Mount Meager is a glacier-clad volcanic complex in British Columbia, Canada. It is known for its landslides, of which the 2010 is the largest Canadian historical landslide. In this thesis we investigated slope instability processes at Mount Meager volcano and the effects of ongoing deglaciation. We used a variety of methods including field and remote, geological, geomorphological and structural mapping to characterize glacial and landslide activity at Mount Meager. We used Structure from Motion photogrammetry (SfM) and Lidar to produce digital surface models and InSAR to monitor slope deformation. We applied SfM to historic photography to document glacier and landslide activity at Mount Meager. We discussed a model of growth and erosion of a volcano in glacial and interglacial periods, and the scientific and dissemination value of historic 3D topographic reconstruction. We described the 2010 Mount Meager landslide deposit to interpret emplacement dynamics and kinematics. The 2010 landslide separated in waterrich and water-poor phases that had different runout and distinct deposits. We analyzed historic airphotos to constrain the slope deformation prior to the 2010 collapse. The glacier near the toe of the slope retreated in the failure lead up, the collapse evolved in four subfailures involving the whole volcanic sequence and some basement rocks. We estimated 6 × 10 6 m 3 of water in the slope, that allowed the separation of the frontal water-rich phase. The total failure volume was 53 ± 3.8 × 10 6 m 3 . We identified 27 large (>5×10 5 m 2 ) unstable slopes at Mount Meager and calculated ~1.3 km 3 of ice loss since 1987. The west flank of Plinth peak and Devastation Creek valley moved up to -34±10 mm and -36±10 mm, respectively, over a 24-day period during the summer of 2016. The failure of these slopes could impact infrastructures and communities downstream of the volcano. The resulting decompression on the volcanic edifice after the failure of Plinth peak would affect the stress field to a depth of 6 km and up to 4 MPa. This sudden decompression could lead to hydrothermal or magmatic eruptions.

Résumé

Mount Meager est un complexe volcanique glaciaire en British Columbia (Canada). Il est connu pour ses glissements de terrain, dont celui de 2010 étant le plus grand glissement de terrain historique au Canada. Dans cette thèse, nous avons étudié les processus Cette effondrement a évolué en quatre sous-effondrements, impliquant toute la séquence volcanique et le socle. Nous avons estimé 6 × 10 6 m 3 d'eau dans la pente, ce qui a permis la séparation de la phase frontale riche en eau. Le volume total d'effondrement est 53 ± 3.8 × 10 6 m 3 . Nous avons identifié 27 grands (>5×10 5 m 2 ) flancs instables au Mount Meager et calculé a ~1.3 km 3 de récession des glaciers depuis 1987.

Le flanc ouest de Plinth Peak et de la vallée de Devastation Creek se sont déplacés de -34±10 mm -36±10 mm, respectivement, dans un période de 24 jours pendant l'été 2016.

L'effondrement de ces flancs pourrait avoir un impact important sur les infrastructures et les communautés en aval du volcan. La décompression résultant de l'édifice volcanique après l'effondrement du flanc ouest de Plinth Peak affecterait le champ de contrainte à une profondeur de 6 km et jusqu'à 4 MPa. Cette décompression soudaine pourrait v mener des éruptions hydrothermales et magmatiques. Un important glissement de terrain pourrait donc avoir joué un rôle dans le déclenchement de l'éruption de 2360 cal BP.
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L'importance de la photographie aérienne historique et un demisiècle de changements géomorphologiques du Mount Meager

Le dépôt de glissement de terrain de Mount Meager 2010

Le 6 août 2010, le flanc sud du Mount Meager s'est effondré, provoquant le plus grand glissement de terrain de l'histoire canadienne. Dans le Chapitre 3, nous décrivons les dépôts de glissement de terrain, la dynamique de mise en place et de l'évolution rhéologique. Lorsque le flanc sud du Mount Meager s'est effondré, la masse fracturée et liquéfiée, se séparent en un flux frontal, plus rapide, riche en eau et un noyau plus lent et pauvre en eau. Les deux phases ont suivi des trajectoires différentes laissant des dépôts différents. La phase riche en eau a laissé un dépôt dispersé distal et a provoqué les fortes remontées observées sur les flancs des vallées.La phase pauvre en eau est restée confinée dans la vallée, laissant un dépôt épais avec des monticules. Le zonage lithologique brut dans le gisement respecte la structure originale du flanc de la source, avec le matériau avec l'altération hydrothermale de la base de la pente trouvée dans le dépôt distal. La teneur en argile dans le gisement indique qu'au moins 12% de la pente a été altérée par voie hydrothermale. Les différentes rhéologies et trajectoires ont des impacts différents sur les côtés des vallées (voir ici le modèle de la phase riche en eau de glissement de terrain de 2010), cela montre l'importance de considérer de multiples rhéologies et la transformation des flux lors de la modélisation des avalanches de débris et de la production de cartes de danger.
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La pente avant le glissement de terrain du Mount Meager en 2010

Pour comprendre la dynamique de la mise en place de glissement de terrain 2010, nous avons déplacé notre attention sur l'état de la pente avant la rupture (Chapitre 4). En utilisant les photographies aérienne historiques nous avons documenté la L'augmentation de la pression de l'eau interstitielle provenant des champs de neige et de l'eau de fonte glaciaire a causé la rupture au pied de la pente. Lors de l'effondrement, nous avons estimé que 6 × 10 6 m 3 de l'eau résidait au pied de la pente, ce qui a permis la séparation de la phase frontale riche en eau. Le volume total d'effondrement est 53 ± 3.8 × 10 6 m 3 . L'effondrement a évolué en quatre sous-parties de 24.6 × 10 6 m 3 , 13.8 × 10 6 m 3 , 9.0 × 10 6 m 3 , et 5.6 × 10 6 m 3 , impliquant des roches de socle et toute la séquence volcanique. Cycles glaciaires, altération hydrothermale et déformation gravitationnelle lente conditionnant la pente à la rupture. La déformation lente des pentes aurait pu être surveillée auparavant et la défaillance prévue des décennies à l'avance. Beaucoup d'autres pentes sont dans le même état que la pente de glissement d'avant 2010, et nous avons identifié plusieurs zones instables, des systèmes de surveillance et d'alerte rapide doivent donc être mis en place, de toute urgence, a fin de réduire les risques consécutifs, y compris les pertes de vie causées par les glissements de terrain du Mount Meager. 

Les pentes du Mount Meager, danger et risque

Glissements de terrain et éruptions

En cas de défaillance catastrophique du flanc ouest du Plinth Peak, une grande (10 8 -10 9 m 3 ) avalanche de débris serait générée, impactant les infrastructures et les communautés dans la vallée de Lillooet. Outre l'impact direct du glissement de terrain, la modélisation par éléments finis 2D montre que la décompression résultante sur l'édifice volcanique après l'enlèvement de la masse affecterait le champ de contrainte jusqu'à une profondeur de 6 km et pouvant atteindre des décompressions de 4 MPa. Un tel changement brusque de stress effectif pourrait à la fois déclencher une explosion hydrothermale et affecter le réseau magmatique et à travers une série de processus (propagation de fractures, exsolution de gaz, migration de magma) déclencher une éruption (Chapitre 6). Ces nouvelles connaissances sur la décompression suite à un glissement de terrain au Mount Meager permettent de réévaluer le déclencheur d'éruption 2360 cal yr BP. Un effondrement important provenant de Job Valley avant l'éruption pourrait avoir joué un rôle dans le déclenchement de l'éruption. Bien que les preuves stratigraphiques et la datation au radiocarbone montrent un décalage entre le glissement de terrain et l'éruption, nous interprétons le décalage commet étant lié au temps nécessaire pour que le système magmatique réagisse à la décompression. Le changement de stress consécutif au glissement de terrain a permis aux fractures de se x propager NE de la cicatrice de glissement de terrain et de perturber le système magmatique permettant le mélange de magma et finalement déclenchant l'éruption.

(Chapitre 6). D'autres études sont nécessaires pour mieux contraindre le réseau magmatique de Mount Meager, de sorte que de nouveaux modèles numériques puissent être développés et appliqués pour mieux évaluer l'interaction entre la fonte des glaciers, les glissements de terrain et les éruptions au Mount Meager.
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Travail futur

Beaucoup 

Les glaciers couverts de débris du Mount Meager

Les glaciers couverts de débris sur le Mount Meager devraient être étudiés plus en détail. Les effets des avalanches de débris et des chutes des roches sur la dynamique des glaciers ainsi que l'influence du substrat rocheux volcanique altéré par l'hydrothermie peuvent être étudiés à l'aide de modèles numériques et de travaux sur le terrain. Les effets thermiques des fumerolles sur le glacier Job sont inconnus et méritent des études. Les glaciers du Mount Meager et les glaciers d'autres volcans peuvent être comparés à des glaciers recouverts de débris provenant de montagnes non volcaniques.

Glaciovolcanisme à Mount Meager?

La cartographie géologique du Mount Meager a été réalisée dans les années 1970 [START_REF] Read | Geology of Meager Creek Geothermal Area, British Columbia[END_REF] 

Modèles de glissement de terrain pour le zonage des dangers

Des simulations numériques sont nécessaires pour déterminer les zones d'impact, et définir le zonage des risques dans la vallée de la rivière Lillooet. Les travaux de Simpson et al. (2006) dans l'identification des zones d'inondation peuvent-être améliorés, également à la lumière de l'événement de 2010. La distance d'impact du glissement de 2010 a été surestimée par le modèle de Simpson et al. (2006). L'analyse des risques de Friele et al. (2008) devrait être mise à jour compte tenu de l'augmentation de la population et des activités économiques près du Mount Meager et des glissements de terrain identifiés dans cette étude.

Le modèle numérique préliminaire du glissement de terrain de 2010 (voir vidéo ici) a été calculé avec le logiciel Volcflow, développé par [START_REF] Kelfoun | Numerical Modeling of the Emplacement of Socompa Rock Avalanche, Chile[END_REF]. Des simulations séparées avec différents paramètres de frottement et de cohésion ont été effectuées pour reproduire des phases de rhéologie différentes. Le recalibrage du modèle suer l'événement de 2010 permettrait des scénarios d'impact plus précis pour les pentes instables identifiées.

xiii Déglaciation, glissements de terrain et éruptions 1973 and 1981-2006 between 1951 and 1990, retreated between 1990-2006, and Garibaldi, and numerous smaller monogenetic volcanoes [START_REF] Wilson | Quaternary glaciovolcanism in the Canadian Cascade volcanic arc-Paleoenvironmental implications[END_REF]. The Garibaldi Volcanic Belt differs from the Cascades in several ways. The Garibaldi Volcanic Belt magmatism is younger (5-15 Ma) than the Cascades (35 Ma), and is related to a hotter subducting plate that resulted in lower eruption rates and narrower arc width [START_REF] Harry | Slab dehydration and basalt petrogenesis in subduction systems involving very young oceanic lithosphere[END_REF][START_REF] Mullen | Sr-Nd-Hf-Pb Isotope and Trace Element Evidence for the Origin of Alkalic Basalts in the Garibaldi Belt, Northern Cascade Arc[END_REF][START_REF] Mullen | Temporal and Spatial Evolution of Northern Cascade Arc Magmatism Revealed by LA-ICP-MS U-Pb Zircon Dating[END_REF]. With lower eruptive rates, the Garibaldi Volcanic Belt volcanic edifices are relatively small and sit on igneous and metamorphic basement ridge crests [START_REF] Wilson | Quaternary glaciovolcanism in the Canadian Cascade volcanic arc-Paleoenvironmental implications[END_REF] 

Mount Meager landslides and the last eruption

The local relief of Mount Meager is 2200 m, with the peaks about 2700 m asl and the valley bases around 500 m asl. The lower part of the mountain is made of metamorphic and igneous basement and only the upper 600 m are volcanic rocks. The volcanic sequence is comprised of pyroclastic rocks, basaltic-andesitic lava flows and rhyodacite domes [START_REF] Read | Geology of Meager Creek Geothermal Area, British Columbia[END_REF][START_REF] Read | Mount Meager complex, Garibaldi Volcanic Belt, southwestern British Columbia[END_REF]. There is widespread hydrothermal alteration and active hot springs and fumaroles.

Mount Meager last erupted 2360 cal yr BP [START_REF] Clague | Improved age estimates for the White River and Bridge River tephras, western Canada[END_REF][START_REF] Hickson | Volcanology of the 2360 BP eruption of Mount Meager Volcanic Complex, British Columbia, Canada: Implications for hazards from eruptions in topographically complex terrain[END_REF], and is the epicentre of shallow earthquakes [START_REF] Friele | Hazard and risk from large landslides from Mount Meager volcano, British Columbia, Canada. Georisk: Assessment and Management of Risk for Engineered Systems and Geohazards[END_REF]. A minimum of two hydrothermal events affected the area; an ancient hydrothermal event caused propylitic alteration of the basement rocks and the present system deposited sphalerite, pyrite, clays, carbonates and chlorite in basement and volcanic rocks (NSBG 1985). The recent hydrothermal system manifests as hotsprings and fumaroles [START_REF] Venugopal | Gas emissions and magma source of the Mount Meager Volcanic Complex, Garibaldi Volcanic Belt, BC[END_REF].

The area has been repeatedly glaciated during the Pleistocene and today Mount Meager hosts alpine glaciers and snow fields. The high relief, hydrothermal alteration, and glacial modification conditions the slopes for failures, leaving the volcanic edifice and the underlying basement rocks in a state of instability.

Mount Meager has been the site of numerous large landslides in the Holocene, along with almost annual smaller events (Figure 1.2). Many studies have focused on mass movements from Mount Meager, documenting catastrophic landslides, slow slope deformation, debris flow and landslide activity following the Little Ice Age glacial retreat [START_REF] Carter | Exploration in the Lillooet River watershed[END_REF][START_REF] Mokievsky-Zubok | Glacier caused slide near Pylon Peak, British Columbia[END_REF][START_REF] Jordan | Debris Flows in the Southern Coast Mountains, British Columbia: Dynamic Behavior and Physical Properties[END_REF][START_REF] Jakob | Morphometric and geotechnical controls on debris flow frequency and magnitude, southern Coast Mountains[END_REF][START_REF] Bovis | Extensive deformations of rock slopes in southern Coast Mountains, southwest British Columbia, Canada[END_REF][START_REF] Evans | A rock avalanche from the peak of Mount Meager, British Columbia[END_REF]Bovis and Jackob1998;[START_REF] Bovis | Rock-slope deformation at Affliction Creek, southern Coast Mountains, British Columbia[END_REF][START_REF] Holm | The landslide response of alpine basins to post-Little Ice Age glacial thinning and retreat in southwestern British Columbia[END_REF][START_REF] Friele | Large Holocene landslides from Pylon Peak, southwestern British Columbia[END_REF]Guthrie et al. 2012a, b, Hetherington 2014). The Lillooet River is the main drainage system of the Mount Meager volcanic complex. Studies have focused on the sedimentary record in the Lillooet valley by correlating debris flows and hyperconcentrated flow deposits with the major landslide events from Mount Meager [START_REF] Simpson | Evidence for catastrophic volcanic debris flows in Pemberton Valley, British Columbia[END_REF][START_REF] Friele | Hazard and risk from large landslides from Mount Meager volcano, British Columbia, Canada. Georisk: Assessment and Management of Risk for Engineered Systems and Geohazards[END_REF]) and determining flood plain aggradation and delta-front progradation following these sediment pulses [START_REF] Jordan | Holocene sediment production in Lillooet River basin, British Columbia: a sediment budget approach[END_REF][START_REF] Friele | Impact of a Quaternary volcano on Holocene sedimentation in Lillooet River valley[END_REF]. The high frequency and magnitude of mass movements at Mount Meager lead [START_REF] Read | Geology of Meager Creek Geothermal Area, British Columbia[END_REF][START_REF] Read | Mount Meager complex, Garibaldi Volcanic Belt, southwestern British Columbia[END_REF] to call it the most landslide prone area in Canada. The major hazard from Mount Meager has been argued to be from landslides rather than direct volcanic activity (eruptions, pyroclastic flow, ash fall or lava flow) [START_REF] Stewart | Dacite block and ash avalanche hazards in mountainous terrain: 2360 yr BP eruption of Mount Meager[END_REF][START_REF] Friele | Hazard and risk from large landslides from Mount Meager volcano, British Columbia, Canada. Georisk: Assessment and Management of Risk for Engineered Systems and Geohazards[END_REF]). In the case of the 2360 cal yr BP eruption, [START_REF] Hickson | Volcanology of the 2360 BP eruption of Mount Meager Volcanic Complex, British Columbia, Canada: Implications for hazards from eruptions in topographically complex terrain[END_REF] and [START_REF] Andrews | The History and Dynamics of a Welded Pyroclastic Dam and Its Failure[END_REF] show that secondary eruptive effects, such as river damming and subsequent catastrophic outburst flood, had more widespread impact than the volcanic eruption itself. The 2360 cal yr BP eruption with a Volcanic Explosivity Index (VEI 4), lasted weeks to months and consisted of an initial sub-Plinian explosive phase that transitioned into a Vulcanian phase (Satsiuk et al. 1996;[START_REF] Hickson | Volcanology of the 2360 BP eruption of Mount Meager Volcanic Complex, British Columbia, Canada: Implications for hazards from eruptions in topographically complex terrain[END_REF][START_REF] Andrews | The History and Dynamics of a Welded Pyroclastic Dam and Its Failure[END_REF].

Welded pyroclastic material blocked the river and formed a lake with a volume of 0.25-1.0 10 9 m 3 that catastrophically drained (Satsiuk et al. 1996;[START_REF] Hickson | Volcanology of the 2360 BP eruption of Mount Meager Volcanic Complex, British Columbia, Canada: Implications for hazards from eruptions in topographically complex terrain[END_REF][START_REF] Andrews | The History and Dynamics of a Welded Pyroclastic Dam and Its Failure[END_REF]. Deposits from hyperconcentrated flows have been found in drill cores 42-47 km downstream from the volcano and have been interpreted to be the outburst flood deposits [START_REF] Friele | Hazard and risk from large landslides from Mount Meager volcano, British Columbia, Canada. Georisk: Assessment and Management of Risk for Engineered Systems and Geohazards[END_REF]. The eruptive products are underlain and overlain by landslide deposits not directly related to the eruption [START_REF] Hickson | Volcanology of the 2360 BP eruption of Mount Meager Volcanic Complex, British Columbia, Canada: Implications for hazards from eruptions in topographically complex terrain[END_REF].

Glacier, landslides and volcanoes

An increase in landslide activity can be linked to deglaciation and permafrost degradation [START_REF] Deline | Ice Loss and Slope Stability in High-Mountain Regions[END_REF]. Glacial erosion removes the support on slopes and glacier cycles repeatedly change the state of stress of slopes, conditioning them for catastrophic collapses [START_REF] Grämiger | Beyond debuttressing: Mechanics of paraglacial rock slope damage during repeat glacial cycles[END_REF]. Permafrost thaw, which affects the water circulation and the mechanical behaviour of rock and debris, leads to a decrease in slope stability and an increase in the rock fall frequency and magnitude (Gruber and Haberli 2007;[START_REF] Krautblatter | Why permafrost rocks become unstable: a rock ice-mechanical model in time and space[END_REF]Dreabling et al. 2017). Numerous studies have documented slope instabilities from deglaciation in high mountains regions [START_REF] Evans | Recent climatic change and catastrophic geomorphic processes in mountain environments[END_REF][START_REF] Huggel | Recent extreme avalanches: Triggered by climate change? EOS, transactions[END_REF][START_REF] Mccoll | Large Ice-Contact Slope Movements: Glacial Buttressing, Deformation and Erosion[END_REF][START_REF] Deline | Ice Loss and Slope Stability in High-Mountain Regions[END_REF], others have documented landslides from glaciated volcanoes [START_REF] Vallance | The Osceola mudflow from Mount Rainier: Sedimentology and hazard implications of a huge clay-rich debris flow[END_REF][START_REF] Holm | The landslide response of alpine basins to post-Little Ice Age glacial thinning and retreat in southwestern British Columbia[END_REF]Huggel et al. 2007a, b;[START_REF] Ball | Combining Multiphase Groundwater Flow and Slope Stability Models to Assess Stratovolcano Flank Collapse in the Cascade Range[END_REF]), but few have studied the effect of ice loss and thermal regime perturbations on the stability of volcanic edifices [START_REF] Huggel | Recent extreme slope failures in glacial environments: Effects of thermal perturbation[END_REF].

Volcanoes add a degree of complexity to the understanding of the effects of ice loss and permafrost degradation on landslide activity. Volcanoes are dynamic environments where deep magmatic and tectonic processes as well as surficial geomorphic process are linked and have rapid effects on the edifice stability. The timescale of volcano edifice construction can be as short as few days [START_REF] Pioli | Explosive Dynamics of Violent Strombolian Eruptions: The Eruption of Parícutin Volcano 1943-1952 (Mexico)[END_REF]; the rapid volcanic and volcanoclastic deposit emplacement contributes to edifice instability.

When a volcano grows in a glacial environment the instability is compounded. Lava and ice interaction causes rapid cooling and quenching of volcanic rocks. Water availability from glaciers can increase the fragmentation of erupted material and can enhance hydrothermal circulation and rock alteration [START_REF] Edwards | Glaciovolcanism[END_REF]Barr et al. 2018b).

These phenomena lead to the construction of an even weaker volcanic edifice making glaciated volcanoes especially prone to failure [START_REF] Vallance | The Osceola mudflow from Mount Rainier: Sedimentology and hazard implications of a huge clay-rich debris flow[END_REF]Huggel et al. 2007a).

Slope failures in both volcanic and non-volcanic glaciated environments generate complex, long runout landslides [START_REF] Evans | Recent climatic change and catastrophic geomorphic processes in mountain environments[END_REF][START_REF] Deline | Ice Loss and Slope Stability in High-Mountain Regions[END_REF]. Unstable rock and debris slopes catastrophically fail, and commonly transform from rock slides, or rotational landslides into rock or debris avalanches and debris flows [START_REF] Scott | Catastrophic debris flows transformed from landslides in volcanic terrains: Mobility, hazard assessment, and mitigation strategy[END_REF]Geertsema et al. 2006). Kinematic transformations and long landslide runout are related to the availability of water contributing to the decrease of internal and bed friction angles.

In the case of volcanic landslides, the flow transformation and runout is enhanced by the high percentage of fines [START_REF] Vallance | The Osceola mudflow from Mount Rainier: Sedimentology and hazard implications of a huge clay-rich debris flow[END_REF][START_REF] Scott | Catastrophic debris flows transformed from landslides in volcanic terrains: Mobility, hazard assessment, and mitigation strategy[END_REF][START_REF] Friele | Large Holocene landslides from Pylon Peak, southwestern British Columbia[END_REF]). The fine particles come from the primary fine grained volcanoclastic material and the subsequent hydrothermal alteration. The combination of water availability and poor geomechanic rock quality make landslides from glaciated volcanoes among the most far-reaching and deadly sub-aerial mass movements [START_REF] Major | Snow and Ice Perturbation during Historical Volcanic Eruptions and the Formation of Lahars and Floods-A Global Review[END_REF]; van Wyk de Vries and Delcamp 2015).

Hazard and risk at Mount Meager volcano

Volcanoes are sources of multiple hazards, directly from eruptions (lava flow, pyroclasic flows, ash fall, etc.) or indirectly, with mass movements from the volcanic edifices (debris avalanches, lahar, etc.). One of the most deadly volcanic event in the 20 th century was a lahar from Nevado del Ruitz volcano in Colombia. The volcanic debris flow, generated form ice and snow melt following an eruption onto a glacier, killed more than 22,000 people [START_REF] Herd | Comite de Estudios Vulcanologicos[END_REF] Along with hazard and risk analysis, effective communication to the local stakeholders is of vital importance. Nevado del Ruiz is a sad example of poor communication between the scientific community and the general public. The hazard was known and so was the risk, but the scientific community was not able to effectively communicate the risk to the local authorities, such that no evacuation occurred [START_REF] Voight | The 1985 Nevado Del Ruiz Volcano Catastrophe: Anatomy and Retrospection[END_REF]. At Mount Meager both economic activity and resident population are increasing in the proximity of the volcano; the combined lack of a consistent monitoring program and effective risk communication to the local communities could be disastrous.

Methods

We used field, state-of-art, and innovative remote sensing methods to document slope stability, landslide emplacement dynamics and glacial retreat at Mount Meager volcano. We collected available topography data including digital elevation models (DEM) and satellite imagery, historic aerial photography, oblique helicopter photography, and airborne Lidar. We produced orthophotos and DEMs applying Structure from Motion (SfM) photogrammetry to historic airphotos. We calculated DEMs of Difference (DoD) to evaluate landslide volumes and glacier mass changes. We mapped geomorphic features and rock and sediment types both remotely and in the field. We collected rock and debris samples to characterize the 2010 landslide deposit and emplacement dynamics.

We applied satellite InSAR for slope displacement monitoring. Specific methods are presented in each chapter. We discuss here the SfM background as it is a novel technique, and we will briefly give an overview of Lidar and InSAR technologies. 

Photogrammetry and Structure from Motion

Photogrammetry

Photogrammetry is an early discipline that evolved together with technological advancements in photography, aviation, and computers [START_REF] Schenk | Introduction to Photogrammetry[END_REF].

Photogrammetry has evolved from analogue, to analytical and, in recent years, to digital photogrammetry [START_REF] Gomarasca | Basics of Geomatics[END_REF][START_REF] Linder | Digital Photogrammetry: A Practical Course[END_REF]. Ever since the invention of photography, retrieving quantitative information with photographs has been pursued. At the beginning of the 20 th century, the stereo plotter was invented and during the First World War, aerial photogrammetry was developed and refined. In the same period, the basic practice for aerial photogrammetry was established as well as the mathematical theory of the technique. This was the time of -analogue photogrammetry‖: analogue methods were used to retrieve precise information from the photographs. In the 1960's, the technique evolved to -analytical photogrammetry‖ with the invention of the analytical plotter: the restitution process was partly numerical and partly analogue. The evolution of computers and advent of digital photography brings us to the present -digital photogrammetry‖ era. Analogue cameras have been largely replaced by digital cameras but the workflow still relies on the analogue framework; digital image matching algorithms require manual intervention to satisfy the required precision.

In the aerial photogrammetry survey workflow, nadiral overlapping stereoairphotos are acquired on strips in parallel trajectories from an aircraft flying at constant altitude [START_REF] Gomarasca | Basics of Geomatics[END_REF]. The airphotos are acquired by a survey-grade metric camera and the area of interest is covered with the smallest number of overlapping images (60% lateral, 20%vertical). The definition of ground control points (GCP) is necessary in order to solve the collinearity equation and retrieve the real world coordinate position of surface features [START_REF] Wolf | Elements of Photogrammetry with Applications in GIS (3rd Edition)[END_REF], then image matching and semi-automated aerial triangulation algorithms are used to build the three-dimensional geometry and produce an orthophoto and DEM. Commonly, photogrammetric software packages are costly and rely on relatively old image matching methods. These software packages generally apply feature-based image matching algorithms [START_REF] Haala | Dense image matching final report[END_REF]) that match only selected points at high accuracy but they suffer in areas of poor image texture [START_REF] Haala | Dense Multi-Stereo Matching for High Quality Digital Elevation Models[END_REF]. Today, photogrammetry software packages are moving into more modern image matching algorithms and some of them can resolve the threedimensional geometry of object prior to the introduction of GCP [START_REF] Fonstad | Topographic Structure from Motion: A new development in photogrammetric measurements[END_REF].

Structure from Motion -Multi-view stereo

SfM is commonly seen as an advance in photogrammetry, but there are basic conceptual differences. SfM finds its roots in the field of computer vision where the aim is to get machines to understand scenes through the automatized reconstruction of the three-dimensional geometry of objects (Szeliski 2010); precision and geolocation are not a priority.

SfM origins and modern applications

The origin of SfM dates back to the seventies with the formulation of -the Structure from Motion‖ theorem. SfM is the computer vision algorithm used to generate three-dimensional point clouds (Structure) in generic object coordinates from photographs taken by a moving sensor (Motion) [START_REF] Ullman | The Interpretation of Structure from Motion[END_REF]). In the geosciences, the term SfM refers to a composite workflow SfM-multi-view stereo (MVS) algorithm [START_REF] Carrivick | Structure from Motion in Geosciences[END_REF]. At first instance, the SfM-MVS algorithm generates a sparse point cloud (SfM method) then creates a dense point cloud by increasing the number of points by the MVS method. In this chapter we will refer to the technique simply as SfM, in the general geoscience connotation.

Modern SfM was developed in the 1990's because of the increased availability of digital imagery. It entered the geosciences community in the past decade, after the studies of [START_REF] Cecchi | Videogrammetric reconstruction applied to volcanology perspectives for a new measurement technique in volcanology[END_REF][START_REF] Cecchi | N-view reconstruction: a new method for morphological modelling and deformation measurement in volcanology[END_REF] applied to laboratory models and aerial images taken from a hand held camera, and [START_REF] Snavely | Modeling the world from internet photo collections[END_REF] that reconstructed cities from photos randomly acquired by tourists. Today, SfM has diffused in all fields of Earth sciences, from the hand-sample scale reconstruction to medium-scale topographic modeling [START_REF] James | Straightforward reconstruction of 3D surfaces and topography with a camera: Accuracy and geoscience application[END_REF]. This technique is commonly applied with pictures taken from a hand-held camera or unmanned aircraft vehicles (UAV) [START_REF] Carrivick | Structure from Motion in Geosciences[END_REF]; and few studies have explored the possibility of processing archival airphotos from the past century for diachronic geomorphic studies [START_REF] Gomez | Digital Photogrammetry and GIS-Based Analysis of the Bio-Geomorphological Evolution of Sakurajima Volcano, Diachronic Analysis from 1947 to 2006[END_REF][START_REF] Gomez | A study of Japanese landscapes using Structure from Motion derived DSMs and DEMs based on historical aerial photographs: New opportunities for vegetation monitoring and diachronic geomorphology[END_REF].

The SfM products can be of comparable quality with light detection and ranging (Lidar) digital surface models (DSMs) [START_REF] Westoby | ‗Structure-from-Motion' photogrammetry: A low-cost, effective tool for geoscience applications[END_REF][START_REF] Fonstad | Topographic Structure from Motion: A new development in photogrammetric measurements[END_REF]. SfM commonly provides a reliable and cheaper alternative to Lidar in DSMs generation and in the past few years the number of studies applying SfM has constantly increased [START_REF] Carrivick | Structure from Motion in Geosciences[END_REF]). The SfM drawback was the lack of quality control on the workflow [START_REF] Westoby | ‗Structure-from-Motion' photogrammetry: A low-cost, effective tool for geoscience applications[END_REF][START_REF] Fonstad | Topographic Structure from Motion: A new development in photogrammetric measurements[END_REF][START_REF] Micheletti | Section 2.2. Structure from Motion (SfM) photogrammetry[END_REF] that made scientists consider it as a -black box‖. Researchers are now proving the intrinsic quality of SfM generated models and SfM is becoming a fully accepted technology of which both the limitations and advantages are known (James et al. 2017a, b).

SfM workflow

In the SfM workflow, the hardware can be a consumer-grade digital camera with the reconstruction coming from the redundancy of the images taken(Table 1.1). SfM algorithms have been developed to work with off-nadir, convergent photos [START_REF] Snavely | Modeling the world from internet photo collections[END_REF][START_REF] Furukawa | Accurate, dense and robust multiview stereopsis[END_REF]. SfM allows the three-dimensional reconstruction of objects and surfaces with sets of overlapping images, without the need of precalibrated metric cameras, ground control or any external information [START_REF] Cecchi | Videogrammetric reconstruction applied to volcanology perspectives for a new measurement technique in volcanology[END_REF][START_REF] Cecchi | N-view reconstruction: a new method for morphological modelling and deformation measurement in volcanology[END_REF]. The collinearity equations are solved using to the redundancy of images [START_REF] Szeliski | Computer Vision-Algorithms and Applications[END_REF], without the need for ground control; hence the three-dimensional model is built a priori in generic x, y, z object coordinates. SfM photo matching is based on multiple scale image matching algorithms (e.g. the scale invariant feature transform, SIFT, Lowe 1999 ) and global matching methods, where every pixel is matched [START_REF] Hirschmüller | Stereo Processing by Semi-Global Matching and Mutual Information[END_REF]. These algorithms recognize pixel gradients (e.g. shapes) to identify large numbers of common features between images. The ability to recognize shapes allows the matching of photos at different scales, translations, rotations and partially different brightness levels; it also allows the separation of objects from the background [START_REF] Fonstad | Topographic Structure from Motion: A new development in photogrammetric measurements[END_REF]. The camera parameters are derived from self-calibration during the bundle adjustment. The SfM derived 3D point data depends only on the scale and quality of the pictures. Ground control is still needed to produce georeferenced models and to export orthophotos and DEMs. The use of precise GCPs can also improve the bundle adjustment [START_REF] Carrivick | Structure from Motion in Geosciences[END_REF]). In the case of lack of GCP, it is possible to scale the model by defining the distance between recognizable points. 

DSM -Digital Surface Model

Digital surface model is a representation of the earth surface including object above the ground surface (trees, houses, etc.).

DTM -Digital Terrain Model

Digital terrain model is a representation of the bare ground surface, without features above it (trees, houses, etc.). It is the last return of the Lidar pulse [START_REF] Ferreaz | The Role of Lidar Systems in Fuel Mapping[END_REF]. It is challenging to generate a DTM from a SfM-generated DSM.

DEM -Digital Elevation Model

Digital elevation model is a generic term to indicate topographic data. In the text we refer to SfMgenerated DSM with the generic term digital elevation model DEM.

InSAR

Interferometric Synthetic aperture radar (InSAR) is a radar image processing technique. InSAR can be ground, airborne, or satellite-based; we will discuss only the InSAR satellite background and application. Radar satellites send a signal to the ground and measure the reflection of the signal. The measurement is repeated at every passage of the satellite over the area of interest. From the comparison of the different measurements it is possible to retrieve ground displacement information with millimetric precision. The signal phase difference between the repeated measurements is related to a variety of components (topography, atmosphere, etc.) and ground deformation. After cleaning the signal from the different components it is possible to know the phase difference related to ground motion.

The first InSAR applications occurred in the 1980's [START_REF] Gabriel | Mapping small elevation changes over large areas: differential radar interferometry[END_REF]).

However, it became widely used today with the advancement of SAR processing algorithms in the early 2000's (Persistent Scatter InSAR, Ferretti 2001;[START_REF] Kampes | Radar Interferometry -Persistent Scatterer Technique[END_REF] and the launch of new Sentinel 1 and 2 in 2014 and 2015 acquiring freely available imagery [START_REF] Torres | GMES Sentinel-1 mission[END_REF]. InSAR is now an accepted and growing technology both in academia and industry [START_REF] Ferretti | InSAR data for monitoring land aubsidence: Time to think big[END_REF]. The capability of InSAR to measure land deformation over large areas with sub-millimetre precision makes this technique useful for many geohazard applications. InSAR allows landslide identification, monitoring and failure forecasting (Chapter 5; [START_REF] Intrieri | The Maoxian landslide as seen from space: Detecting precursors of failure with Sentinel-1 data[END_REF][START_REF] Raspini | Continuous, Semi-Automatic Monitoring of Ground Deformation Using Sentinel-1 Satellites[END_REF], as well as the detection of uplift and subsidence preceding and following earthquakes [START_REF] Moro | New Insights into Earthquake Precursors from InSAR[END_REF], and volcano deformation [START_REF] Neri | Deformation and Eruptions at Mt. Etna (Italy): A Lesson from 15 Years of Observations[END_REF]). The first national-wide scale historic and near-real time deformation maps have been produced for Italy [START_REF] Costantini | Nationwide Ground Deformation Monitoring by Persistent Scatterer Interferometry[END_REF][START_REF] Raspini | Continuous, Semi-Automatic Monitoring of Ground Deformation Using Sentinel-1 Satellites[END_REF]) and the United Kingdom (TRE-Altamira, 2017). InSAR plays an important role in hazard identification and risk mitigation strategy because of its large scale, near-real time survey capabilities.

Thesis outline

This thesis aims to fill the knowledge gap concerning the interplay of glacier and landslide processes and hazards at Mount Meager volcano. We investigate this gap using remote and field methods. The findings in this thesis may be applicable at other stratovolcanoes in glaciated terrains. In particular, the research questions are: 



Science outreach

 Three Minute Thesis Competition Finals 2018: "Volcanoes in a changing climate".

 EGU (European Geoscience Union) general assembly 2018 Press conference "Hazards in the wake of climate change".

 On the Rocks: your thesis is 3 minutes. "Mr Meager -the Mount Meager project".

Chapter 2. Structure from Motion and historical airphotos to document decades of glacier and landslide activity at Mount Meager volcano 1

Gioachino Roberti 

Abstract

Topographic modeling is becoming more accessible due to the development of Structure from Motion (SfM) image matching algorithms in digital photogrammetry. However, little work has been done in using SfM with digitized historical airphotos. Large databases of historical airphotos are available in university, public, and government libraries, commonly as paper copies. The photos can be in poor condition (i.e. deformed by humidity, scratched, or annotated). In addition, the negatives, as well as metadata, may be missing. Processing such photos using classic stereo-photogrammetry is difficult and in many instances impossible. However, SfM can be applied to these photosets to access the valuable archive of geomorphic changes over the last century. We digitized over 500 vertical airphotos of the Mount Meager massif (British Columbia, Canada), and the formation of moraines from the landslide debris. We report fumarolic activity at Job Glacier and discuss the role of volcano ice-interaction in the evolution of Mount Meager. This practical demonstration shows the use of SfM on combinations of archive material.

Introduction

Surface information and topographic reconstruction over time are fundamental in many landform and natural hazard studies. The classical approach to produce topographic models, and indeed any large scale topographic map, is aerial stereophotogrammetry. In the past century, airphotos have been extensively acquired leading to the collection of large paper-copy archives. These historic airphotos are a unique resource to document surface changes over the past century [START_REF] Bjørk | An aerial view of 80 years of climate-related glacier fluctuations in southeast Greenland[END_REF][START_REF] Gomez | A study of Japanese landscapes using Structure from Motion derived DSMs and DEMs based on historical aerial photographs: New opportunities for vegetation monitoring and diachronic geomorphology[END_REF] but they commonly lie forgotten in university, government, public, and private libraries. In many instances they are deformed by humidity, scratched, or annotated and original negatives and metadata on the camera and the flight mission may be missing.

Datasets of aerial photographs can record features that have been modified or have completely disappeared, and they cover remote areas and challenging terrains (high mountains, glaciated terrains) where definition of ground control points is impossible or a very difficult task [START_REF] Chandler | Effective application of automated digital photogrammetry for geomorphological research[END_REF][START_REF] Lane | Application of digital photogrammetry to complex topography for geomorphological research[END_REF][START_REF] Gomez | Digital Photogrammetry and GIS-Based Analysis of the Bio-Geomorphological Evolution of Sakurajima Volcano, Diachronic Analysis from 1947 to 2006[END_REF][START_REF] Gomez | A study of Japanese landscapes using Structure from Motion derived DSMs and DEMs based on historical aerial photographs: New opportunities for vegetation monitoring and diachronic geomorphology[END_REF][START_REF] Micheletti | Section 2.2. Structure from Motion (SfM) photogrammetry[END_REF]. Retrieving topographic information from these datasets with classical digital photogrammetry is difficult or even impossible. Structure from Motion (SfM) is an alternative to photogrammetry and is also able to retrieve surface information from these challenging datasets [START_REF] Gomez | A study of Japanese landscapes using Structure from Motion derived DSMs and DEMs based on historical aerial photographs: New opportunities for vegetation monitoring and diachronic geomorphology[END_REF][START_REF] Bakker | Archival Photogrammetric analysis of river-floodplain systems sing Structure from Motion (SfM) methods[END_REF]Roberti et al. 2017 b,c;[START_REF] Mertes | Using Structure-from-Motion to Create Glacier DEMs and Orthoimagery from Historical Terrestrial and Oblique Aerial Imagery[END_REF][START_REF] Mölg | Structure-from-Motion Using Historical Aerial Images to Analyse Changes in Glacier Surface Elevation[END_REF]. We digitized over 500 (Table 2.1) historic vertical airphotos with a flatbed A3 format scanner. The commercial SfM software PhotoScan was used to process the digitized photos to produce orthophotos and DEMs. PhotoScan delivered good quality orthophotos (0.42-1.13 m/pixel) and DEMs

(1-5 m/pixel) suitable for the geomorphic study of Mount Meager. We processed part of the same dataset as Roberti et al. (2017c, Chapter 4) using 1947, 1951,1962, 1964-65, 1973, 1981, 1990, and 2006 photos. The objectives of this paper are:

 To document over half of a century of glacier fluctuations and landslide activity at Devastation, Mosaic, Job, Affliction and Bridge River valleys in the Mount

Meager volcanic complex;

 To describe the different behaviours of the glaciers and landslide events;

 To describe the formation of moraines from landslide debris.

In order to explain the high landslide frequency and the glacier activity at Mount

Meager we discuss a conceptual model of the evolution of a volcanic edifice from glacial to interglacial periods. Finally, we outline the advantages of surface reconstruction from archival air photography both in terms of scientific and outreach applications.

Context of glacier and landslide activity at Mount Meager volcano

Mount Meager is a volcanic complex in British Columbia, Canada. It supports numerous alpine glaciers and is known for the high frequency and magnitude of its landslides. Many studies have focused on present and past landslide activity at Mount Meager [START_REF] Jordan | Debris Flows in the Southern Coast Mountains, British Columbia: Dynamic Behavior and Physical Properties[END_REF][START_REF] Jakob | Morphometric and geotechnical controls on debris flow frequency and magnitude, southern Coast Mountains[END_REF][START_REF] Friele | Large Holocene landslides from Pylon Peak, southwestern British Columbia[END_REF]Guthrie et al. 2012a, b, Hetherington 2014) but only few studies have investigated the role of recent deglaciation on slope stability [START_REF] Holm | The landslide response of alpine basins to post-Little Ice Age glacial thinning and retreat in southwestern British Columbia[END_REF]Roberti et al. 2017c). No studies have focused on the Mount Meager present glacier morphology and activity, nor on the effects of regional glaciation on Mount Meager volcanic activity.

Glacier processes have a major role in shaping the landscape and in conditioning slope stability [START_REF] Deline | Ice Loss and Slope Stability in High-Mountain Regions[END_REF]. Glaciers erode and oversteepen slopes, condition slope hydrology and the state of stress [START_REF] Mccoll | Glacier retreat and rock-slope stability: Debunking debuttressing[END_REF][START_REF] Grämiger | Beyond debuttressing: Mechanics of paraglacial rock slope damage during repeat glacial cycles[END_REF].

Glaciers also affect volcano shape and eruptive activity, producing a variety of glaciovolcanic morphologies and deposits [START_REF] Edwards | Glaciovolcanism[END_REF]. In turn, volcanoes can affect the present glacier shape and activity (Barr et al. 2018b). Many works have focused on glaciovolcanism in terms of the volcanic edifice morphologies and deposit characteristics [START_REF] Smellie | Quaternary Vulcanism: Subglacial Landforms[END_REF]Russel et al. 2014;[START_REF] Wilson | Quaternary glaciovolcanism in the Canadian Cascade volcanic arc-Paleoenvironmental implications[END_REF], the effect of post-glacial crust decompression on volcanic activity [START_REF] Rampino | Can rapid climatic change cause volcanic eruptions?[END_REF][START_REF] Jellinek | Did melting glaciers cause volcanic eruptions in eastern California? Probing the mechanics of dike formation[END_REF][START_REF] Huybers | Feedback between deglaciation, volcanism, and atmospheric CO2[END_REF][START_REF] Watt | The volcanic response to deglaciation: Evidence from glaciated arcs and a reassessment of global eruption records[END_REF], and present volcano-ice related hazards [START_REF] Major | Snow and Ice Perturbation during Historical Volcanic Eruptions and the Formation of Lahars and Floods-A Global Review[END_REF][START_REF] Waythomas | Water, Ice and Mud: Lahars and Lahar Hazards at Ice-and Snow-Clad Volcanoes[END_REF]Barr et al. 2018b). Few studies focus on debris-covered glaciers in a volcanic environment (Barr et al. 2018a). There are no studies which focus on the effect of a volcanic bedrock on glacier dynamics, and only few investigate the long term effects of glacial debuttressing on volcanic edifice stability [START_REF] Capra | Abrupt climatic changes as triggering mechanisms of massive volcanic collapses[END_REF][START_REF] Tormey | Managing the Effects of Accelerated Glacial Melting on Volcanic Collapse and Debris Flows: Planchon-Peteroa Volcano, Southern Andes[END_REF][START_REF] Capra | Climatic fluctuations as a significant contributing factor for volcanic collapses. Evidence from Mexico during the Late Pleistocene[END_REF]) .

Here we document the present glacier morphology and activity at Mount Meager volcano, as well as landslide events. Debris-covered glaciers commonly form in landslide and eruptive scars where hillslope erosion rates are high. We hypothesize how the past regional glaciations may have affected the volcanic edifice morphology and stability, influencing today's glacier and landslide processes.

Methods

In the following section we present the workflow from the digitization of archival paper-copy airphotos, to three-dimensional model generation and geomorphological mapping.

Digitization of historical airphotos and cartographic production

Black and white aerial photographic coverage of Mount Meager exists for 1947, 1948, 1951, 1962, 1964[START_REF] Shepherd | Laser to watch height[END_REF][START_REF] Cruden | A re-examination of the geology of the Frank Slide[END_REF], 1981, 1990, and color in 2006(Chapter 4, Roberti et al. 2017c). For this study we processed 1947, 1962, 1964-65, 1973, 1990 and 2006. We could not process 1948 dataset over the whole massif, as the dataset is incomplete.

The 1947 dataset covers the entire massif but clouds are present, obstructing geomorphic feature observation. The 1962 dataset has poor overlap in the center of the massif and snow covers most of the slopes.

We used an A3 format flatbed scanner for the digitization of the historical airphotos. The photos were scanned with the direction of the strip (flight) parallel to the charges-coupled device (CCD) array following [START_REF] Linder | Digital Photogrammetry: A Practical Course[END_REF] guidelines. The minimum DPI (dot per inch) necessary for the scan have been derived from the scale factor (S) of the photographs (Table 2.2) that it can be calculated as:

S = Z/c
Where Z is the flight height and c is the focal length. These values are usually recorded on the datastrip of the photographs. In our case, it was commonly impossible to read the values of the flight height on the altimeter on the frames and the focal length was unknown for many flights. Hence, to determine the scale factor of the photographs we used the following procedure:

1. Measure the distance between visible points both on the photographs and on georeferenced basemaps (in this case SPOT satellite images).

2. Obtain values of the real distance and the distance measured on the photos, both expressed in metres.

3. Determine the scale factor by dividing of the real values by the image-values to provide the minimum DPI for the scan.

The list of the images along with their characteristics is in Appendix A, Table A1.

PhotoScan processing

We used Agisoft PhotoScan Professional v1.2.6 SfM software (www.agisoft.com -Agisoft LLC, St. Petersburg, Russia) to process digitized historical airphotos. We have chosen PhotoScan because of its widespread use and proven reliability and precision in geosciences [START_REF] Remondino | State of the art in high density image matching[END_REF]James et al. 2017a) and it contains a complete workflow from image matching to three-dimensional dense reconstruction, georeferencing, orthophoto and DEM generation in a single software package. The PhotoScan matching algorithm is not known as it is protected for commercial reasons, however, PhotoScan uses an image matching process similar to SIFT (scale invariant feature transform) method [START_REF] Lowe | Object Recognition from Local Scale-Invariant Features[END_REF]; for the dense reconstruction, it uses pairwise or multi-view stereo approaches [START_REF] Semyonov | Algorithms used in Photoscan[END_REF]. We followed the standard PhotoScan workflow for orthophoto and DEM generation (Figure 2.

1). Every step is named after

PhotoScan processing; for more information, see PhotoScan User Manual (2017). 1. Masking photos. We masked out photo frames and inscriptions to speed up the processing and avoid the presence of artifacts in 3D models, orthophotos and DEMs. Two masking approaches were followed. For the color datasets (2006) we automatically selected the dark pixels of the photo frame and manually excluded annotations. For grayscale datasets (1947, 1951, 1962, 1964-65, 1973, and 1990), we manually masked the photo frames and inscription. The automatic approach was not suitable for the grayscale datasets as large areas in the images have the same dark tones as the frame.

2. Align photo. To generate a point cloud, the software matches features between the photos, defines and filters key points, estimates the camera position and camera parameters (focal length, principal point location, and up to four radial and four tangential distortion coefficients) and reconstructs the scene structure. "High accuracy‖ setting has been used for photo alignment, and image pair preselection was set to -Generic‖ (in a first step image pairs are selected by matching photos using lower accuracy setting and then re-matched at higher accuracy).

The 2006, 1981, 1973, 1962, and 1947 photo datasets were aligned at "high" resolution, 1964 at "medium" resolution and 1990 at "lowest" resolution. The quality of the alignment refers to the size of the photo: at "high" setting the photos are matched at full resolution, while pictures are downscaled of a factor of four at every lower quality setting. We noticed that at "high" setting (full photo resolution)

the software was over representing some zones of the photos generating clouds with a heterogeneous distribution of points. In those cases, decreasing of alignment quality led to point clouds with better distributed matches. After the point cloud generation we cleaned the models, deleting incorrectly projected points with manual and automatic selection methods.

Lower alignment quality generates less detailed models (and coarser final DEMs) but also less artifacts from trees, crevasses and zones of poor texture over ice and snowfields. Downscaling alignment quality means larger matching areas where small shadows and imperfections in the photos are not visible and considered during the matching. Only the larger features will be visible and contribute to the alignment.

For the1964 and 1990 datasets PhotoScan was not able to align all the pictures in one set. We had to align the different photo strips in separate chunks and later merge the models in one single point cloud matching by manually placed markers, and then proceeded with the next steps of the process.

3. Referencing. At this step ground control points (GCP) are identified to georeference the models. During georeferencing, a rigid seven parameter transformation is applied to translate, scale, and rotate the model to fit the, real world, scene location. Ideally, GCPs should be located in flat, stable areas, far from cliffs, easy to recognize, and of easy access. At Mount Meager, it is very challenging to find points with these characteristics. Snow and glaciers cover the volcano, the valley flanks have very active channels or are forested, and the access to the area is challenging and dangerous.

Instead of field-collected GCP, we defined 21 control points on the standard base maps. Planimetric coordinates were derived from satellite SPOT 10 m imagery and vertical coordinates from the Canada TRIM (Terrain Resource Inventory Map) DEM (18.3 m average accuracy and up to >40m) (NRCan 2013). We selected points in meadows, glacier polished bedrock, little ice age moraines, logging roads and other recognizable features. Not all the points are visible in all the datasets. In the older datasets the logging roads are not present and the higher altitude points can be covered by snow.

4. Optimization. The rigid transformation applied during georeferencing cannot correct non-linear error that may be present in the model. Non-linear errors can be related to poor picture overlap, object texture or shape, or lens and scanner deformation. In order to partially correct these types of error, PhotoScan recommends to -optimize‖ the estimated point cloud, camera position, and camera parameters based on GCP position. However, if the GCPs have low accuracy, they can introduce extra errors. In our case, the GPS planimetric accuracy is larger than 10 m and the vertical accuracy is larger than 40 m, we estimated that the PhotoScan alignment precision was greater than the GCP accuracy and we did not proceed to the optimization of the point clouds. We optimized only the point clouds (1962,1990) that showed an artificial exaggeration along the Z direction. In those cases, the optimization partially corrected the vertical exaggeration of the models.

5. Build Dense Point Cloud. PhotoScan increases the number of points generating a dense point cloud. It calculates the depth map for each photo and produces a large number of points, many of which can be outliers. It is advisable to use a -depth filter‖ to reduce the number of these points. We used the method -aggressive‖ recommended for aerial photography. In areas of poor texture (especially glaciers and snowfields) many incorrect points have been generated;

those areas have an artificially rough aspect.

6. Build Mesh. PhotoScan interpolates polygons between the points to generate a 3D mesh surface. The setting -Height field‖ where the interpolation direction is along Z axes is recommended for planar scenes and aerial photography. We used the suggested -high‖ value for the polygon count.

7. Build Texture. A texture of the 3D models is reconstructed here. We used the -orthophoto‖ mode, where the texture is reconstructed with an orthographic projection. It works well with flat surfaces but not as well with vertical parts. The blending mode was set to -mosaic‖ as recommended for aerial photography.

Build digital elevation model (DEM).

A rasterized version of the 3D model is generated at this step. Sparse, dense point clouds or mesh can be used as base for the DEM generation. We used the dense point cloud as source of the DEM. 

Cartographic product validation and GIS mapping

The cartographic suitability of the PhotoScan generated orthophoto and DEMs was tested by comparison with a Lidar DEM acquired in 2015-2016. We followed two different approaches to assess the SfM products (Figure 2.1). First, we compared X, Y, and Z coordinates of 22 control points between the PhotoScan models and the Lidar reference. Secondly, we did raster to raster differencing between the datasets and the Lidar to evaluate the DEM quality. Then, to reduce systematic errors (tilting, doming etc.), we 1) re-aligned a subset of the photos and 2) co-registered DEM subsets in CloudCompare (CloudCompare 2018). Photo re-alignment and DEM co-registration improved the DEMs, allowing more precise DEM comparison and volume calculations.

Check Points

Following the ASPRS (2014) guidelines, we applied the root mean square error (RMSE) approach to evaluate the SfM-derived cartographic products. The RMSE of x, y, z coordinates of at least 20 control points (CP) taken from the PhotoScan exports and a reference at higher accuracy is calculated. RMSE x , RMSE y , RMSE z , and RMSE r are defined as follows: 

RMSE x = 1 n x i(map ) -x i(reference ) 2 n i=1 RMSE y = 1 n y i(map ) -y i(reference ) RMSE z = 1 n z i(map ) -z i(reference ) 2 n i=1 RMSE r = RMSE x 2 +

DEM of difference

In order to better assess the error on the Z value of the SfM derived DEMs, we Job Valley has been the source of many large landslides (Figure 2.5) which generated the large (2.8 km 2 ) north facing amphitheatre now occupied by the glacier [START_REF] Simpson | Evidence for catastrophic volcanic debris flows in Pemberton Valley, British Columbia[END_REF] the debris-free ice is not in contact with the moraine that has now breached. The area between the moraine and the clean ice is occupied by a flat-ish dissected surface. We interpret this morphology as a remnant of a proglacial lake, formed when the ice retreated from the moraine. The breach in the moraine could indicate a sudden lake drainage that may have resulted in a glacial lake outburst flood. No trace of this is recorded in the photos.

Mosaic

The debris cover of Devastation glacier is predominantly from rock or debris avalanches falling onto the ablation zone, rather than rock falls occurring in the accumulation zone and exhumed in the ablation zone [START_REF] Anderson | Modeling Debris-Covered Glaciers: Response to Steady Debris Deposition[END_REF]. Prior to the 1947 landslide, the glacier was already debris-covered for at least 

Job

The Job Glacier retreated 0.7 km since 1947. Between 1962 and 1964 there is an increased retreat but the in the 1970-1980's the glacier had a short-lived readvance.

The increase in retreat between 1962 and 1964 is also observed at Mosaic and Affliction glaciers. This increase may be related to the fact that in a 2-year time span the data does not average as for other longer time intervals. The readvance in the 1970-1980's is recorded by Affliction, Capricorn (Chapter 4) and other glaciers in British Columbia [START_REF] Koch | Glacier change in Garibaldi Provincial Park, southern Coast Mountains, British Columbia, since the Little Ice Age[END_REF]).

The Job basin is an amphitheatre formed by the collapse of several large landslides (Figure 2.5, [START_REF] Friele | Hazard and risk from large landslides from Mount Meager volcano, British Columbia, Canada. Georisk: Assessment and Management of Risk for Engineered Systems and Geohazards[END_REF]). In the 1947 and 2016 datasets fumarole manifestations can be seen. The 1947 dark debris streak could have been the deposit of a small hydrothermal eruption which was covered by the glacier in the following years.

The presence of diffuse volcanic gasses in the area have been known since the 1970's (Peter Read, personal communication) and have been studied during the geothermal exploration in the area (NSBG 1980;1981), but the vent location was not determined.

The presence of fumaroles in the center of a landslide collapse scar could be indicative of a relation between hydrothermal activity and the large landslides from Job basin.

Other slopes in the basin have shown signs of instability and displacement has been measured by means of InSAR techniques (See Chapter 5). The relation between past and ongoing deformation and hydrothermal activity needs to be addressed in detail.

Affliction

The Affliction Glacier retreated 0. 

Bridge River

The Bridge River Glacier is the only advancing glacier (+0.07 km) in the Mount Meager volcanic complex; it is the smallest and lowest elevation glacier (Table 2.3). The geomorphology of the Bridge River basin affects the glacier dynamics. The Bridge River

Glacier is located in the 2360 cal yr BP eruption amphitheatre, surrounded by headwalls 1 km high. We argue that the high headwalls are responsible for this contrasting trend of the glacier. The amphitheatre would be able to shade the glacier minimizing ablation; funnel snow avalanches onto the glacier increasing accumulation; and sourcing rock falls and rock avalanches, provide insulating debris cover. Increase in rock fall caused by warming of rock walls in the permafrost region [START_REF] Gruber | Permafrost in steep bedrock slopes and its temperatures-related destabilization following climate change[END_REF] can contribute to the increase in the debris cover. Terrestrial laser scanner and photogrammetry surveys could determine the actual rock fall frequency and magnitude from the headwalls of the glacier. This glacier is fortunately in line of sight of mining and hydropower installations, so survey projects are easier than in other glacier areas. Other parameters, such as winter precipitation, and air temperature, need to be considered for a complete assessment of Bridge River and the other glaciers behaviors.

Landslides and debris-covered glaciers on a volcano

In order to explain the present glacier and landslide activity at Mount Meager, we discuss a conceptual framework of the evolution of a volcanic edifice interacting with glaciers. We first consider an active volcano during a glacial period when a thick (~1 km) regional ice sheet occupies the landscape. We then consider the same volcano, transitioning to an interglacial period during which alpine glaciers are sustained. During glacial periods, ice processes would prevail over volcanic processes. The shape of the volcano, the eruptive style, and the mass movements would be strongly affected by the presence of ice. The volcanic edifice would be formed following eruption rate and ice melting relation laws and the eruptive products would increase in explosivity and fragmentation due to the availability of water [START_REF] Edwards | Glaciovolcanism[END_REF]. The available water could also enhance hydrothermal alteration. The shape of the volcanic edifice is conditioned by the interaction with ice and will form flat-topped tuyas rather than the classical cone of a stratovolcano [START_REF] Russell | Tuyas: A Descriptive Genetic Classification[END_REF]). The edifice may not be able to collapse and form debris avalanches, but meltwater could accumulate and rapidly drain as catastrophic jökulhlaups. During interglacial periods, when only small alpine glaciers may be present, volcanic processes would prevail. Glaciers in this stage do not control the volcanic edifice shape and eruptive style but, rather the volcano would condition the glaciers' activity [START_REF] Barr | Volcanic Impacts on Modern Glaciers: A Global Synthesis[END_REF]. The presence of erodible and altered rocks would favour the formation of debris-covered glaciers, which are also conditioned by the volcano morphology as they form in craters and landslide scars. The volcanic edifice is highly unstable because it was formed under a thick ice sheet, and now unsupported, can collapse and form debris avalanches.

At Mount Meager there are no documented signs of volcanic activity during glacial periods [START_REF] Wilson | Quaternary glaciovolcanism in the Canadian Cascade volcanic arc-Paleoenvironmental implications[END_REF]. But, the age of the volcano (~2 Ma, Read 1978), the fact that southern British Columbia has been covered multiple times by an extensive Quaternary ice sheets [START_REF] Clague | Pleistocene glaciation of British Columbia[END_REF], that even today there are glaciers on the volcano, and that [START_REF] Read | Geology of Meager Creek Geothermal Area, British Columbia[END_REF] documented two, and [START_REF] Stasiuk | Distribution, nature, and origins of the 2400 BP eruption products of Mount Meager, British Columbia; linkages between magma chemistry and eruption behaviour[END_REF], and [START_REF] Hickson | Volcanology of the 2360 BP eruption of Mount Meager Volcanic Complex, British Columbia, Canada: Implications for hazards from eruptions in topographically complex terrain[END_REF], one till within the Mount Meager stratigraphic sequence, suggest past volcano-ice interaction. Even in case of absence of direct volcanic activity during glacial periods, glaciations have covered and eroded the volcanic rocks conditioning the volcano's morphology. In this study we did not investigate the possibility of volcanic activity of Mount Meager during glacial periods but we argue that the present high landslide frequency and the glaciers' morphologies are, in part, from the inherited edifice instability derived from volcano-ice interaction. Past volcanic edifice building, conditioned by regional ice sheets, lead to unstable slopes and today's debriscovered glaciers, that are forming in landslide and eruption scars. Further studies are needed to better constrain the glaciovolcanic history of Mount Meager to confirm this hypothesis.

The value of historic photography.

We documented more than half-a-century of glacier activity and landslides at Mount Meager volcano using SfM photogrammetry to process historic airphotos. This is a new approach and provides many opportunities. The method has been hindered by the difficulty of assessing the quality of the SfM-derived product when using historic airphotos in poor conditions, representing areas that have changed, and lacking of good ground control points. Here we proposed a practical method that does not require high quality ground control and where measurements can be done in a relative coordinate system.

The advantages of processing historic airphotos with SfM photogrammetry include a fast, user-friendly workflow; the retrieval of information from photos that are otherwise not processable; large areas visualized at high resolution in 3D; and multiple years of coverage. From a scientific point of view, this technique allows the documentation of geomorphic changes such as glacier retreat, slow moving landslides, debris flows, fluvial processes, land use (logging, subdivision development), etc. during the period of airphoto coverage. The increase in information can shed new light on the effects of recent climate change and the human impact on geomorphic processes. The increase in availability of 3D data also has commercial, scientific outreach, and educational applications. Easy visualization allows users to better understand the natural processes. Three-dimensional topographic models can be easily managed in 3D visualization and analysis software or in virtual and augmented reality environments [START_REF] Onsel | Applications of virtual and mixed reality in rock engineering[END_REF] and can be used to generate 3D time-lapse of surface changes (see here the Mosaic glacier from 1951 to 2016).

Conclusions

We processed historic airphotos with Structure from Motion photogrammetry to document more than half-a-century of glacier and landslide activity at Mount Meager volcano. We focused on Devastation, Mosaic, Job, Affliction and Bridge River glaciers.

We draw the following conclusions:

 SfM is a valid alternative to classic photogrammetry for topographic reconstruction from historical airphotos. We propose a workflow that does not require high precision ground control and the measurements can be done in relative coordinate systems.

 
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Introduction

Landslides Volcanic and non-volcanic debris avalanches are complex mass movements in which multiple rheologies can coexist [START_REF] Iverson | Landslide mobility and hazards: Implications of the 2014 Oso disaster[END_REF][START_REF] Coe | Rock-avalanche dynamics revealed by large-scale field mapping and seismic signals at a highly mobile avalanche in the West Salt Creek valley, western Colorado[END_REF], affecting overall behavior and runout. An understanding of these processes is vital for appropriate modeling, hazard and risk evaluation, and possible mitigation strategies [START_REF] Kelfoun | Suitability of simple rheological laws for the numerical simulation of dense pyroclastic flows and long-runout volcanic avalanches[END_REF][START_REF] Jakob | Debris-flow simulations on Cheekye River[END_REF][START_REF] Iverson | Landslide mobility and hazards: Implications of the 2014 Oso disaster[END_REF].

The deposits and surface morphology of many prehistoric volcanic debris avalanches have been studied to infer transport and emplacement processes [START_REF] Vallance | The Osceola mudflow from Mount Rainier: Sedimentology and hazard implications of a huge clay-rich debris flow[END_REF][START_REF] Takarada | Depositional features and transportation mechanism of valley-filling Iwasegawa and Kaida debris avalanches, Japan[END_REF][START_REF] Capra | Pleistocene cohesive debris flows at Nevado de Toluca Volcano, central Mexico[END_REF][START_REF] Bernard | The Chimborazo sector collapse and debris avalanche: Deposit characteristics as evidence of emplacement mechanisms[END_REF][START_REF] Roverato | Textural features as indicators of debris avalanche transport and emplacement[END_REF]). Studies of these events, however, are limited, as surface features commonly have been degraded or totally lost. Very few studies document in detail fresh deposits emplaced soon after the events [START_REF] Plafker | Nevado Huascarán avalanches, Peru[END_REF][START_REF] Glicken | Rockslide-debris Avalanche of May 18[END_REF].

And even in most of these cases, there is a lack of eyewitness accounts and video documentation.

A landslide in August 2010 at Mount Meager in the southern Coast Mountains of British Columbia (Canada) provided us with a unique opportunity to examine the deposit of a volcanic debris avalanche before it was significantly eroded, and thus to improve understanding of debris avalanche rheology and emplacement mechanisms. The Mount Meager massif is a group of coalescent stratovolcanoes that formed during four episodes of volcanism: one minor Pliocene episode and three major Quaternary episodes. [START_REF] Read | Meager Creek volcanic complex, southwestern British Columbia[END_REF][START_REF] Ullman | The Interpretation of Structure from Motion[END_REF]1990) subdivided the eruptive products into nine volcanic assemblages. The most recent eruption was an explosive event that occurred 2360 cal yr BP [START_REF] Clague | Improved age estimates for the White River and Bridge River tephras, western Canada[END_REF][START_REF] Hickson | Volcanology of the 2360 BP eruption of Mount Meager Volcanic Complex, British Columbia, Canada: Implications for hazards from eruptions in topographically complex terrain[END_REF]. Rocks involved in the 2010 landslide were mainly intrusive porphyritic rhyodacite, flows, and breccia units of the Plinth and Capricorn assemblages-the youngest assemblages in the massif [START_REF] Read | Mount Meager complex, Garibaldi Volcanic Belt, southwestern British Columbia[END_REF]). 

Landslides on Mount Meager

Volcanism, associated hydrothermal alteration, and erosion have weakened the rocks that form the Mount Meager massif, as they have at most stratovolcanoes around the world [START_REF] Finn | Aerogeophysical measurements of collapse-prone hydrothermally altered zones at Mount Rainier volcano[END_REF][START_REF] Siebert | Landslides resulting from structural failure of volcanoes[END_REF][START_REF] Pola | General characterization of the mechanical behaviour of different volcanic rocks with respect to alteration[END_REF].The considerable topographic relief of the massif (up to 2000 m) and its steep slopes, combined with recent thinning and retreat of alpine glaciers [START_REF] Holm | The landslide response of alpine basins to post-Little Ice Age glacial thinning and retreat in southwestern British Columbia[END_REF], have left much of the massif in a state of instability [START_REF] Read | Mount Meager complex, Garibaldi Volcanic Belt, southwestern British Columbia[END_REF][START_REF] Friele | Impact of a Quaternary volcano on Holocene sedimentation in Lillooet River valley[END_REF][START_REF] Friele | Paraglacial geomorphology of Quaternary volcanic landscapes in the southern Coast Mountains, British Columbia[END_REF].

Evidence of active slope processes affecting the massif include sackungen, debris flows, and debris and rock avalanches [START_REF] Mokievsky-Zubok | Glacier caused slide near Pylon Peak, British Columbia[END_REF][START_REF] Jordan | Debris Flows in the Southern Coast Mountains, British Columbia: Dynamic Behavior and Physical Properties[END_REF][START_REF] Bovis | Extensive deformations of rock slopes in southern Coast Mountains, southwest British Columbia, Canada[END_REF][START_REF] Jakob | Morphometric and geotechnical controls on debris flow frequency and magnitude, southern Coast Mountains[END_REF][START_REF] Friele | Large Holocene landslides from Pylon Peak, southwestern British Columbia[END_REF]. In particular, Capricorn

Creek, a tributary of Meager Creek, was the source of debris flows and debris avalanches larger than 100,000 m 3 in 1931, 1933-1934, 1944-1945, 1972, 1998, 2009, and 2010 (Carter 1932; Jakob 1996; Bovis and Jakob 2000; Guthrie et al. 2012a). Using dendrochronology, [START_REF] Jakob | Morphometric and geotechnical controls on debris flow frequency and magnitude, southern Coast Mountains[END_REF] extended the historical record of landslides in the Meager Creek watershed to 330 years ago. He identified 13 large debris flows and/or hyperconcentrated flows, an average of one event every 25 years. These landslides entered Meager Creek and caused significant channel aggradation and instability downstream. Some of them also blocked Meager Creek, forming landslide-dammed lakes [START_REF] Mokievsky-Zubok | Glacier caused slide near Pylon Peak, British Columbia[END_REF][START_REF] Bovis | The July 29, 1998, debris flow and landslide dam at Capricorn Creek, Mount Meager Volcanic Complex, southern Coast Mountains, British Columbia[END_REF]Guthrie et al. 2012aGuthrie et al. , 2012b)). Very large collapses of the flank of the massif have generated at least three Holocene debris flows that traveled downstream to presently populated areas in Lillooet River valley [START_REF] Friele | Large Holocene landslides from Pylon Peak, southwestern British Columbia[END_REF][START_REF] Friele | Impact of a Quaternary volcano on Holocene sedimentation in Lillooet River valley[END_REF][START_REF] Simpson | Evidence for catastrophic volcanic debris flows in Pemberton Valley, British Columbia[END_REF].

The 2010 event

On 

Methods

Photography and Structure from Motion

To produce a base map for geomorphic mapping, we took oblique digital photos one year after the landslide with a single lens reflex (SLR) camera during low-level helicopter flights over the accumulation zone. The photos were processed using the SfM and multiview stereo (MVS) algorithms [START_REF] Snavely | Modeling the world from internet photo collections[END_REF][START_REF] James | Straightforward reconstruction of 3D surfaces and topography with a camera: Accuracy and geoscience application[END_REF][START_REF] Westoby | ‗Structure-from-Motion' photogrammetry: A low-cost, effective tool for geoscience applications[END_REF][START_REF] Fonstad | Topographic Structure from Motion: A new development in photogrammetric measurements[END_REF][START_REF] Micheletti | Section 2.2. Structure from Motion (SfM) photogrammetry[END_REF] to produce threedimensional topographic models from which we extracted a high-resolution orthophoto (0.08 m/pixel ground resolution) and a DEM (0.34 m/pixel ground resolution).

Centimetre-size clasts are resolvable on the imagery.

Uncertainties and limitations of SfM mostly stem from the automated work-flow, in which sources of errors are difficult to individualize and control [START_REF] James | Straightforward reconstruction of 3D surfaces and topography with a camera: Accuracy and geoscience application[END_REF][START_REF] Fonstad | Topographic Structure from Motion: A new development in photogrammetric measurements[END_REF][START_REF] Remondino | State of the art in high density image matching[END_REF][START_REF] Micheletti | Section 2.2. Structure from Motion (SfM) photogrammetry[END_REF]. Nevertheless, the SfM-derived DEMs are comparable in quality to most Lidar DEMs [START_REF] James | Straightforward reconstruction of 3D surfaces and topography with a camera: Accuracy and geoscience application[END_REF][START_REF] Westoby | ‗Structure-from-Motion' photogrammetry: A low-cost, effective tool for geoscience applications[END_REF][START_REF] Fonstad | Topographic Structure from Motion: A new development in photogrammetric measurements[END_REF][START_REF] Remondino | State of the art in high density image matching[END_REF][START_REF] Micheletti | Section 2.2. Structure from Motion (SfM) photogrammetry[END_REF][START_REF] Smith | Structure from motion photogrammetry in physical geography[END_REF].

We also used oblique digital photos taken from a helicopter the morning after the landslide, before the flood from the Meager Creek dam breach. Although these photos could not be used for SfM analysis, they were useful for evaluating geometries and facies relations that were subsequently destroyed by the flood.

Field mapping

We produced a geomorphic map of the landslide deposits at a scale of 1:1000 from field observations made between August and October 2012 and from the orthophoto and the DEM. We identified and classified geomorphic features, facies, and related facies associations within those parts of the deposit that had not been modified by erosion. For the purpose of discussion, we subdivide the debris avalanche deposit below the mouth of Capricorn Creek into five areas that we refer to as Meager barrier, terrace, plug, distal up, and distal down (Figures 1 and2).

Grain size and lithologic analysis

We chose four sample sites distributed along the length of the deposit from the Meager barrier to the distal margin for grain-size and lithological analyses (Figure 3.1).

At each site, we placed a 100 m tape parallel to the flow direction. Clast lithologies were recorded at 1 m intervals along the tape and visually classified as basement rock (B), gray porphyritic felsic rhyodacite (GPF), red porphyritic felsic rhyodacite (RPF), and other volcanic rocks (OV). -Other volcanic rocks‖ include gray, red, and white aphanitic rocks, gray and cream colored porphyritic rocks, and pumice. One-kilogram bulk samples were collected for grain-size analysis at stations 20, 40, 60, 80, and 100 m along the tape. For each of these samples, 100 of the largest clasts >4 mm retained from sieving were also lithologically classified. Ten other bulk samples were collected from selected stations on the deposit, two from mixed debris and four each from pulverized blocks and altered blocks.

The samples were split into >1 mm and <1 mm fractions. The 1-4 mm fraction was dry sieved while the <1 mm fraction was submitted to ALS Global Laboratory (Burnaby, British Columbia) for hydrometer analysis following ASTM protocol D422. We then integrated the sieve and hydrometer data to produce grain-size distributions truncated at 4 mm.

Results

We first describe facies, structures, and hummocks, and then describe and interpret each of the five areas that constitute the debris avalanche deposit. 

Facies

The block facies comprises highly brecciated but intact masses of red or gray rhyodacite, altered cream colored rhyodacite, and altered and unaltered basement rock derived from the source area. Blocks are tens to hundreds of cubic meters in volume 
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The mixed facies is a fully mixed debris consisting of brown matrix-supported diamicton (Figures 3.3B, 3.3C, and 3.3E). It comprises particles ranging from clay to medium-size boulders. The matrix (<2 mm) is a sandy loam, with a clay content of 3%-8% (Figure 3.4). The gravel fraction consists of 19%-29% basement rock, 49%-64% gray porphyritic rhyodacite, 4%-10% red porphyritic rhyodacite, and 9%-12% other volcanic rocks. This facies also contains abraded wood fragments, and its surface supports rare kettle holes left from the melt of blocks of glacier ice derived from Capricorn Glacier in the source area.

The woody debris facies comprises partially abraded tree stumps, stems, and branches derived from the forest destroyed by the debris avalanche and pushed to the margins of the deposit (Figure 3.3D).

The entrained facies consists of fluvial channel or overbank sediments and colluvium incorporated into the landslide by scour and thrusting. This facies is distinguished from others by its well-sorted texture and rounded and sub-rounded clasts.

The entrained facies is a minor constituent of the landslide deposit (Appendix B, Figure B3). 

Structures

The principal structures are linear forms associated with thrust, normal, and strike-slip faults. They include scarps, ridges, and linear depressions and, in some cases, mark lithological and facies boundaries (Figure 3.5). 

Compressional ridges

Hummocks

Hummocks are 1-8 m in height, 1-40 m in length, and 1-30 m in width; volumes range from 1 m 3 to ~2 × 10 3 m 3 . Shapes are round or ellipsoidal. Hummocks are composed of block facies (either gray or red porphyritic rhyodacite), entrained facies, or a mix of block, mixed, and sheared block facies.

Mixed hummocks typically have a core of block facies and sheared block facies and a carapace of mixed facies (Appendix B, Figure B4). The boundary between the core and carapace is sharp to gradational; in some cases flame structures intrude the core.

The entrained facies hummocks are composed of either fluvial sand and gravel or sand (Appendix B, Figure B5). This hummock type is rare and found only at the distal margin of the debris avalanche. The entrained facies hummocks are smaller than the block and mixed hummocks, with a volume of ~1-3 m 3 . 

Area 1 Interpretation

The front of the debris avalanche swept across Meager Creek and ran up the southeastern wall of the valley, completely removing the forest and scouring the forest floor. The maximum limit reached by the debris is marked by the conspicuous trimline high on the valley wall. In the barrier deposit, the major compressional ridges formed at the foot of the slope as the forward movement of the debris avalanche in this area was impeded and the debris was compressed. The debris stopped first at its front while the back was still moving. We interpret the Meager barrier deposit to be related to 

Area 2: Terrace

The terrace (area 2 in Figures. 3. 

Area 3: Plug

The plug is in the center of the Meager Creek fan in Lillooet River valley Moving downstream (southeast) in area 4, a fan-shaped lobe of thick debris covers the terrace and terminates in a 3-4-m-high front that is in contact with standing trees. Some trees were pushed forward and tilted back into the debris field by this lobe.

Farther downstream, at the southeastern end of area 4, Lillooet River has eroded the terrace to form a new bank. The contact between the river sediments and the landslide debris is exposed in the riverbank, and here the debris is 0.5-2 m thick. The debris avalanche displaced Lillooet River water in area 4. Thus the fluid front is well developed here, extending as much as 180 m beyond the dense deposit.

Eyewitnesses described a rush of muddy water along the logging road behind the campsite associated with this phase of the landslide (Guthrie et al. 2012a). This unit laps onto unit a; locally the two are separated by a scarp ~2 m high.

Area 5: Interpretation.

The deposits in area 5 record a succession of events. A flood of water-rich material arrived first. It inundated the forest at the distal margin of the debris avalanche and left a frontal log jam and, just behind it, a zone of small hummocks (unit a). Waterpoor debris arrived next, depositing unit b against the water-rich deposits. As was the case in area 4 upstream of the campsite, the front of the debris avalanche incorporated or displaced water from Lillooet River, sending unit a as much as 350 m beyond the limit of the denser material. 

Discussion

Detailed study of the facies and surface morphology of the 2010 Mount Meager 

Lithology and grain size

The lithology of the landslide debris provides insight into its depositional processes. The distribution of altered material is particularly instructive. Altered materials are associated with block facies and sheared block facies streaks. Altered block and sheared block facies are more common at the downstream end of the plug than at the upstream end. Mud balls and altered sheared block facies streaks were also noted along the downstream margin of the terrace area. Conversely, the Meager barrier has less debris of the altered block and sheared block facies; it is primarily composed of very large gray porphyritic rhyodacite blocks within mixed material. We infer that this lithological zoning reflects the structure of the original rock mass in the source area:

hydrothermally altered rock at the base of the source scarp and fresh rock typical of the volcanic plug higher up on the scarp.

The mixed material is dominantly silty clayey sand with clay percentages ranging from 5% to 8%. Altered sheared block facies samples may have up to 30% clay, whereas the fresh unaltered sheared block facies is 2%-5% clay (Figure 3.4). The average clay content by facies is 6.1% mixed, 24.6% altered block, and 3.6% pulverized block. A mixing ratio of 12% altered to 88% pulverized is required to get 6.1% clay in the mixed facies. This simple analysis suggests that ~12% of the failed rock mass was hydrothermally altered. Furthermore, within the mixed material there is no apparent trend in the mean clay content from upstream to downstream, suggesting that the material became well mixed as it traversed Capricorn Creek. 

Rheology phases

There is evidence of multiple pulses of flow of diminishing magnitude over time, but the deposits can be generally classified into two main rheology types: water-poor and water-rich (Figure 3.11). These two rheology types are, in reality, end members in what was a continuum. The water-poor end member produced thick debris avalanchelike deposits, with abundant large hummocks. Kinematic structures reveal sequential movement related to pulses in the emplacement process (Figure 3.12A). The water-rich end member is responsible for a flood-like deposit with sparse tree stems amid standing trees with meter-high splash lines and trunk erosion, and has no significant lithic debris (Figure 3.12B). This end member, however, transitions into woody debris, which in turn transitions into an area with hummocks morphologically similar to those of the debris flow and hyperconcentrated flow deposits. Structural discontinuities, including faults, shear zones, and compressional ridges, delineate zones with distinct internal morphological characteristics that are related to one of the two end members. However, the boundaries between these deposits are not sharp everywhere, suggesting gradual phase transitions (areas 4 and 5). Distinct debris lines indicate multiple pulses (areas 1

and 2) with different rheologies.

The water-rich phase is evident along the margins of the debris avalanche deposit, except at the front of the plug area. Water-rich flow deposits are overlain by, but extend beyond, the deposits of the water-poor phase. In the plug area (area 3), the debris terminates with a sharp front and there is no evidence of a leading water-rich phase, suggesting that the two phases followed different trajectories as they entered the Meager Creek-Lillooet River confluence area.

The two phases had different velocities and different paths that were controlled by the complex topography over which the debris avalanche traveled. The sinuous longitudinal form of Capricorn Creek valley (Figure 3.1) resulted in centripetal and centrifugal forces that generated a marked separation of debris. The water-rich phase accelerated, achieving higher velocities and thus reaching farther up the valley sides, while the less-mobile water-poor core moved along the valley bottom. These differences in trajectory led to different deposits along Meager Creek and in Lillooet River valley.

Our evidence suggests that the water-rich phase preceded the water-poor phase, in contrast with the conclusion of Guthrie et al. (2012b) that a first, drier front came to rest in the plug area ~10 km from the source area and -the flow crossed the Lillooet River on both sides and over this plug‖ (p. 670). A water-rich phase followed by a waterpoor phase is not unusual in debris flows and debris avalanches (cf. Oso landslide, Washington, USA; [START_REF] Iverson | Landslide mobility and hazards: Implications of the 2014 Oso disaster[END_REF].

However, the water-rich slurries at the west end and margins of the plug suggest that some water-rich flows followed the emplacement of the plug. Copious water may have flowed from the source scar and remobilized part of the newly deposited material after the plug came to rest. It is thus difficult to distinguish a fluid tail contemporaneous with the debris avalanche from secondary debris mobilization by water flowing down Capricorn Creek. Although the water-rich and water-poor phases had different trajectories due to their differences in volumes and velocities, they did not behave totally independently.

Summary of the event

The presence of intermediate deposits suggests that they interacted. Furthermore, their separation in time was minor, perhaps only seconds.

The scenario outlined above is consistent with an analysis of seismic records of the landslide by [START_REF] Allstadt | Extracting source characteristics and dynamics of the August 2010 Mount Meager landslide from broadband seismograms[END_REF]. She concluded that -there is even a hint of what could be interpreted as two separate surges visible in the vertical component of the force-time function. The vertical component of the force ... has a shorter duration than the eastward component and is followed by a second smaller upward pulse‖ (p. 15). The multiple debris lines on the valley sides, however, suggest more than two surge waves; some may not have been large enough to generate clear seismic signals. 

Hazard implications

Transformation of a dry debris avalanche into a saturated debris flow has been inferred for many events [START_REF] Palmer | The Murimotu Formation: 9500 year old deposits of a debris avalanche and associated lahars, Mount Ruapehu, North Island, New Zealand[END_REF][START_REF] Vallance | The Osceola mudflow from Mount Rainier: Sedimentology and hazard implications of a huge clay-rich debris flow[END_REF][START_REF] Capra | Pleistocene cohesive debris flows at Nevado de Toluca Volcano, central Mexico[END_REF][START_REF] Scott | Catastrophic debris flows transformed from landslides in volcanic terrains: Mobility, hazard assessment, and mitigation strategy[END_REF][START_REF] Tost | Impacts of catastrophic volcanic collapse on the erosion and morphology of a distal fluvial landscape: Hautapu River, Mount Ruapehu, New Zealand[END_REF]). In the case of the Mount Meager event, the transformation was partial, and multiple rheologies coexisted, with different mobilities, velocities, and trajectories. Our observations show that debris avalanches can be multiphase events with debris avalanche, debris flow, hyperconcentrated flow, debris flood, and flood-like components or phases (Figure 3.13). This complexity may be more common than presently thought and may apply to other debris avalanche events. Here, different rheologies were clearly expressed in the deposit textures because the high sinuosity of the valley caused extreme separation of water-rich and water-poor phases.

Also, the photo documentation immediately after the event allowed us to differentiate ephemeral water-rich deposits and flow traces that are not preserved in older events.

Numerical modeling of debris avalanches takes into account only dry granular material [START_REF] Pudasaini | Rapid shear flows of dry granular masses down curved and twisted channels[END_REF][START_REF] Zahibo | Savage-Hutter model for avalanche dynamics in inclined channels: Analytical solutions[END_REF], and the models typically are single phase [START_REF] Takahashi | Debris Flow: Mechanics, Prediction and Countermeasures[END_REF][START_REF] Pudasaini | Some exact solutions for debris and avalanche flows[END_REF]. Only simplified, two-phase models traditionally are used for debris flows [START_REF] Iverson | The physics of debris flows[END_REF][START_REF] Pudasaini | Modelling debris flows down general channels[END_REF][START_REF] Jakob | Debris-flow simulations on Cheekye River[END_REF]. Recently, [START_REF] Pudasaini | A general two-phase debris flow model[END_REF] and [START_REF] Pudasaini | A two-phase mechanical model for rock-ice avalanches[END_REF] have proposed a more complete two-phase model for debris flows and debris avalanches that simulates the separation of a fluid front, drier core, and fluid tail.

The complexity of the 2010 Mount Meager debris avalanche highlights the difficulties of modeling such events and assessing the risk they pose to downvalley populations and infrastructure. The separation of water-poor and water-rich phases in complex topography has to be simulated to reproduce the different deposit types and the runout of each phase. Lithological zones in the deposit preserve the original distribution of rock in the source area, with hydrothermally altered rock derived from the base of the scar reaching the distal limit of the debris avalanche and gray rhyodacite rock higher on the flank of Mount Meager dominating more proximal deposits. Grain-size analysis and rough mixing estimates suggest that ~12% of the failed rock mass was hydrothermally altered.

Summary and conclusions

Finally, this event raises new challenges for multi-rheology phase modeling of debris avalanches and hazard mapping. There were no fatalities in this particular event, but lack of understanding of the complex behaviour of such landslides could result in inaccurate hazard assessment, placing populations at risk from catastrophic rock slope failures.

Chapter 4. Precursory slope distress prior to the 2010 Mount Meager landslide, British Columbia 3
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Abstract

In 2010, the south flank of Mount Meager failed catastrophically, generating the largest (53 ± 3.8 x 10 6 m3 ) landslide in Canadian history. We document the slow deformation of the edifice prior to failure using archival historic aerial photographs spanning the period 1948-2006. All photos were processed using Structure from Motion (SfM) photogrammetry. We used the SfM products to produce pre-and post-failure geomorphic maps that document changes in the volcanic edifice and Capricorn Glacier at its base. Anticipated atmospheric warming over the next several decades will cause further loss of snow and glacier ice, likely producing additional slope instability. Satellite-and ground-based monitoring of these slopes can provide advanced warning of future landslides to help reduce risk in populated regions downstream.

Introduction

Large landslides and debris flows are common on the slopes of active and inactive volcanoes, and especially those that presently support glaciers or that have been incised by glaciers and streams in the past. Although many researchers have examined the relationship between deglaciation and volcanic eruptions [START_REF] Rampino | Can rapid climatic change cause volcanic eruptions?[END_REF][START_REF] Jellinek | Did melting glaciers cause volcanic eruptions in eastern California? Probing the mechanics of dike formation[END_REF][START_REF] Huybers | Feedback between deglaciation, volcanism, and atmospheric CO2[END_REF][START_REF] Watt | The volcanic response to deglaciation: Evidence from glaciated arcs and a reassessment of global eruption records[END_REF]) and between eruptions and large-scale collapses of volcanic edifices [START_REF] Voight | Catastrophic rockslide avalanche of May 18[END_REF][START_REF] Voight | The 26 December (Boxing Day) 1997 sector collapse and debris avalanche at Soufriére Hills Volcano[END_REF][START_REF] Siebert | Large volcanic debris avalanches: Characteristics of source areas, deposits and associated eruptions[END_REF][START_REF] Glicken | Rockslide-debris Avalanche of May 18[END_REF], investigations of deglaciation as a mass wasting trigger in volcanic environments are few; notable exceptions include [START_REF] Holm | The landslide response of alpine basins to post-Little Ice Age glacial thinning and retreat in southwestern British Columbia[END_REF], [START_REF] Capra | Abrupt climatic changes as triggering mechanisms of massive volcanic collapses[END_REF], and [START_REF] Capra | Climatic fluctuations as a significant contributing factor for volcanic collapses. Evidence from Mexico during the Late Pleistocene[END_REF]. And only recently have researchers begun to document landslides from presently ice-clad volcanoes (e.g. Huggel et al. 2007[START_REF] Huggel | Recent extreme avalanches: Triggered by climate change? EOS, transactions[END_REF].

Glaciers can destabilize volcanoes in many ways. They abrade and fracture already weak, highly fractured flows and pyroclastic deposits, and remove support from the base of oversteepened slopes, changing stress regime and further decreasing their stability [START_REF] Huggel | Recent extreme slope failures in glacial environments: Effects of thermal perturbation[END_REF][START_REF] Mccoll | Glacier retreat and rock-slope stability: Debunking debuttressing[END_REF][START_REF] Grämiger | Beyond debuttressing: Mechanics of paraglacial rock slope damage during repeat glacial cycles[END_REF]. Water from melting ice easily enters these fractured rocks, increasing pore water pressure, which in turn causes instability [START_REF] Terlien | The determination of statistical and deterministic hydrological landslide-triggering thresholds[END_REF]. In active volcanoes, heated fluids also hydrothermally alter and further weaken host rocks [START_REF] Reid | Volcano collapse promoted by hydrothermal alteration and edifice[END_REF][START_REF] Finn | Aerogeophysical measurements of collapse-prone hydrothermally altered zones at Mount Rainier volcano[END_REF][START_REF] Pola | Influence of alteration on physical properties of volcanic rocks[END_REF][START_REF] Pola | General characterization of the mechanical behaviour of different volcanic rocks with respect to alteration[END_REF][START_REF] Wyering | Mechanical and physical properties of hydrothermally altered rocks, Taupo Volcanic Zone, New Zealand[END_REF]. Saturated, weakened, and altered rocks may deform by creep processes [START_REF] Cecchi | Flank spreading and collapse of weak-cored volcanoes[END_REF][START_REF] Pola | General characterization of the mechanical behaviour of different volcanic rocks with respect to alteration[END_REF][START_REF] Heap | Fracture and compaction of andesite in a volcanic edifice[END_REF][START_REF] Heap | Closing an open system: Pore pressure changes in permeable edifice rock at high strain rates[END_REF], inducing gravitational distress that can culminate in collapse (van Wyk de Vries and Francis 1997; [START_REF] Cecchi | Flank spreading and collapse of weak-cored volcanoes[END_REF]. Large amounts of water may be stored in the porous and permeable rocks of the volcanic edifice [START_REF] Delcamp | Water in volcanoes: Evolution, storage and rapid release during landslides[END_REF][START_REF] Detienne | Volcanic Flank and Sector Collapses; Unravelling the Role of Hydrothermal Alteration Using Combined Mineralogical, Experimental, and Numerical Modelling Studies[END_REF], and in the event of a deep-seated collapse of a volcanic flank, can transform a simple rockslide into a mobile debris avalanche or debris flow [START_REF] Roverato | Stratigraphic reconstruction of two debris avalanche deposits at Colima Volcano (Mexico): Insights into prefailure conditions and climate influence[END_REF][START_REF] Capra | Climatic fluctuations as a significant contributing factor for volcanic collapses. Evidence from Mexico during the Late Pleistocene[END_REF][START_REF] Delcamp | Water in volcanoes: Evolution, storage and rapid release during landslides[END_REF]Roberti et al. 2017).

The Mount Meager massif (Figure 4.1) is a good example of a volcanic complex that is susceptible to failure conditioned by the aforementioned processes. It has been deeply dissected by glaciers and subject to glacier retreat, leaving steep slopes in volcanic and basement rocks that have been subject to hydrothermal alteration. A rich archive of historical aerial photographs (1948, 1964-1965, 1973, 1981, 1990 and 2006) is available to document more than one-half century of topographic changes caused by gravitational deformation. 

Context of the Mount Meager failure

The Mount Meager massif is a partially glacier-covered volcanic complex located in the southern Coast Mountains of southwest British Columbia, 60 km northwest of the town of Pemberton (Figure 4.1). It is a coalescent group of volcanic centers of Pliocene to Holocene age that have been built on top of Mesozoic granitic and metamorphic basement rocks [START_REF] Read | Geology of Meager Creek Geothermal Area, British Columbia[END_REF][START_REF] Read | Mount Meager complex, Garibaldi Volcanic Belt, southwestern British Columbia[END_REF]. The last eruption, from near Plinth Peak, happened about 2400 years ago and produced a small flow, ignimbrite, and a plume of ash that reached as far east as the Alberta Rocky Mountains [START_REF] Clague | Improved age estimates for the White River and Bridge River tephras, western Canada[END_REF][START_REF] Hickson | Volcanology of the 2360 BP eruption of Mount Meager Volcanic Complex, British Columbia, Canada: Implications for hazards from eruptions in topographically complex terrain[END_REF]. The massif comprises a suite of eruptive products, including pyroclastic rocks, basalt flows, and rhyodacite domes [START_REF] Read | Geology of Meager Creek Geothermal Area, British Columbia[END_REF][START_REF] Read | Mount Meager complex, Garibaldi Volcanic Belt, southwestern British Columbia[END_REF] [START_REF] Grämiger | Beyond debuttressing: Mechanics of paraglacial rock slope damage during repeat glacial cycles[END_REF]) and, in part, from the low strength of the fractured and hydrothermally altered volcanic rocks that underlie the massif (Evans and Clague1994;[START_REF] Holm | The landslide response of alpine basins to post-Little Ice Age glacial thinning and retreat in southwestern British Columbia[END_REF]). Recent thaw of alpine permafrost also may have contributed to instability through the loss of ice cohesion and the liberation of water in near-surface rocks and sediments (Geertsema et al. 2006;[START_REF] Allen | Exploring steep permafrost bedrock and its relationship with recent slope failures in the Southern Alps of New Zealand[END_REF].

Elevated pore water pressures may have triggered the 2010 landslide because it occurred at the end of a lengthy, late summer heatwave that exacerbated glacier melt and permafrost thaw. The link between rapid snow and ice melt during hot weather has been noted in the case of other large landslides at Mount Meager (Mokievsky-Zubok 1977; [START_REF] Bovis | The July 29, 1998, debris flow and landslide dam at Capricorn Creek, Mount Meager Volcanic Complex, southern Coast Mountains, British Columbia[END_REF]Holm et al.2004) and in other alpine areas [START_REF] Chleborad | Temperature, Snowmelt, and the Onset of Spring Season Landslides in the Central Rocky Mountains[END_REF][START_REF] Gruber | Permafrost thaw and destabilization of Alpine rock walls in the hot summer of 2003[END_REF][START_REF] Gruber | Permafrost in steep bedrock slopes and its temperatures-related destabilization following climate change[END_REF][START_REF] Harris | Permafrost and climate in Europe: Monitoring and modelling thermal, geomorphological and geotechnical responses[END_REF][START_REF] Keiler | Climate change and geomorphological hazards in the eastern European Alps[END_REF]. Based on this relation, road-building and forestry operations in the Meager Creek watershed had been suspended before the landslide occurred.

Methods

Structure from Motion (SfM)

Topographic modeling is becoming more accessible and more widely used due to recent advances in digital photogrammetry [START_REF] James | Straightforward reconstruction of 3D surfaces and topography with a camera: Accuracy and geoscience application[END_REF][START_REF] Remondino | State of the art in high density image matching[END_REF][START_REF] Micheletti | Section 2.2. Structure from Motion (SfM) photogrammetry[END_REF][START_REF] Smith | Structure from motion photogrammetry in physical geography[END_REF][START_REF] Kolzenburg | Rapid updating and improvement of airborne LIDAR DEMs through ground-based SfM 3-D modeling of volcanic features[END_REF]. For this study, we processed digitized historic aerial photographs and digital oblique photos with the Structure from Motion (SfM) and multi-view-stereo (MVS) algorithms [START_REF] Snavely | Modeling the world from internet photo collections[END_REF][START_REF] James | Straightforward reconstruction of 3D surfaces and topography with a camera: Accuracy and geoscience application[END_REF][START_REF] Westoby | ‗Structure-from-Motion' photogrammetry: A low-cost, effective tool for geoscience applications[END_REF][START_REF] Fonstad | Topographic Structure from Motion: A new development in photogrammetric measurements[END_REF][START_REF] Micheletti | Section 2.2. Structure from Motion (SfM) photogrammetry[END_REF] to produce 3D topographic models from which orthophotos and DEMs (Digital Elevation Models) were subsequently created.

A large set of historical British Columbia government vertical aerial photographs is available for the Mount Meager massif. The area was photographed in 1947, 1948, 1962, 1964-1965, 1973, 1981, 1990, and 2006. The photographs are available only as paper copies produced from the original negatives, and many of them are in poor condition (i.e. deformed by humidity, scratched, or ink-annotated). In addition, metadata on the camera and flight mission are not, in all cases, available. It would be difficult, if not impossible, to process these photos using classic stereo-photogrammetric techniques. Fortunately, we were able to construct high-quality orthophotos and digital surface models (DSMs) using Structure from Motion software.

We processed and analyzed photographs from 1948, 1964-1965, 1973, 1981, 1990, and 2006 the failed rock mass and to compare the source area before and after the landslide. We made field observations of the 2010 landslide source area in 2016 to ground-truth the geology as mapped by [START_REF] Read | Geology of Meager Creek Geothermal Area, British Columbia[END_REF][START_REF] Read | Mount Meager complex, Garibaldi Volcanic Belt, southwestern British Columbia[END_REF] and to map structures in the scar left by the landslide.

Quality assessment

The SfM-MVS workflow generates 3D models in arbitrary object coordinates. The precision of the model depends on image quality and the 3D reconstruction algorithm.

The cartographic accuracy of the final orthophoto and DEM depends on the accuracy of the geographic coordinate source used in the georeferencing process. We scanned all photos at 800 DPI, following [START_REF] Linder | Digital Photogrammetry: A Practical Course[END_REF] guidelines. The pixel size of digitized airphotos depends on the scanning resolution and on the approximate scale factor of the photograph (Appendix C, Table C1). The resulting 3D models have reconstruction errors of 0.9-1.8 pixels and precision of 0.4-1.5 m (Table 4.1).

When georeferencing scanned images, it is preferable to use coordinates from a source with high accuracy (ASPRS 2014); a common approach is to perform a differential GPS field survey. For this study, it was not feasible to perform such a survey due the inaccessibility of much of the source area and danger of rock falls. Instead, we used georeferenced points on British Columbia Government standard base maps. 

Glacier area errors

We mapped the snout of Capricorn Glacier, which lies at the base of the failed slope, on each georeferenced orthophoto. Uncertainties in the mapped extent of the glacier are related to inherent errors in the base map, errors introduced by manually tracing the margins of the glacier, and to problems in discriminating ice, snow, and snow-covered ice. To account for these errors, we buffered the perimeter of the glacier 

Volumetric errors

We compared topography derived from British Columbia airphotos acquired in 2006 with that derived from the post-landslide 2010 oblique helicopter photos at a pixelby-pixel level to estimate the volume of the failed rock mass. To minimize errors in this exercise, we co-registered the two surfaces by matching recognizable points in the 3D models. To assess this error, we compared the two surfaces in areas where no significant change would be expected and assumed the same error would be present where the mass failed [START_REF] Gardelle | Region-wide glacier mass balances over the Pamir-Karakoram-Himalaya during 1999-2011[END_REF]. The standard deviation (σ) in the elevation difference is ±6 m. The resulting uncertainty in the volume estimate is expressed as volumetric variation (σ vs ) and is defined by the mean of the formula σ vs = σA, where the area (A) of the failed rock mass is 6.4 x10 5 m 2 . The volumetric error calculated in this manner is ±3.8 x 10 6 m 3 . We estimated the volume of the 2010 landslide by differencing the 2006 and 2010 DEMs. A small failure from the source area in 2009 had a volume of about 2-3 x 10 5 m 3 (Cordilleran Geoscience 2009); we did not subtract this volume from our estimate as it is only a fraction of the calculated error. 

Results

Glacier change

2010 collapse

The 2010 failure involved the entire edifice sequence from the basement to the ridge crest. The estimated volume of the collapse is 53 ± 3.8 x 10 6 m 3 . We estimated sector volumes by parsing the slope using mapped faults: 24.6 x 10 6 m 3 for the W sector, 13.8 x 10 6 m 3 for the E sector, 9.0 x 10 6 m 3 for the portion above the W sector, and 5.6 x 10 6 m 3 for the rock peak.

The detachment surface is a step-shaped amphitheatre with a steep upper section (60-90°) that is 200 m high on the east and a less steep (5-40°) lower portion. (1978,1990). The rhyodacitic plug forms the peak of the mountain; the other units are present on the lower portion of the scar and are now partly covered by talus (Figure 4.5B).

1. Intrusive rhyodacite plug (unit P9i of Read 1978). This unit is pervasively fractured, with meter-scale steep columns and horizontal fractures. Parts of the unit display ochre-colored hydrothermal alteration.

2. Block and ash layers. [START_REF] Read | Geology of Meager Creek Geothermal Area, British Columbia[END_REF] mapped this unit as rhyodacitic lava flows (unit P9f). However, no lava flows are evident in the scar and the surrounding area.

Rather, block and ash layers form a carapace surrounding the intrusive plug. The layers have thicknesses of several meters and dip 30-40°.

3. Volcanic breccias (unit P8x of [START_REF] Read | Geology of Meager Creek Geothermal Area, British Columbia[END_REF]. These basal breccias are fractured and hydrothermally altered.

4. Quartzdiorite (unit Mqd of [START_REF] Read | Geology of Meager Creek Geothermal Area, British Columbia[END_REF] unconformably underlies the volcanic sequence. The contact was covered by debris soon after the 2010 landslide, but it can be seen at the margins of the scar (Figure 4.5B). Lithological analysis of the landslide deposit by Roberti et al. (2017) showed that it contains ~20-30% basement rock, some hydrothermally altered.

The lower part of the source slope has been intensively hydrothermally altered.

Moving upward in the sequence, the block and ash layers are relatively fresh and the rhyodacite plug is only locally altered. 

Discussion

Glacier activity

The activity of Capricorn Glacier between 1948 and 2006 is consistent with that of other glaciers in the southern Coast Mountains [START_REF] Koch | Glacier change in Garibaldi Provincial Park, southern Coast Mountains, British Columbia, since the Little Ice Age[END_REF]. In spite of brief advances between the 1950's and 1970's, most small glaciers in this region have lost about half of their mass since the end of the Little Ice Age [START_REF] Bovis | The July 29, 1998, debris flow and landslide dam at Capricorn Creek, Mount Meager Volcanic Complex, southern Coast Mountains, British Columbia[END_REF][START_REF] Holm | The landslide response of alpine basins to post-Little Ice Age glacial thinning and retreat in southwestern British Columbia[END_REF][START_REF] Koch | Glacier change in Garibaldi Provincial Park, southern Coast Mountains, British Columbia, since the Little Ice Age[END_REF]. Capricorn Glacier loaded and then unloaded the south flank of Mount Meager. It eroded rock from the toe of the slope, while water from glacier and snow melt penetrated the volcanic rocks of the massif.

Progressive failure

Major faults that controlled the 2010 failure were already present in 1948. In the following years, displacements on these faults increased and an array of minor faults appeared, accompanied by bulging and precursory collapses at the toe of the slope (Figure 4.4). The bulging toe was eroded by meltwater, further destabilizing the slope above. Bulging of the toe increased rock damage and likely fractured rock bridges along the future failure plane, reducing the overall factor of safety.

The detachment surface and the failure sequence were structurally controlled.

The basal sliding surface projects to the thalweg of the glacially eroded Capricorn Creek valley. The base of this detachment includes volcanic breccia and basement rock. Rocks in the lower portion of the sequence are altered and saturated. The formation of a pond at the toe of the failed rock mass immediately after the event [START_REF] Delcamp | Water in volcanoes: Evolution, storage and rapid release during landslides[END_REF] indicates that rocks along the basal sliding surface had low permeability. It seems likely that at least part of this surface followed a boundary between altered, fractured basement rocks and less permeable, less fractured basement rocks.

The failure sequence consisted of four phases. The initial failure involved the fault-bounded W and E sectors of the lower part of the slope (Figure 4.5A). Failure of the W and E rock masses generated the two initial pulses recorded by seismographs. [START_REF] Allstadt | Extracting source characteristics and dynamics of the August 2010 Mount Meager landslide from broadband seismograms[END_REF] extracted the directions taken by the failing rock masses from the seismic records. The direction of the first pulse was 191°; we interpret this to record failure of the W sector, which was controlled by a W-E-striking, S-dipping fault. The direction of the second pulse, which immediately followed the first, was 217°; we interpret this to record the failure of the E sector, controlled by the NW-SE-striking fault system. Volumes calculated from the geometry of the faults indicate failures of 24.6 x 10 6 m 3 in the W sector and 13.8 x 10 6 m 3 in the E sector (Figure 4.5). This result differs from estimates derived from numerical modeling [START_REF] Moretti | Numerical modeling of the Mount Meager landslide constrained by its force history derived from seismic data[END_REF], which yielded 14 x 10 6 m 3 and 27.5 x 10 6 m 3 , respectively, for the first and second stages of the landslide. We believe our estimates are valid as they are based on observed structures, rather than calibration from a numerical model.

The two primary failures left the upper part of the edifice unsupported, leading to a third failure above the W sector, which we estimate to have had a volume of 9.0 x 10 6 m 3 . Two minutes later, the fourth and final phase involved collapse of the unsupported secondary peak, with a primarily vertical fall toward the SE [START_REF] Allstadt | Extracting source characteristics and dynamics of the August 2010 Mount Meager landslide from broadband seismograms[END_REF]. A change in slope divides the secondary peak into two rock masses with individual volumes of about 2.8 x 10 6 m 3 (Figure 4.5A). Separate, although nearly contemporaneous, failure of these rock masses supports [START_REF] Allstadt | Extracting source characteristics and dynamics of the August 2010 Mount Meager landslide from broadband seismograms[END_REF] inference that this last phase consisted of two sub-failures. Our estimate of the total volume of the fourth event (5.6 x 10 6 m 3 ), however, differs substantially from Allstadt's estimate (0.3 x 10 6 m 3 ), based on the magnitude of the generated force derived from seismic data.

Lithological zoning in the source area is replicated to some extent in the landslide deposit, i.e. the deposit exhibits remnant stratification [START_REF] Voight | Catastrophic rockslide avalanche of May 18[END_REF][START_REF] Van Wyk De Vries | A gravitational spreading origin for the Socompa debris avalanche[END_REF][START_REF] Valderrama | Dynamic implications of ridges on a debris avalanche deposit at Tutupaca volcano (southern Peru)[END_REF]. Highly altered rocks are found at the base of the scarp, consistent with the abundance of these rocks in the distal debris. In contrast, the peak consists of an intrusive volcanic unit, which dominates the debris at the mouth of Capricorn Creek (Roberti et al. 2017).

Causes and failure mechanism

Granitic and metamorphic rocks underlie Capricorn Creek valley and some of the adjacent lower slopes. Volcanic rocks unconformably overlie these basement rocks and are covered in many places by snow and ice. The condition of the basement is not known at all sites, but judging from exposures at the head of Capricorn Creek, these rocks are likely to be fractured and altered for some distance below the volcanic contact.

The presence of weak rocks at the base of the volcano can have a strong destabilizing effect (van Wyk de Vries et al.2001;[START_REF] Cecchi | Flank spreading and collapse of weak-cored volcanoes[END_REF][START_REF] Detienne | Volcanic Flank and Sector Collapses; Unravelling the Role of Hydrothermal Alteration Using Combined Mineralogical, Experimental, and Numerical Modelling Studies[END_REF], and large volumes (>5 x 10 6 m 3 ) of rock can undergo gravitation damage and displacement [START_REF] Kilburn | Forecasting giant, catastrophic slope collapse: Lessons from Vajont, Northern Italy[END_REF].

Inflow of meltwater during the warm summer of 2010 likely elevated pore water pressures beneath the steep south slope of Mount Meager. The reduction in effective stress, coupled with the progressive removal of support at the toe by erosion and fracturing induced by slow deformation, brought the slope to catastrophic failure (two loud cracks heard by the witnesses; Guthrie et al. 2012). The weight of the overlying stratigraphic sequence pushed out the basal breccia and basement units, leading to collapse of the slope above. The first force generated by the collapse had a mainly horizontal orientation and a slow initial acceleration of 0.39 m/s 2 (Allstadt 2013). The large amount of water expelled from the moving rock mass (up to 6 x 10 6 m 3 ) generated a debris avalanche with a water-rich front and water-poor core (Roberti et al. 2017).

The slow initial acceleration, large volume of the failure, and presence of hydrothermally generated clays and fluids fit the slow, self-cracking model proposed by [START_REF] Kilburn | Forecasting giant, catastrophic slope collapse: Lessons from Vajont, Northern Italy[END_REF]. Large catastrophic collapses are generally preceded by a period of accelerating deformation due to internal fracturing that is enhanced by the presence of fluids [START_REF] Kilburn | Forecasting giant, catastrophic slope collapse: Lessons from Vajont, Northern Italy[END_REF]. Hence, in the case of the 2010 Mount Meager failure, there was no singular distinct triggering event, but rather a combination of destabilizing factors, including the long summer heatwave that contributed, over time, to the collapse. The increase in the number and size of faults, and the precursory failures at the toe of the slope in the years prior to the landslide suggest that slow acceleration could have been detected using monitoring methods such as photogrammetry, LIDAR, InSAR, in-situ strain meters, or GPS. If so, it might have been possible to predict the approaching failure by extrapolating the linear inversedeformation rate trend [START_REF] Kilburn | Forecasting giant, catastrophic slope collapse: Lessons from Vajont, Northern Italy[END_REF][START_REF] Rose | Forecasting potential rock slope failure in open pit mines using the inverse-velocity method[END_REF][START_REF] Carlà | Guidelines on the use of inverse velocity method as a tool for setting alarm thresholds and forecasting landslides and structure collapses[END_REF][START_REF] Loew | Monitoring and early warning of the 2012 Preonzo catastrophic rock slope failure[END_REF].

Alpine glaciers around the world are receding due to climate warming [START_REF] Liggins | Projected future climate changes in the context of geological and geomorphological hazards[END_REF]. In many mountain ranges, most glaciers will disappear by the end of this century [START_REF] Debeer | Recent changes in glacier area and volume within the southern Canadian Cordillera[END_REF]Schieffer et al. 2007;[START_REF] Clarke | Projected deglaciation of western Canada in the in the 21st century century[END_REF]. Glacier retreat will further destabilize steep slopes [START_REF] Evans | Recent climatic change and catastrophic geomorphic processes in mountain environments[END_REF][START_REF] Huggel | High-mountains slope failures and recent and future warm extreme events[END_REF] and provide an additional source of water for elevating pore pressures within unstable rock masses, both of which can cause marginally stable slopes to collapse.

Evidence of deep-seated gravitational deformation is widespread on flanks of the Mount Meager massif [START_REF] Bovis | Rock-slope deformation at Affliction Creek, southern Coast Mountains, British Columbia[END_REF][START_REF] Read | Mount Meager complex, Garibaldi Volcanic Belt, southwestern British Columbia[END_REF][START_REF] Jordan | Debris Flows in the Southern Coast Mountains, British Columbia: Dynamic Behavior and Physical Properties[END_REF]Van der Kooij and Lambert 2002;[START_REF] Roberti | Mount Meager volcano, Canada: A case study for landslides on glaciated volcanoes[END_REF]. Examples are shown in m 2 at Devastation Creek, 2.7 x 10 6 m 2 at Plinth Peak, and 1.3 x 10 6 m 2 at Affliction Creek. Assuming an average depth of failure of 100 m for these gravitational slope instabilities [START_REF] Kilburn | Forecasting giant, catastrophic slope collapse: Lessons from Vajont, Northern Italy[END_REF], volumes of potential future failures are in the range of 3.6 x 10 6 m 3 , 2.7 x 10 6 m 3 , and 1.3 x 10 6 m 3 for Devastation Creek, Plinth Peak, and Affliction Creek, respectively. Volcanic landslides of this size could travel tens of kilometers downstream and potentially impact settled areas in Pemberton Meadows 109 [START_REF] Friele | Large Holocene landslides from Pylon Peak, southwestern British Columbia[END_REF][START_REF] Simpson | Evidence for catastrophic volcanic debris flows in Pemberton Valley, British Columbia[END_REF]. The continuing deformation of these large sagging rock masses can be monitored and used to forecast their possible catastrophic failure. Given that the risk of injury and death downstream has been deemed unacceptable [START_REF] Friele | Hazard and risk from large landslides from Mount Meager volcano, British Columbia, Canada. Georisk: Assessment and Management of Risk for Engineered Systems and Geohazards[END_REF], it would seem prudent to implement slope displacement monitoring at Mount Meager. 

Conclusions

The south flank of Mount Meager experienced deep-seated gravitational deformation for decades prior to its final catastrophic collapse in August 2010. We have documented pre-event progressive deformation of the slope using historical vertical airphotos to provide insight into the causes of the collapse. In particular, we draw the following conclusions:

1. After substantial retreat in the early 20 th century, Capricorn Glacier advanced between 1964 and 1981 and then rapidly retreated from 1990 to 2006.

2. Major gravitationally generated faults were already present in 1948. They continued to develop, and other cracks formed at the toe of the slope, manifested by sagging and bulging, until the time of the landslide.

3. Lithologies involved in the collapse are, from bottom to top, hydrothermally altered basement rocks and volcanic breccias, block and ash deposits, and rhyodacitic intrusive rocks.

4. The 2010 collapse involved the entire volcanic edifice from the basement to the top of a secondary peak. The collapse started with failure of the basement and basal breccia units. The remaining unsupported block and ash deposits failed next, followed by the intrusive rocks at the peak.

5. The rock mass that failed in 2010 was partially saturated with about 6 x 10 6 m 3 of water. Immediately after collapse, this water was available to transform the landslide into a highly mobile debris avalanche with multiple rheologies.

6. The volume of 2010 failure is 53 ± 3.8 x 10 6 m 3 . This volume is a refinement of a previous estimate and confirms that the event is the largest historic landslide in Canada. Using the event sequence documented here, and with dedicated monitoring, deformation can be tracked and catastrophic failures forecast. Volcanic landslides of this volume can impact populated areas downvalley, resulting in an unacceptable level of risk. We recommend implementation of slope displacement monitoring at Mount Meager.
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Introduction

Mount Meager is a volcanic complex in southwest British Columbia, Canada, about 150 km north of Vancouver and 65 km northwest of the town of Pemberton. The volcanic complex formed over the past two million years (Read 1979) and last erupted about 2360 years ago [START_REF] Clague | Improved age estimates for the White River and Bridge River tephras, western Canada[END_REF][START_REF] Hickson | Volcanology of the 2360 BP eruption of Mount Meager Volcanic Complex, British Columbia, Canada: Implications for hazards from eruptions in topographically complex terrain[END_REF]). Today, it hosts an active hydrothermal system and fumarole field [START_REF] Venugopal | Gas emissions and magma source of the Mount Meager Volcanic Complex, Garibaldi Volcanic Belt, BC[END_REF]) and it is a site of shallow earthquakes [START_REF] Friele | Hazard and risk from large landslides from Mount Meager volcano, British Columbia, Canada. Georisk: Assessment and Management of Risk for Engineered Systems and Geohazards[END_REF]. It was periodically covered by glaciers during the Pleistocene Epoch [START_REF] Clague | Pleistocene glaciation of British Columbia[END_REF], and presently supports alpine glaciers [START_REF] Holm | The landslide response of alpine basins to post-Little Ice Age glacial thinning and retreat in southwestern British Columbia[END_REF][START_REF] Koch | Glacier change in Garibaldi Provincial Park, southern Coast Mountains, British Columbia, since the Little Ice Age[END_REF]. The volcano has a long record of landslides [START_REF] Friele | Hazard and risk from large landslides from Mount Meager volcano, British Columbia, Canada. Georisk: Assessment and Management of Risk for Engineered Systems and Geohazards[END_REF], stemming from extensive hydrothermal alteration of the volcanic rocks, glacial erosion, and recent glacier retreat [START_REF] Holm | The landslide response of alpine basins to post-Little Ice Age glacial thinning and retreat in southwestern British Columbia[END_REF]Roberti et al. 2017c). The most recent large landslide, in 2010, is the largest in Canadian history (Roberti et al. 2017c). Glacier retreat has also exposed hydrothermal vents at Mount Meager, affecting water circulation, temperature, and chemistry. In 2016, fumaroles formed ice caves in Job Glacier on the north side of Mount Meager. The basin of Job Creek is also one of the most unstable catchments on the massif and the source of some of its largest (10 8 -10 9 m 3 ) prehistoric landslides [START_REF] Friele | Hazard and risk from large landslides from Mount Meager volcano, British Columbia, Canada. Georisk: Assessment and Management of Risk for Engineered Systems and Geohazards[END_REF].

circulation and relations between the two. Here we present a geomorphic study of the Mount Meager Volcanic Complex, with a focus on major slope instabilities and recent glacier retreat. We discuss volcanic and landslide hazards in relation to a previous risk analyses [START_REF] Friele | Hazard and risk from large landslides from Mount Meager volcano, British Columbia, Canada. Georisk: Assessment and Management of Risk for Engineered Systems and Geohazards[END_REF]. Finally, we suggest a monitoring framework for the volcanic massif.

Methods

We identifies changes in signal phase between pairs of SAR images and, coupled with a high-resolution DEM, allows the measurement of ground displacement that occurs in the period between the two image acquisition dates with ± 10 mm precision. As InSAR is hindered by the presence of vegetation and snow cover the best results are obtained by comparing images acquired during the summer or early fall. This approach provides the best results in terms of spatial coverage but does not allow detection of deformation over long periods of time nor does it provide the deformation history that can be obtained with the SqueeSAR approach. 

Landslide mapping

We identified unstable slopes and mapped scarps, trenches, and fractures on the 2006 orthophoto and the 2015-2016 Lidar DEM. InSAR analysis constrained the motion on some of the unstable slopes and allowed us to identify other instabilities with less evident geomorphic expression. We have estimated the volumes of these instabilities from their geometry, lithology, and an assumed minimum depth of failure of 100 m [START_REF] Kilburn | Forecasting giant, catastrophic slope collapse: Lessons from Vajont, Northern Italy[END_REF].

Glacier changes 1987-2016

We Comparison of the two DEMs revealed a previously unidentified landslide area.

The DoD shows loss of mass in the east fork of Devastation Creek valley (7 in Figure 5.1) and accumulation of material on the valley floor. To better constrain the date of this slope failure, we analyzed available airphotos and optical satellite imagery, and found that the landslide occurred between July 27 th and August 27 th 2009 (Image courtesy of Planet). The area of the failure is 0.2×10 6 m 2 , and its volume is estimated to be in the range 10 6 -10 7 m 3 . 

Landslide inventory and InSAR deformation data

Most slopes on the Mount Meager Volcanic Complex show signs of instability.

We identified 27 large (>5×10 5 m 2 ) potential landslide sites (Table 5.1), characterized by cracks, counter scarps, bulging profiles, and small collapses. Cracks generally are parallel to valley axes and exist from the base of the slopes to ridge crests. Of these 27 sites, nine have been deglaciated recently; the toes of the slopes were covered by glacier ice in 1987, but were largely ice-free in 2016. Eight sites are >1700 m asl, where permafrost may be present. Ten sites are at lower elevation in vegetated terrain. We estimate that 12 sites could generate 10 8 -10 9 m 3 landslides, seven could generate 10 7 -10 8 m 3 landslides, six 10 6 -10 7 m 3 landslides, and two 10 5 -10 6 m 3 landslides (Table 5.1).

SqueeSAR analysis of the 1992-2000 ERS data, shows motion at four sites (Table 5.1). The displacement is along the satellite line of sight (LOS) and negative values indicate motion away from the satellite along the 24.9° look angle. LOS displacements of up to -17 mm yr -1 were found on the east flank of Job Creek (Inset A in 

Volcano-ice interaction hazards

In 2016 fumaroles were observed emitting gases from Job Glacier. The fumaroles have probably been active beneath the glacier for a long time, but only recently has the ice thinned enough that the hot gases could reach the surface of the glacier. The hazard posed directly by the gases is localized to the ice caves and immediate surroundings. The possibility of an eruption from the volcano is unknown, but ice melt can cause landslides and decompression from both ice loss and landslides might destabilize hydrothermal and magmatic systems and trigger an eruption (cf Waythomas 2012). Even a small eruption would rapidly melt a large amount of Job Glacier ice, generating a long runout debris flow. A tragic example of such an event is the 1985 eruption of Nevado del Ruiz in Colombia. A small eruption beneath the summit ice-cap caused a debris flow that killed more than 22,000 people over 60 km from the volcano [START_REF] Herd | Comite de Estudios Vulcanologicos[END_REF]. At present no volcanic or volcano-ice interaction hazard assessments have been made for Mount Meager.

Landslide hazards

Of the 27 slopes with signs of instability that we identified, nine slopes have been recently deglaciated and eight are at elevations where permafrost degradation is likely to be happening. Glacier retreat and permafrost thaw could destabilize these slopes.

Meltwater from snow and ice can infiltrate slopes and increase porewater pressures, conditioning them for catastrophic collapse, as happened at Mount Meager in 2010.

Hetherington (2014) conducted edifice-scale slope stability analysis using numerical modeling and showed that that even small changes in water supply could trigger deepseated failure. The calculated factor of safety (FOS) showed that many sites are at incipient failure.

Collapses of these slopes can generate highly mobile, far-reaching debris flows.

Five of the unstable slopes we identified could generate a 10 8 -10 9 m 3 debris flow that might reach populated areas in the Lillooet River valley (four past documented events: 2600, 4400, 6250, 7900 BP) Another five slopes could generate landslides with volumes of 10 7 -10 8 m 3 that might extend some distance down Lillooet valley (three past documented events: 2170 BP, 1975BP, , 2010)). Five more could generate a 10 6 -10 7 m 3 flow that could reach downstream of the Meager-Lillooet confluence (1860, 870, 370 BP;1931[START_REF] Terlien | The determination of statistical and deterministic hydrological landslide-triggering thresholds[END_REF], and two sites have volumes of 10 5 -10 7 m 3 and would likely be confined in the proximal valleys of Meager Creek and upper Lillooet River. See [START_REF] Simpson | Evidence for catastrophic volcanic debris flows in Pemberton Valley, British Columbia[END_REF] for the inundation zones extents and [START_REF] Friele | Hazard and risk from large landslides from Mount Meager volcano, British Columbia, Canada. Georisk: Assessment and Management of Risk for Engineered Systems and Geohazards[END_REF] for a compilation of past events. Ten slopes are forested and have not been directly affected by recent deglaciation; we consider these slopes less likely to generate catastrophic collapses.

Seven of them have volumes in the 10 8 -10 9 m 3 range, two in the 10 7 -10 8 m 3 range, and one in the 10 6 -10 7 m 3 range. Three of the vegetated slopes (southeast Meager and east Manatee valley sides) are not underlain by volcanic rocks.

InSAR deformation data

ERS SqueeSAR data provided valuable historic information spanning an 8-year period while the Sentinel-1 DinSAR data provided short-term data during the summers of more slopes might be deforming and be in critical condition but are not visible due to adverse satellite look angles, the presence of vegetation or snow cover. or a surge) cannot be easily resolved. Therefore, there is no early warning system or defensive structures that might reduce the risk to the population downstream of Mount Meager.

Risk from landslides and volcanic activity at Mount Meager

Slope monitoring and early warning system

Although non-eruptive volcanic landslides are difficult to predict, Roberti et al (2017c) showed that the 2010 Mount Meager landslide should not have been unexpected. Signs of deformation were evident on the pre-failure slope, and slope monitoring might have allowed the landslide to have been forecast [START_REF] Intrieri | The Maoxian landslide as seen from space: Detecting precursors of failure with Sentinel-1 data[END_REF].

In this study, we have identified additional unstable slopes and have measured displacement rates with InSAR techniques. To reduce the risk of injury and loss of life from landslides at Mount Meager, we recommend the establishment of slope deformation monitoring and an early warning system. Both can be achieved using satellite InSAR. InSAR allows precise displacement monitoring over large areas in nearreal time, making the technique suitable for an early warning system [START_REF] Ferretti | InSAR data for monitoring land aubsidence: Time to think big[END_REF][START_REF] Intrieri | The Maoxian landslide as seen from space: Detecting precursors of failure with Sentinel-1 data[END_REF]. The availability of free Sentinel imagery with near worldwide 

Conclusions

DEMs, Lidar, SfM, InSAR analysis, and field work allowed us to document glacier retreat and slope instability on the Mount Meager volcanic complex. We draw the following conclusions: Sentinel-1 DInSAR data highlighted motion at eight sites. Among these, the east slopes of Job Creek and Devastation Creek valleys moved up to -34±10 mm -36±10 mm, respectively, over a 24-day period during the summer of 2016. We consider these slopes to be in a critical condition for failure.

5. The risk of loss of life was deemed unacceptable in 2008. Today, in a first-order estimate, the risk has increased.

6. 

Abstract

Volcanoes deform under their own weight, as they are built of weak rocks, and glaciers further weaken them by loading, unloading, and eroding them. These processes reduce the stability of volcanic slopes, increasing the likelihood of a catastrophic failure.

Unloading of volcanic edifices during glacier retreat, erosion, and catastrophic mass movements could affect the magmatic plumbing system and potentially cause an eruption. Mount Meager, an ice-clad volcanic complex in British Columbia, Canada, is known for its large landslides and a major eruption about 2360 cal yr BP. Changes in glacier cover can influence magmatic processes through a chain of events involving deep erosion, over steepening, unloading, mass movements, and depressurization.

Introduction

Mount Meager is a glaciated volcanic complex in British Columbia, its activity spans ~2 Ma [START_REF] Read | Geology of Meager Creek Geothermal Area, British Columbia[END_REF], with the most recent eruption in 2360 cal yr BP [START_REF] Hickson | Volcanology of the 2360 BP eruption of Mount Meager Volcanic Complex, British Columbia, Canada: Implications for hazards from eruptions in topographically complex terrain[END_REF]. Today, Mount Meager hosts an active hydrothermal system and is the site of shallow earthquakes [START_REF] Venugopal | Gas emissions and magma source of the Mount Meager Volcanic Complex, Garibaldi Volcanic Belt, BC[END_REF][START_REF] Friele | Hazard and risk from large landslides from Mount Meager volcano, British Columbia, Canada. Georisk: Assessment and Management of Risk for Engineered Systems and Geohazards[END_REF]. It is known for its prehistoric and historic large landslides [START_REF] Friele | Hazard and risk from large landslides from Mount Meager volcano, British Columbia, Canada. Georisk: Assessment and Management of Risk for Engineered Systems and Geohazards[END_REF] Poisson's ratio (µ) of 0.30. The monzogranite has Young's modulus (Ec) of 21 GPa a density (ρc) of 2800 kg/m 3 , and a Poisson's ratio (µ) of 0.29 (Table 6.1). An inclined sharp contact separated the pumiceous material to the top 108 cm of peat. A sample of the humic stain was examined for material suitable for radiocarbon dating, but no suitable material was found. Decompression following the collapse of Plinth Peak will affect the stress field to a 6 km depth. This sudden decompression can directly affect the near surface hydrothermal system at Job Glacier. The decompression could also affect the deeper magmatic plumbing system. The geothermal gradient is 80-100 °C/km with recorded temperatures in geothermal explorative drill holes of up to 270 °C [START_REF] Ghomshei | Current Status of the Pebble Creek (North Meager) Geothermal Project[END_REF]. Shallow earthquakes at 1-6.7 km depth [START_REF] Friele | Hazard and risk from large landslides from Mount Meager volcano, British Columbia, Canada. Georisk: Assessment and Management of Risk for Engineered Systems and Geohazards[END_REF] The decompression following the landslide would not affect these deeper, mafic, reservoirs, unless there was a telescoping of events down the system. The localised decompression would be unlikely to induce partial melting in the mantle.

The Job landslide and the 2360 cal yr BP eruption.

Twelve vertical holes, 10-40 m deep, were drilled 32-65 km downstream of Mount Meager in the Lillooet River valley to determine its sedimentary structure [START_REF] Friele | Impact of a Quaternary volcano on Holocene sedimentation in Lillooet River valley[END_REF]. The drill holes sedimentary record document three volcanic debris and two hyperconcentrated flows. As landslides at Mount Meager commonly have rock or debris avalanche and debris flow phases (Friele andClague 2004, Roberti et al. 2017a), these distal deposits are relatable to landslide deposits near the volcano. Radiocarbon ages on wood fragments in flow and landslide deposits, and in overlying and underling layers, allowed dating and correlation of these events [START_REF] Friele | Hazard and risk from large landslides from Mount Meager volcano, British Columbia, Canada. Georisk: Assessment and Management of Risk for Engineered Systems and Geohazards[END_REF]). [START_REF] Simpson | Evidence for catastrophic volcanic debris flows in Pemberton Valley, British Columbia[END_REF]). The pumice is resedimented layer of reverse graded gravel-sized pumiceous clasts rounded at the base and angular at the top. [START_REF] Desloges | Sediment source and hydroclimatic inferences from glacial lake sediments: the postglacial sedimentary record of Lillooet Lake, British Columbia[END_REF] documented an acoustic reflector in the Lillooet lake dated 2495±670 14 C years and interpreted to be a debris flow deposit. A debris flow deposit is also documented 3 km downstream of the Job landslide deposit [START_REF] Friele | Hazard and risk from large landslides from Mount Meager volcano, British Columbia, Canada. Georisk: Assessment and Management of Risk for Engineered Systems and Geohazards[END_REF]) and dated 2650±60 14 C yr BP (2591-2897 cal yr BP). We think that these debris flow deposits represent the debris flow phase of the Job Valley landslide documented in this paper. The total volume of the landslide is estimated at ~10 9 m 3 . This is the only known event to have reached

Lillooet lake, about 70 km from Mount Meager. This event may have left a trace also in the oral history of the local Lil'wat First Nation community. An oral story of a "great flood" was passed down through generations: "[...] they got back there, their place was bare because the water was so rough it took all the ground off the valley down towards the mouth of the Lillooet River [...]. So Pemberton Meadows became liveable. All those swamps were filled and the people came down there instead of staying at their place" [START_REF] Kennedy | The Lil'Wat World of Charlie Mack[END_REF].

The landslide was not immediately followed by the eruption; the two events are separated by several months to centuries, as indicated by the stratigraphy at Job Valley, in drill cores, and by the carbon ages obtained from the drill samples [START_REF] Friele | Impact of a Quaternary volcano on Holocene sedimentation in Lillooet River valley[END_REF][START_REF] Simpson | Evidence for catastrophic volcanic debris flows in Pemberton Valley, British Columbia[END_REF][START_REF] Friele | Hazard and risk from large landslides from Mount Meager volcano, British Columbia, Canada. Georisk: Assessment and Management of Risk for Engineered Systems and Geohazards[END_REF]. The triggering of the 2360 cal yr BP eruption was inferred to be from magma mixing [START_REF] Stasiuk | Distribution, nature, and origins of the 2400 BP eruption products of Mount Meager, British Columbia; linkages between magma chemistry and eruption behaviour[END_REF]. This very large (~10 9 m 3 ) landslide, however, would have most likely perturbed the stress field by allowing fracture propagation and fluid migration. The decompression following the landslide could have allowed the ascent of deeper, less differentiated magma which mixed with a shallow, more differentiated magma chamber that ultimately triggered the eruption. The time lag between landslide and eruption could be related to the time that the magmatic system took to react to the decompression. The location of the vent, NE of Job amphitheatre collapse scar, could have also been conditioned by the large collapse.

Field and numerical studies document how vents can migrate following an edifice collapse [START_REF] Maccaferri | The Effect of Giant Lateral Collapses on Magma Pathways and the Location of Volcanism[END_REF]. Our model of the change in stress field after the failure of the west flank of Plinth show maximum decompression to the west of the landslide. [START_REF] Delcamp | Dykes and structures of the NE rift of Tenerife, Canary Islands: a record of stabilisation and destabilisation of ocean island rift zones[END_REF] showed field evidence of how dykes intrude around collapse scars and [START_REF] Maccaferri | The Effect of Giant Lateral Collapses on Magma Pathways and the Location of Volcanism[END_REF], with a numerical approach, showed lateral vent migration after a collapse. [START_REF] Zurek | The Origin of Mauna Loa's Ninole Hills: Evidence of Rift Zone Reorganization[END_REF] also argued a whole rift migration following large landslides. The stress field perturbation after the Job Valley collapse could have conditioned the location of the vent and triggered a sequence of events that lead to the eruption.

The cause of the landslide of Job Valley is unknown. Both [START_REF] Simpson | Evidence for catastrophic volcanic debris flows in Pemberton Valley, British Columbia[END_REF] and [START_REF] Friele | Hazard and risk from large landslides from Mount Meager volcano, British Columbia, Canada. Georisk: Assessment and Management of Risk for Engineered Systems and Geohazards[END_REF] discuss the possibility of minor eruptive activity as the triggering mechanism. An undated lava dome and flows are located near the Job amphitheatre scar rim; these are the most fresh-looking volcanic features at Mount Meager but they

have not yet been studied in detail. The presence of fumaroles and extensive hydrothermal alteration of the rocks in the Job Valley (Figure 6.2 and 6.4) may indicate that hydrothermal system pressurization could have had a role in the collapse (van Wyk de [START_REF] Van Wyk De Vries | Catastrophic collapse at stratovolcanoes induced by gradual volcano spreading[END_REF]Reid 2004). Considering the broader tectonic context of Mount Meager, regional stresses have a role in the morphology and volcanic activity as observed at other volcanic centres [START_REF] Mathieu | The Interaction between Volcanoes and Strike-Slip, Transtensional and Transpressional Fault Zones: Analogue Models and Natural Examples[END_REF]. N-S striking fractures are found in the basement near the 2360 cal yr BP vent [START_REF] Ghomshei | Current Status of the Pebble Creek (North Meager) Geothermal Project[END_REF]. The orientation of Job Valley is N-S and the volcanic activity at Mount Meager has migrated from the south to the north in the last 2 Ma [START_REF] Read | Geology of Meager Creek Geothermal Area, British Columbia[END_REF]. These N-S structures may have controlled past volcanic and landslide activities and could have a role in future edifice collapses and eruptions.

Further field and numerical studies are needed to better constrain the magmatic plumbing system, the link between deglaciation, edifice stability and eruptions, and the effects of the regional tectonic stresses on the edifice morphology of Mount Meager.

Slope, seismic, and gas monitoring are needed to better constrain landslide and eruption hazards. Early warning systems and risk zonations are needed in order to mitigate the risk of life loss from large landslides at Mount Meager volcano.

Conclusions

In this study, we describe the large unstable slope of Plinth Peak near the retreating Job Glacier, the potential stress field perturbation if the whole slope fails, and the potential consequences on the magmatic plumbing system. We also describe a large landslide deposit that originated from Job Valley and discuss the probability that the landslide had a role in triggering the 2360 cal yr BP eruption.

At Plinth Peak, the high deformation rates and rapid glacial retreat are factors that favour an abrupt slope failure as shown by the 2010 debris avalanche (Chapters 3-5). We applied a 2D finite element model to assess the state of stress after an eventual catastrophic slope failure. Change in effective stress would reach a 6 km depth with up to 4 MPa decompression. Such changes in confining pressure could trigger a hydrothermal explosion from the shallow hydrothermal system expressed at Job Glacier.

Fracture propagation, magma migration, and gas exsolution following decompression could also lead to a magmatic eruption. Such a landslide and eruption would impact Valley prior to the eruption may have had a role in triggering the eruption. Although stratigraphic evidence and radiocarbon dating show a lag between the landslide and the eruption, we interpret the lag to be related to the amount of time the magmatic plumbing system took to react to the decompression. The stress change following the landslide allowed fractures to propagate to the NE of the landslide scar and perturbed the magma system that allowed magma mixing that ultimately triggered the eruption (Chapter 6).

Further studies are needed to better constrain the Mount Meager magmatic plumbing system such that new numerical models can be developed and applied to better assess the interaction between glacier retreat, landslides, and eruptions at Mount Meager.

Future work

Much future work at Mount Meager is needed. Better age constraints on volcanism and glaciations are needed to understand the glacial system, volcanic system and the glaciovolcanic interaction. Deeper knowledge on the glaciovolcanic history can help understand the present day glacier and landslide hazards at Mount Meager, as well as in other glaciated volcanoes worldwide. Hazard and risk maps should be produced at Mount Meager; slope monitoring and early warning and alarm systems should be implemented along with effective risk communication to local officials, communities, and stakeholders.

Mount Meager debris-covered glaciers

The debris-covered glaciers on Mount Meager should be studied more in detail.

The effects of rock avalanches and rock falls on the glacier dynamics as well as the influence of hydrothermally altered volcanic bedrock on the glacier dynamics can be investigated with numerical modelling and field work. The thermal effects of the fumaroles on Job Glacier is unknown and merits investigation. Mount Meager glaciers and glaciers from other volcanoes could be compared to debris-covered glaciers form non-volcanic mountains.

Glaciovolcanism at Mount Meager?

Geological mapping at Mount Meager was carried out in the 1970's [START_REF] Read | Geology of Meager Creek Geothermal Area, British Columbia[END_REF]).

Today's scientific advancement in understanding of volcanic and glacial processes would allow the geological map to be updated. Technological advances such Lidar and high resolution photography allow higher resolution mapping. Volcano stratigraphy could be mapped in further detail, particularly at a smaller scale (outcrop or channel) so that more stratigraphic units could be identified. Unmapped glaciovolcanic features may be recognized and new dates could better constrain the timing of glaciations and volcanism at Mount Meager. 

Slope monitoring implementation, and hazard and risk communication

  photogrammétrie Structure from Motion (SfM) et la technologie Lidar pour produire des modèles numériques de terrain, et techniques InSAR pour surveiller le mouvement et la déformation des pentes du volcan. Nous avons appliqué la technique SfM à des photographies aériennes historiques pour documenter les activités des glaciers et des glissements de terrain au Mount Meager. Nous avons discuté un modèle de croissance et d'érosion d'un volcan en période glaciaire et interglaciaire, ainsi que la valeur scientifique et de vulgarisation de la reconstruction topographique 3D. Nous avons décrit les dépôts de glissement de terrain de 2010 à Mount Meager pour interpréter la dynamique de leur mise en place. Le glissement de terrain de 2010 s'est divisé en phases riches en eau et pauvres en eau, ayant des distances d'écoulement différentes et des dépôts distincts. Nous avons analysé des photographies aériennes historiques remontant à 1948, afin de documenter la déformation de la pente avant l'effondrement de 2010. Le glacier situé a proximité du pied de la pente a reculé durant les années précédents la rupture.

Chapitre 1

 1 photographies aériennes sur le Mount Meager. L'approche innovante du traitement de ces photos aériennes avec photogrammétrie Structure from Motion (SfM) a permis une reconstruction topographique rapide en 3D du Mount Meager de 1947 à 2006. La possibilité d'analyser plus de 50 ans de changements géomorphologiques au Mount Meager a permis d'identifier les mouvements des glaciers et des glissements de terrain. Chacun des glaciers a des tendances, des morphologies et une couverture de débris différentes. Les pentes se sont déformées et se sont effondrées, générant des glissements de terrain qui ont voyagé de longues distances. Afin d'expliquer la

  déformation des pentes et l'activité des glaciers de 1948 à 2006. Avec le travail de terrain, nous avons amélioré les contraintes sur la géologie et les structures de la cicatrice d'effondrement. Nous avons recalculé le volume d'effondrement, et nous discutons du volume et du rôle de l'eau dans l'effondrement et la séquence d'effondrement. Le glacier du Capricorne a progressé dans les années 1970-1980 et a reculé de 1990 à 2006.Les principales discontinuités du flanc étaient déjà présentes en 1948, le nombre de fractures et les déplacements le long des failles majeures ont augmenté dans les années suivantes (voir ici le flanc 1948-2010). Le renflement des talus et les défaillances précurseurs se sont produits au pied de la pente.

Figure

  Figure 2.3. Comparison of 1990 and 2006 datasets for the pre-2010 failure slope. A)Shaded relief model of the 1990 DEM. Glacier outline, the 2010 failure, and a major fault associated with the 2010 failure are indicated. B) Shaded relief model of the 2006 DEM. Glacier outline, 2010 failure, 1998 landslide scar, and major fault are indicated C) 2006-1990 DoD, note the systematic yellow to purple transition from the top to the bottom of the figure, indicating tilting between the two DEMs. Glacier, 1998 landslide scar and fault are indicated. D) 2006-1990 DoD after CloudCompare registration. The systematic tilting is corrected and the elevation difference in stable areas is 2 m. Glacier mass loss, 1998 scar and displacement along the fault are visible in the DoD. See Chapter 4 for the description of the 2010 slope deformation prior to the collapse. ............. 31 Figure 2.4. Comparison of 195 and 1990 datasets for Devastation Valley. A) Shaded relief model of the 1951 DEM. B) Shaded relief model of the 1990 DEM. C) DoD after CloudCompare registration. Glacier frontal retreat (1), the 1975 landslide scar (2) and glacier thickening (3) are visible. The elevation difference between 1951 and 1990 DEMs in stable areas is 10.6 m. Note the artificially rough surface in the 1951 DEM. .......................... 32 Figure 2.5. Overview of the Mount Meager volcanic complex showing 2016 glacier extent, landslide scars with reference study, unstable areas, and figure locations. Inset A) Figure 2.6. B) Figure 2.7. C) Figure 2.8. D) Figure 2.9. E) Figure 2.10. ....................................................................................... 33 Figure 2.6. Devastation Valley from 1947 to 2016. Glacier outlines, moraines, landslide deposits, scars, and scarps are indicated. A) 1947: glacier at its maximum extent, note the 1947 landslide deposit. B) 1962: glacier has carried the 1947 landslide deposit to form an arched moraine back from the terminus of the glacier. C) 1973: while the debris-covered front has receded the landslide debris/moraine has advanced further. D) 1981:

  Figure 2.10. Bridge River Glacier, 1951-2016. Glacier outlines and eruptioncrater/landslide scar are indicated. The glacier advanced between 1951 and 1990, retreated between 1990-2006, and readvanced in the 2006-2016 period. A) 1951. B) 1962. C) 1964. D) 1973. E) 1981. F) 1990. G) 2006. H) 2016 Lidar. I) Lidar 2016 with glacier outlines. J) Changes in the glacier front position over the period of the photographic record. Years in x-axis and metres from the reference line in the y-axis. 44 Figure 3.1. Mount Meager area (British Columbia) (geology after Read 1979), showing margins of the Mount Meager 2010 landslide, the locations and durations of the landslide dams, and the five deposit areas discussed in the paper. The locations of the lithology transects are shown by red lines. Inset map shows the location of the study area in western Canada (BC-British Columbia). ................................................................................... 55 Figure 3.2. Map of Mount Meager landslide deposits and structures. Also indicated are locations of photographs shown in other figures. Numbers in circles identify the five deposit areas. ................................................................ 58

Figure

  Figure 3.4. Sand-silt-clay ratios of samples of the Mount Meager debris avalanche matrix. Fields indicate the 12 classes of soil textural classification (Soil Survey Division Staff 1993). ...................................................................

Figure 3

 3 Figure 3.5. Photographs of typical structures in the Mount Meager landslide debris. White arrows indicate flow direction. (A) Compressional ridges (hammer ~30 cm). The black lines show thrusts separating compressional ridges of gray rhyodacite and cream-colored, altered sheared block facies. (B) Panoramic view of a shear zone (circled person for scale). The red line marks a strike-slip fault; the white dotted lines highlight lithological markers that show the displacement along the fault. A graben is visible in the foreground. (C) View down Lillooet River valley showing extensional features in the plug; normal fault scarps are indicated by white lines. The graben in front of the circled standing person is perpendicular to the flow direc-tion. Note the runup on the valley side. (D) Normal fault trace exposed in section. White dotted lines here indicate lithological markers. The shovel is 1.5 m in length. .................................................................

Figure

  Figure 3.6. (A) Sketch of the Meager barrier (area 1) based on a photograph taken before the dam breach, showing compression. (B) Sketch of the barrier area after the dam breach. The limit of the debris avalanche and lower debris lines on the valley side are marked: 1-high lineament caused by runup of the first pulse; 2-debris line left by the bulk of the mass flowing toward Lillooet River valley; 3-debris line left by runup and collapse of Meager barrier debris. Arrows indicate the direction of movement. Photos courtesy of D.B. Steers. .........................................................................

Figure

  Figure 3.7. (A) Orthophoto of the Capricorn Creek fan (part of area 2 of the Mount Meager landslide), showing unit a and unit b (the latter a product of three lobes: b1, b2, and b3). (B) Orthophoto of the central portion of the terrace tread showing unit a (water-rich flow deposit) and unit b (intermediatewater-content phase). The latter supports hummocks and deformation structures. Ridges indicate compressional motion against the valley side. (C) Panoramic view of the terrace scarp, debris trimlines, and postdepositional sloughing (person in the circle at lower right for scale). Image courtesy of C.-A. Lau. ............................................................................

Figure

  Figure 3.8. Orthophoto of the plug area, Mount Meager landslide (area 3). Structures indicate different stress regimes: extension (light blue) at the west corner of the plug; shear (purple) in the central part and at the sides; and compression (red) at the front and between the two lobes. Box indicates location of Appendix B, Figure B8, which shows structures and deformation sequence. ...........................................................................

Figure 4

 4 Figure 4.3. Maps of the head-scarp area of the 2010 landslide from 1948 to 2006. Locations of the margin of Capricorn Glacier through time, the outline of the 2010 headscarp, and faults are shown. A) 1948: Major faults are already present. B) 1964-1965. Diffuse deformation at the toe of the slope. C) 1973: A large portion of the slope toe (~1.5 x10 6 m 3 ) has been removed by erosion, and major and minor faults have expanded. D) 1981: Snow covers most of the area. Capricorn Glacier is at its maximum 20 th century extent. E) 1990: Diffuse deformation and some bulging at the toe of the slope. F) 2006: Diffuse deformation, bulging, the scar of the 1998 landslide, and the source area of the 2009 event. ..................................

Figure 4

 4 Figure 4.4. Topographic cross-sections of the flank of Mount Meager in 1948, 1990, 2006, and 2010. Note major faulting, sagging, and bulging of the toe of the slope in the lead-up to the 2010 landslide. Arrows show relative directions of motion. .............................................................................

Figure

  Figure 4.5. A) Flank of Mount Meager four years before the collapse in 2010 (modified from Delcamp et al. 2016), showing the head scarp of the landslide, failure domains, directions of collapse, faults, and the terminus of Capricorn Glacier. 1) First failure: direction of movement 191°; volume 24.6 x10 6 m 3 . 2) Second failure: direction of movement 217°; two pulses about 20 seconds apart; volume 13.8 x10 6 m 3 . 3) Third failure: direction of movement mainly vertical; 40 seconds after the two main failures; volume 9.0 x10 6 m 3 . 4) Fourth failure: direction of movement mainly vertical towards the SE; two minutes after the third failure; volume 5.6 x10 6 m 3 . Movement directions and timing from Allstadt (2013). B) Headscarp of 2010 landslide after the collapse (modified from Delcamp et al. 2016), showing bedrock units described in the paper. C) Pre-and post-failure cross-sections of the source area. m.asl = metres above sea level. .....

Figure 4

 4 Figure 4.6. Daily maximum temperature and daily total precipitation at Pemberton over the period 1 July -10 August 1975, 1998, and 2010 in relation to landslides (modified from Bovis and Jakob 2000). The 1975, 1998, and 2010 landslides happened after sustained summer heatwaves. No significant precipitation is recorded during the three periods. Max T maximum daily temperature, Ppt precipitation. ..................................... Figure 4.7. Continuing instability on the Mount Meager massif. A) East flank of Devastation Creek valley. B) West flank of Plinth Peak. C) West flank of Affliction Creek valley. ..........................................................................

Figure 5. 1 .

 1 Figure 5.1. Overview of the Mount Meager volcanic complex, showing glaciers, ice loss, fumaroles, past landslides, unstable slopes. A) Figure 5.2. B) Figure 5.3. C) Figure 5.4. D) Figure 5.5. ..........................................................

Figure 1

 1 Figure 1.2. Rock avalanches (arrows) at Mount Meager in summer 2018. A) Job Valley. B) Devastation Valley.

  Historical aerial photography offers the opportunity to document decades of topographic changes, however the full potential of historic airphotos has been hindered by technological limitations. Today's advancement in photogrammetry and computing vision led to the Structure from Motion (SfM) revolution in the geosciences. SfM offers a cost and time-effective alternative to classic photogrammetry, allowing fast and highresolution three-dimensional topography reproduction for a full exploitation of archival data.

  acquired between 1947 and 2006 to document glacier and landslide activity. We processed the scans using the commercial SfM software PhotoScan. PhotoScan provided high-quality orthophotos (0.42-1.13 m/pixel) and DSMs (1-5 m/pixel). Changes at Devastation, Mosaic, Job, Affliction, and Bridge River valleys were documented and related to glacier geomorphic parameters. We recorded rock avalanches onto the ice 1 Part of this chapter has been presented as poster at EGU (European Geoscience Union) 2017 General Assembly: Roberti G, Ward B, van Wyk de Vries B, Perotti L, Giardino M, Friele P, Clague JJ (2017) Application of Structure from Motion to digitized historical airphotos to document geomorphic change over the past century. Geophysical Research Abstracts -EGU General Assembly 2017-Vol.19, p.EGU2017-4051.

Figure

  Figure 2.1.SfM workflow from photo digitization to orthophoto, DEM export, and quality control.

9.

  Build orthomosaic. The orthomosaic is generated on the DEM surface. The blending mode has been left to the default -mosaic‖ setting. Artefacts or voids are commonly generated in zones of poor texture (glaciers, snowfields, forested areas, shadows). Clouds can also obscure part of the landscape generating errors in the 3D models. Careful visual model examination is needed to identify and correct such errors. The reconstructed orthophotos and DEMs are suitable for geological qualitative and quantitative observations, despite lens and scanning deformation, poor textures of snow, ice and forest covered areas and poor GCP accuracy.Table 2.1 summarizes the model characteristics for the different photo datasets.

  calculated the DEM of difference (DoD) between each dataset and the Lidar DEM. The SfM derived DEMs have systematic errors (Figure2.2). The models are tilted(1964( , 1981( , 2006, Figure , Figure 2.2), showed doming effect(1962, Figure 2.2) or had steps between the different flight stripes(2006, Figure 2.2). In order to reduce these errors we realigned subsets of photos and increased the number of control points in the PhotoScan 29 processing. A smaller number of images requires less computational power, produces smaller, more manageable point clouds where wrongly projected points are easier to identify and remove. Also more control points can be easily placed; thus improving the overall 3D model generation and georeferencing process (see Chapter 4). Then we coregistered point cloud subsets in CloudCompare (CloudCompare 2018). The registration in CloudCompare eliminated the systematic tilting and corrected some of the doming effects. We registered pairs of point clouds, choosing each time the higher resolution cloud as reference. This approach reduced the cloud registration errors to 1-10 m.

Figure 2 .

 2 Figure 2.3 and 2.4 are two examples of DEM analysis for the pre-2010 collapse slope (shown in Figure 2.3) and Devastation Valley (Figure 2.4). In the pre-2010 collapse slope, it is possible to observe the glacier mass loss, a precursory failure from the toe of the slope, and an increase in displacement along the major fault that conditioned the failure (see Figure 4.4 and Chapter 4 for more details about the 2010 failure).

Figure

  Figure 2.2. DEMs of difference between the photo datasets and the Lidar reference. Black outlines are the glaciers in 2006. Red outline is the 2010 landslide scar. In the 1947 dataset, artifacts are generated by clouds. Despite systematic errors (doming, photo strip misalignment, tilting) that are present in all the datasets, the glacier mass loss is visible in some datasets without further processing.

Figure 2

 2 Figure 2.3. Comparison of 1990 and 2006 datasets for the pre-2010 failure slope. A)Shaded relief model of the 1990 DEM. The glacier outline, the 2010 failure, and a major fault associated with the 2010 failure are indicated. B) Shaded relief model of the 2006 DEM. The glacier outline, 2010 failure, 1998 landslide scar, and major fault are indicated C) 2006-1990 DoD, note the systematic yellow to purple transition from the top to the bottom of the figure, indicating tilting between the two DEMs. The glacier, 1998 landslide scar and fault are indicated. D) 2006-1990 DoD after CloudCompare registration. The systematic tilting is corrected and the elevation difference in stable areas is 2 m. Glacier mass loss, 1998 scar and displacement along the fault are visible in the DoD. See Chapter 4 for the description of the 2010 slope deformation prior to the collapse.

Figure

  Figure 2.4. Comparison of 1951 and 1990 datasets for Devastation Valley. A) Shaded relief model of the 1951 DEM. B) Shaded relief model of the 1990 DEM. C) DoD after CloudCompare registration. Glacier frontal retreat (1), the 1975 landslide scar (2) and glacier thickening (3) are visible. The elevation difference between 1951 and 1990 DEMs in stable areas is 10.6 m. Note the artificially rough surface in the 1951 DEM. Mapping The descriptions of the geomorphological evolution of the glacier basins (Figure 2.5) are subdivided into Devastation (Figure 2.6), Mosaic (Figure 2.7), Job (Figure 2.8), Affliction (Figure 2.9), and Bridge River (Figure 2.10). We considered the glacier length from the highest elevation point to the glacier front. We measured the glacier basin area including steep slopes surrounding the glacier that produce snow avalanches and rock falls onto the glacier, which contribute to both glacier ice mass and debris cover. We distinguished active and stagnant ice near the terminus of the glacier based on the presence or absence of crevasses as indicator of ice flow, plus hummocky topography indicating stagnant ice. Glacier outlines, moraines, landslides deposits, scars, and fractures are mapped at 1:20,000. Considering the high georeferencing error (19-89 horizontal and 15-179 vertical), the measurements of the glacier front and moraine positions in the different datasets are relative to each year and not compared directly; we compared by defining stable reference lines in each dataset from which we referred the measurements. In the Devastation Valley the reference line is passing by the 1947 landslide apex (Figure 2.6 H), in Mosaic (Figure 2.7 H), Job (Figure 2.8 J) and Bridge River (Figure 2.10 I) glaciers the reference is a line passing by a gully in their respective Little Ice Age moraines, and in Affliction Valley it is line intersecting a tension fracture near the Little Ice Age maximum (Figure 2.9 J). These absolute lengths are not affected

Figure

  Figure 2.5. Overview of the Mount Meager volcanic complex showing the 2016 glacier extent, landslide scars with reference number, unstable areas, and figure locations. Inset A) Figure 2.6. B) Figure 2.7. C) Figure 2.8. D) Figure 2.9. E) Figure 2.10.

Figure

  Figure 2.6. Devastation Valley from 1947 to 2016. Glacier outlines, moraines, landslide deposits, scars, and scarps are indicated. A) 1947: glacier at its maximum extent, note the 1947 landslide deposit. B) 1962: glacier has carried the 1947 landslide deposit to form an arched moraine back from the terminus of the glacier. C) 1973: while the debris-covered front has receded the landslide debris/moraine has advanced further. D) 1981: glacier front has receded and a new moraine formed from the 1975 landslide debris. Note the 1975 landslide scar. E) 1990: glacier front has receded, note the arched moraine from the 1975 landslide debris. F) 2006: glacier has receded. G) 2016 (Lidar data): glacier has receded further. H) 2016 (Lidar data) with glacier outlines. I) Change in the glacier front position over the photo period. Years in x-axis and metres from the reference line in the y-axis. Note the decrease of recession during 1962-1973 and 1981-2006 periods. Devastation Glacier presently extends 3.7 km from 2200 to 1400 m asl. It originates from the same ice cap as the Mosaic and Affliction glaciers and flows to the SE. The basin area is 3 km 2 with headwalls up to 0.7 km high (Table 2.3). Landslides in 1947 and 1975 deposited debris on the glacier, which was subsequently deformed into moraines.

Figure

  Figure 2.7. Mosaic valley from 1951 to 2016 period. Glacier outlines, landslide deposits, scars, and scarps are indicated. The glacier has been retreating since 1951. A) 1951. B) 1962. C). 1964: note the lateral moraine collapse on the glacier. D) 1973. E) 1981.F) 1990. G) 2006: note that the landslide deposit has been eroded away. H) 2016 Lidar data. I) 2016 Lidar data and glacier outlines. J) Change in the glacier front position over the photo period. Years in x-axis and metres from the reference line in the y-axis. Mosaic glacier extends from 2200 m asl to 1600 m asl and presently extends for 3 km length. The north facing basin is 2.5 km 2 . There are not significant cliffs to accumulate debris on this glacier. In 1947 photoset Mosaic glacier is obscured by clouds. In 1951 the glacier is at its maximum extent and retreated 1.5 km by 2016 (Figure 2.7, A-H). Glacier frontal retreat decreased from ~49 m yr -1 during the 1951-1964 period, to ~20 m yr -1 during the 1964 to 2006 and then increased to ~45 m yr -1 between 2006 and 2016 (Figure 2.7, H). Between 1962 and 1964 the western lateral moraine collapsed on the glacier, partially covering it (Figure 2.7, C.). By 2006 the deposit has been eroded away (Figure 2.7, G.).

Figure

  Figure 2.8. Job valley from 1947 to 2016. Glacier front, unstable slopes landslide scars, landslide deposits and fumaroles are indicated.The glacier retreated in the 1947-1964 period, advanced between 1964 and 1981 and retreated between 1981 and 2016. A) 1947: note the dark spot on the glacier marking the fumarole position. B) 1951. C) 1962. D) 1964. E) 1973. F) 1981. G) 1990: note debris on glacier. H) 2006. I) 2016 Lidar J) 2016: Lidar and glacier outlines. K) Summary of changes of glacier front position over the photo period. Years in xaxis and metres from the reference line in the y-axis.

  1947 and 1975 landslide debris and the formation of arched moraines. Although the 1975 landslide covers the 1947 moraine, it is still possible to trace the motion. The moraine advance increased in the 1981-1990 photo period, as for the active ice. The glacier transported the 1975 landslide deposit moraine until the 1990 dataset. By 2006,

  3 km since 1947. It shows a similar trend to Job Glacier. The retreat accelerated between 1962 and 1964, then it readvanced in the 1970-1980's. The debris-covered streak on the west is generated by continuous erosion of a rock cliff. Slope deformation on the valley flank has been documented by[START_REF] Bovis | Rock-slope deformation at Affliction Creek, southern Coast Mountains, British Columbia[END_REF], and present displacement measured by InSAR (Chapter 5).



  The glaciers at Mount Meager have different behaviours. Devastation Glacier retreated the most, 1.7 km in 70 years, and has been affected by two (1947 and 1975) rock avalanches. The glacier deformed the landslide debris to form moraines. Mosaic glacier retreated 1.5 km, does not have a debris cover, and has been the site of a moraine collapse. Job and Affliction glaciers had a shortlived readvance in the 1970-1980's and have a total retreat of 0.7 and 0.3 km, respectively. Job Glacier is located in a large collapse scar and fumarolic activity has likely been present since 1947. Bridge River Glacier is located in the 2360 cal yr BP eruption crater and it is the only advancing glacier (+0.07 km). Major rock falls, rock avalanches, and landslides are observed from the slopes of each glacier basin.  We document moraines that formed from large amounts of debris deposited onto Devastation glacier from landslides. This can cause misinterpretation of the paleoclimate record if these moraines are preserved and though to be climatically related. We propose a conceptual model to explain the high landslide frequency and the glacial activity at Mount Meager. Past glaciations and hydrothermal activity condition present volcanic edifice stability and glacier morphology. Rocks are fractured and altered by interaction with past ice sheets and today's glaciers are debris-covered and sit in collapse scars formed because of the inherited instability of the mountain.  Three-dimensional historic photographic reconstruction finds many scientific and outreach applications. It gives access to otherwise unused datasets and allows documentation of recent geomorphic changes. Visualization of three-dimensional models helps non-scientific users to better understand natural processes.
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 1 Discussion with Davide Donati helped to imporve the SfM-CloudCompare workflow Friele 2 , Benjamin van Wyk de Vries 1 , Brent Ward 3 , John J. Clague 3 , Luigi Perotti 4 , and Marco Giardino 4 Université Clermont Auvergne, CNRS, IRD, OPGC, Laboratoire Magmas et Volcans, Aubiere Cedex, France (2) Cordilleran Geoscience, Squamish, British Columbia, Canada (3) Earth Sciences Department, Simon Fraser University, Burnaby, British Columbia Canada (4) Earth Sciences Department, University of Torino, Torino, Italy 3.1. Abstract On 6 August 2010, a large (~50 Mm 3 ) debris avalanche occurred on the flank of Mount Meager in the southern Coast Mountains of British Columbia, Canada. We studied the deposits to infer the morphodynamics of the landslide from initiation to emplacement. Structure from motion (SfM) photogrammetry, based on oblique photos taken with a standard SLR camera during a low helicopter traverse, was used to create highresolution orthophotos and base maps. Interpretation of the images and maps allowed us to recognize two main rheological phases in the debris avalanche. Just below the source area, in the valley of Capricorn Creek, the landslide separated into two phases, one water-rich and more mobile, and the other water-poor and less mobile. The waterrich phase spread quickly, achieved high superelevation on the valley sides, and left distal scattered deposits. The main water-poor phase moved more slowly, did not superelevate, and formed a thick continuous deposit (up to ~30 m) on the valley floor. The water-poor flow deposit has structural features such as hummocks, brittle-ductile faults, and shear zones. Our study, based on a freshly emplaced deposit, advances understanding of large mass movements by showing that a single landslide can develop multiple rheology phases with different behaviors. Rheological evolution and separation of phases should always be taken into account to provide better risk assessment scenarios.

  are one of the major hazards in mountainous regions. When volcanoes are present in the mountains, the hazard is compounded, as volcanic rocks are weak and hydrothermal alteration further weakens both the volcano and the country rock. Thus, potentially unstable volcanic edifices pose a significant hazard to people living in their vicinity. They are prone to large collapses, which can generate fast-moving debris avalanches that may travel far from their source[START_REF] Siebert | Landslides resulting from structural failure of volcanoes[END_REF]; van Wyk de Vries and Davies 2015). Some collapses occur during eruptions, but many happen during quiescent periods and are not directly related to eruptive activity[START_REF] Friele | Hazard and risk from large landslides from Mount Meager volcano, British Columbia, Canada. Georisk: Assessment and Management of Risk for Engineered Systems and Geohazards[END_REF]; Shea and van Wyk de Vries 2010). Causative factors include rapid uplift and erosion as well as weak materials that form the flanks of the volcanoes and commonly slowly deform under the influence of gravity (van Wyk de Vries and Francis 1997; Reid and Brien 2006; van Wyk de Vries and Davies 2015).

  Guthrie et al. (2012a, b) provided a first description of the event, including seismic signal analysis, a general geomorphic description, and numerical modeling.[START_REF] Roche | Once more into the breach: A forensic analysis of the August 2010 landslide dam outburst flood at Meager Creek, BC[END_REF] studied the effects of the landslide on the Lillooet River discharge.[START_REF] Allstadt | Extracting source characteristics and dynamics of the August 2010 Mount Meager landslide from broadband seismograms[END_REF] analyzed the seismic data from the event to infer velocity and emplacement dynamics.[START_REF] Moretti | Numerical modeling of the Mount Meager landslide constrained by its force history derived from seismic data[END_REF] produced a numerical simulation of the event. At present, there has been no detailed study of the geomorphology and rheology of the 2010 Mount Meager landslide, a gap that we fill in this work.The objective of this study is to refine understanding of the emplacement kinematics and dynamics and the rheology of the Mount Meager debris avalanche in order to advance knowledge of such events. We achieved this objective by constructing a high-resolution orthophoto and digital elevation model (DEM) using Structure from Motion (SfM) and through detailed geomorphologic mapping (at 1:1000 scale) and grainsize analysis. This new technology can be applied to other debris avalanches around the world to offer valuable new insights into the morphodynamics of large landslides. above sea level[asl]) is a Pliocene to Holocene volcanic complex 200 km north-northwest of Vancouver, British Columbia (Figure3.1). It lies within the Lillooet River watershed, 65 km upstream of the town of Pemberton.

Figure

  Figure 3.1. Mount Meager area (British Columbia) (geology after Read 1979), showing margins of the Mount Meager 2010 landslide, the locations and durations of the landslide dams, and the five deposit areas discussed in the paper. The locations of the lithology transects are shown by red lines. Inset map shows the location of the study area in western Canada (BC-British Columbia).

  6 August 2010, the south flank and secondary peak (2554 m asl) of Mount Meager collapsed, producing a long-runout debris avalanche(Guthrie et al. 2012a(Guthrie et al. , 2012b) ) (Figure 3.1). The collapse evolved as several subfailures[START_REF] Allstadt | Extracting source characteristics and dynamics of the August 2010 Mount Meager landslide from broadband seismograms[END_REF][START_REF] Moretti | Numerical modeling of the Mount Meager landslide constrained by its force history derived from seismic data[END_REF]. The debris accelerated to speeds of 60-90 m/s as it traveled 7 km down Capricorn Creek to Meager Creek[START_REF] Allstadt | Extracting source characteristics and dynamics of the August 2010 Mount Meager landslide from broadband seismograms[END_REF]. At the Capricorn Creek-Meager Creek confluence, the front of the debris sheet ran 270 m up the opposing valley wall and split into two lobes, one of which ran ~3.4 km upstream and the other 4.7 km downstream to Lillooet River where it spread out over the valley floor before coming to rest 2 km below the Meager Creek-Lillooet River confluence. Field evidence showed that some deposition occurred along the entire travel path, but most of the debris was deposited at the mouth of Capricorn Creek and in Lillooet River valley(Guthrie et al., 2012a,b).Guthrie et al. (2012a, b) concluded that the 2010 landslide involved the failure of 48.5 × 10 6 m 3 of rock. It thus was similar in size to the 1965 Hope slide in southwest British Columbia[START_REF] Mathews | The Hope landslide, British Columbia[END_REF][START_REF] Bruce | The dynamics of the Hope slide[END_REF] and almost twice the size of the famous 1904 Frank slide in southwest Alberta[START_REF] Cruden | A re-examination of the geology of the Frank Slide[END_REF][START_REF] Cruden | Before Frank slide[END_REF]. The vertical elevation drop from the source area to the distal limit of the debris (H) is 2185 m, and the total path length (L) is 12.7 km. These values yield a Fahrböschung (travel angle, arctan H/L) of 9.8°. The average velocity of the landslide was 45 m/s[START_REF] Allstadt | Extracting source characteristics and dynamics of the August 2010 Mount Meager landslide from broadband seismograms[END_REF]. The landslide produced the equivalent of a M 2.6 local earthquake, with long-period seismic waves that were recorded by seismometers as far away as southern California and northern Alaska.A mass of debris up to 30 m thick blocked Meager Creek at the mouth of Capricorn Creek, and a 10-15-m-thick debris barrier formed across Lillooet River. A stream gauge on Lillooet River 65 km downstream of Meager Creek recorded an initial rapid drop in discharge, followed ~2 hr later by a rise in discharge after Lillooet River breached its dam. About 19 hr later, discharge spiked following overtopping and breaching of the Meager Creek barrier[START_REF] Roche | Once more into the breach: A forensic analysis of the August 2010 landslide dam outburst flood at Meager Creek, BC[END_REF] Guthrie et al. 2012a, b).Because this flood wave was built on a low base flow, it did not exceed the bankfull discharge of Lillooet River in Pemberton and caused no property damage.The outburst floods resulting from the two dam breaches modified much of the original surface of the landslide deposit. However, an extensive area retained its original structure and morphology a year after the event, allowing us to conduct this study.We use the term -debris avalanche‖ to describe the 2010 landslide because most of the deposit shows features typical of a volcanic debris avalanche[START_REF] Glicken | Sedimentary architecture for large volcanic debris avalanches[END_REF][START_REF] Ui | Debris avalanches[END_REF][START_REF] Shea | Structural analysis and analogue modeling of the kinematics and dynamics of rockslide avalanches[END_REF][START_REF] Paguican | Hummocks: How they form and how they evolve in rockslide-debris avalanches[END_REF][START_REF] Van Wyk De Vries | Volcanic debris avalanches[END_REF]. However, the landslide started as a rockslide before rapidly transforming into a channelized debris avalanche. It left a broad range of deposits, which we describe in detail below. They include hummocky faulted debris avalanche deposits, smoother ridges and striated debris flow-like deposits, and deposits from turbid water that scoured bark from trees and embedded stones in trunks.

Figure

  Figure 3.2. Map of Mount Meager landslide deposits and structures. Also indicated are locations of photographs shown in other figures. Numbers in circles identify the five deposit areas.

Figure

  Figure 3.3. Photographs of typical Mount Meager landslide deposit facies. White arrows indicate flow direction. (A) Block facies. (B) Contacts between mixed facies (a), sheared block facies of gray rhyodacite (b), and sheared block facies of red rhyodacite (c). Hammer is ~30 cm. (C) A coherent but highly brecciated block (a) disaggregated by shear to form sheared block facies (b). The surrounding material is mixed facies (c). (D) Woody debris facies. (E) Aerial photograph of the debris avalanche deposit in Lillooet River valley taken the morning after the event, before the dam on Meager Creek breached (photo courtesy of D.B. Steers).

  and form hummocks one to several meters high. They commonly have a -jigsaw puzzle‖ fabric (Figure3.3A) and a silt-to-clay loam matrix. The fine fraction (<2 mm) of zones of hydrothermally altered blocks contains 19%-29% clay, whereas the fine faction of unaltered blocks contains 2%-5% clay (Figure3.4).The sheared block facies is localized in shear zones within the block facies and occurs as discrete zones or streaks of coherent lithology in the deposit. It is a product of fragmentation and disaggregation of blocks by shear during the final stage of debris emplacement (Appendix B, FigureB1 and B2). The form of the block facies has been destroyed, but the lithology of the source block has been retained. Streaks of sheared block facies define the direction of movement of the debris avalanche (Figures 3.3C-

Figure

  Figure 3.4. Sand-silt-clay ratios of samples of the Mount Meager debris avalanche matrix. Fields indicate the 12 classes of soil textural classification (Soil Survey Division Staff 1993).

  are perpendicular to flow. They are rounded and commonly sinuous along their length (Figure 3.5A). At eroded edges of the deposit, compressional ridges are underlain by diffuse shear zones or thrust faults marked by displaced lithologies. Strike-slip faults are meter-to multi-meter-wide linear depressions with low relief, oriented parallel to the flow direction (Figure 3.5B). They are commonly associated with splay faults, grabens, and compressional ridges. Normal faults are marked by scarps with straight slopes (Figure 3.5C). In some cases, they occur in pairs and form grabens (Figure 3.5D). Normal faults strike perpendicular to the flow. Where seen in cross-section, normal faults are either single sharp faults or broad shear zones (Figure 3.5D).

Figure

  Figure 3.5. Photographs of typical structures in the Mount Meager landslide debris. White arrows indicate flow direction. (A) Compressional ridges (hammer ~30 cm). The black lines show thrusts separating compressional ridges of gray rhyodacite and cream-colored, altered sheared block facies. (B) Panoramic view of a shear zone (circled person for scale). The red line marks a strike-slip fault; the white dotted lines highlight lithological markers that show the displacement along the fault. A graben is visible in the foreground. (C) View down Lillooet River valley showing extensional features in the plug; normal fault scarps are indicated by white lines. The graben in front of the circled standing person is perpendicular to the flow direction. Note the runup on the valley side. (D) Normal fault trace exposed in section. White dotted lines here indicate lithological markers. The shovel is 1.5 m in length. 3.4.4. Area descriptions Area 1: Meager barrier The southeastern valley wall of Meager Creek, opposite the mouth of Capricorn Creek (area 1 in Figures 3.1 and 3.2), was stripped of all trees up to 270 m above the valley floor by the landslide. Only a patchy veneer of landslide debris remains on this slope. At the foot of the slope, and extending across Meager Creek valley to the mouth

  seismometer -signal H‖ ofGuthrie et al. (2012a) and the -aftershock‖ of[START_REF] Allstadt | Extracting source characteristics and dynamics of the August 2010 Mount Meager landslide from broadband seismograms[END_REF], representing a final summit collapse of the secondary Mount Meager peak ~2 min after the main event. The hummocks of gray rhyodacite at the foot of the opposing slope are likely a product of runup and collapse of this late-stage emplacement.We interpret the three lineaments on the southeastern valley wall to have formed during different phases of the debris avalanche. The high lineament was produced by the energetic and mobile front of the water-rich phase of the debris avalanche. The intermediate line is slightly younger and associated with barrier emplacement (Figure3.6B). The lowest line marks the trace of the valley-confined flowing mass-the waterpoor phase-that reached Lillooet River valley.

Figure

  Figure 3.6. (A) Sketch of the Meager barrier (area 1) based on a photograph taken before the dam breach, showing compression. (B) Sketch of the barrier area after the dam breach. The limit of the debris avalanche and lower debris lines on the valley side are marked: 1high lineament caused by runup of the first pulse; 2-debris line left by the bulk of the mass flowing toward Lillooet River valley; 3debris line left by runup and collapse of Meager barrier debris. Arrows indicate the direction of movement. Photos courtesy of D.B. Steers.

  1 and 3.2) is located on the northwestern side of Meager Creek. It lies ~60-100 m above the valley floor and is underlain by glacial sediments. Remnants of two Holocene fans overlie the terrace at the mouth of Capricorn Creek. Both of the fans, and the terrace itself, were incised by Capricorn Creek sometime during the Holocene. The modern pre-2010 Capricorn Creek fan is inset into the terrace. Part of the frontal wave of the debris avalanche ran up onto the terrace northeast of Capricorn Creek after being deflected off of the valley wall in area 1. It removed second-growth forest on the terrace and left a veneer of debris. We recognize three subareas of area 2: (1) the Capricorn Creek fan, (2) the terrace tread, and (3) the terrace scarp. The Capricorn Creek fan subarea is characterized by two fan levels, both of which are inset into the terrace. The lower fan surface is 20 m above the floor of Capricorn Creek and extends ~250 m up Capricorn Creek and 160 m down Meager Creek. The higher fan surface is 60 m above the floor of Capricorn Creek and extends 200 m down Meager Creek. Two units, a and b, of landslide debris are present within the Capricorn Creek fan (Figure 3.7A). Unit a occurs in what Guthrie et al. (2012a) termed -the spray zone‖, a discontinuous veneer of silt, sand, and gravel within an area of stripped and damaged trees at the limit of the debris avalanche. Unit b, which borders unit a, is a blanket of mixed facies material with a surface characterized by up to 1-mhigh compressional ridges and longitudinal and transverse ridges. Unit b has three lobes; the first, b1, is a major northwest-southeast-trending debris ridge parallel to the terrace scarp on the northeastern side of Capricorn Creek. It is 220 m long, 25 m wide, and 2 m high. The second lobe, b2, is associated with an east-west-oriented fold that is 70 m wide and 100 m long. This lobe contains an east-west ridge that is 10 m wide, 80 m long, and 0.5 m high. A third debris lobe, b3, overlaps lobes b1 and b2 and is parallel to and near the edge of the terrace. The second subarea of area 2-the terrace tread-extends ~600 m along Meager Creek valley. It is up to 200 m wide and 60-80 m above the valley floor. The tread is dissected by five gullies that are older than the landslide (Figure 3.2). Two units of landslide debris (a and b), similar to those present in the Capricorn Creek fan, are present here (Figure 3.7B). Unit a, located between the undamaged forest and unit b, comprises a thin layer of discontinuous debris within a zone of stripped and damaged vegetation up to 30 m wide. Downed tree stems at the margin of the deposit indicate the direction of flow, which is slightly transverse to the trend of the limit of the landslide. Lobes of debris entered the forest obliquely to the main flow direction. Unit b sharply borders unit a along a front 0.5-1 m high and comprises scattered block facies hummocks within a blanket of mixed facies up to 1.5 m thick. Compressional ridges 10-20 m long, 1-8 m wide, and up to 0.5 m high are parallel to the valley side. The hummocks are up to 12 m in diameter and 2.5 m high. Some of the hummocks have extensional grabens and partially collapsed sides. The boundary between units a and b at the downstream end of the terrace coincides with a concentration of altered blocks and sheared block facies streaks.A thin veneer of mixed facies debris covers the third subarea of area 2-the terrace scarp. Two lineaments are present on the scarp and are parallel to its margin (Figure7C). The higher lineament, which is about one-third of the vertical distance below the top of the terrace, slopes downvalley and merges with the valley floor at the end of the terrace. It is continuous with lobe b3 in the Capricorn fan area and extends up the largest upstream gully dissecting the terrace. The lower lineament is ~5 m above the valley floor. The two lineaments merge at the downvalley end of the scarp.Area 2: Interpretation.The many units and debris lines present in this area indicate that the terrace records different landslide pulses. In the terrace fan, unit a and lobe b1 are traces of the flow coming down Capricorn Creek before reaching the Meager Creek valley side. Unit a is the deposit of the frontal highly mobile flow (water-rich phase), while b1 is of the lessmobile debris-rich flow (water-poor phase). Lobes b2 and b3 are the deposits of different pulses of the flow after the impact on the southeastern wall of Meager Creek valley.Then the debris avalanche overrode the terrace tread and scarp. On the terrace tread, unit a is the expression of the frontal water-rich phase, and unit b is the deposit of an intermediate-water-content phase. Unit b on the terrace tread was water-rich enough to run over the terrace but could still support structures and hummocks. It is continuous with b2 on the terrace fan. The debris lines on the terrace scarp correlate with pulses of the water-poor phase. The upper debris line is continuous with lobe b3 and marks the maximum thickness of the water-poor material responsible for the plug deposit (see below); the lower line records the tail of the flow, or a surge related to the final -aftershock‖ collapse at the headwall of the landslide.

Figure

  Figure 3.7. (A) Orthophoto of the Capricorn Creek fan (part of area 2 of the Mount Meager landslide), showing unit a and unit b (the latter a product of three lobes: b1, b2, and b3). (B) Orthophoto of the central portion of the terrace tread showing unit a (water-rich flow deposit) and unit b (intermediate-water-content phase). The latter supports hummocks and deformation structures. Ridges indicate compressional motion against the valley side. (C) Panoramic view of the terrace scarp, debris trimlines, and post-depositional sloughing (person in the circle at lower right for scale). Image courtesy of C.-A. Lau.

(

  area 3 in Figures 3.1 and 3.2). It has a triangular shape and is ~1200 m long and 100-500 m wide. Debris of the 2010 landslide in this area is up to 15 m thick. Lateral lobe wings and late-stage slurries were present along the external margins of the lobes but were removed by the dam-breach flood. The plug is composed of block, sheared block, and mixed facies, with lithologic zoning resulting from the disaggregation of blocks into long tails, streaks, and discrete zones of sheared block facies. Hummocks are common and are 1-8 m high, 1-30 m wide, and 1-40 m long; they have volumes of 1-2 × 10 3 m 3 . Low areas between hummocks exhibit deformation structures including shear zones, ridges, grabens, and lobes. The west end of the plug, where Meager Creek enters Lillooet River valley, is characterized by collapsed hummocks, thrust and strike-slip faults, and well-developed grabens. Compressional features are cut by shear structures that are, in turn, cut by extensional structures (Figure 3.8). Farther east, toward the center of the plug area, the deposit is characterized by flow-parallel strike-slip faults. The faults are dextral and oriented southwest-northeast on the north side of the plug, and sinistral and oriented west-east on the south side. Grabens transverse to the flow direction have northwest-southeast orientations (Figure 3.8). Strike-slip faults occur in areas of ridges, depressions, and sheared hummocks and mark the boundaries between the central part and the lateral parts of the debris avalanche that continued to flow to the east. Two distal debris lobes extend from the main mass of debris and terminate on the Lillooet River floodplain with sharp fronts 7-10 m high, forming the east edge (front) of the plug. The point where the two lobes separate is 620 m from the west end of the plug. The more northerly lobe is 500 m long and up to 330 m wide. The southerly lobe is 450 m long and up to 150 m wide. The northern lobe is characterized by en echelon sigmoidal ridges, bounded by shear zones that accommodated the deformation at the point of bifurcation. The distal front of the lobe is marked by compressional ridges oriented northwest-southeast and northeast-southwest that terminate against and partially overtop hummocks. The north margin of the lobe is characterized by a system of dextral strike-slip faults spaced 30-50 m apart and oriented southwest-northeast. They displace hummocks and form pull-apart basins and push-up landforms. The strikeslip faults separate steps and drop down to the north-northwest In the southern lobe, the flow direction changes from southeast to east, then to the northeast. Strike-slip faults on the north side of this lobe are sinistral; those on the south side are dextral (Figure 3.8). The area between the two lobes has an irregular surface morphology, which we attribute to compression and thrusting by the debris flowing around it; some dead trees are still standing in this area. In photos taken the morning after the landslide (Figure 3.3E) and before the breach of the Meager barrier, fluid slurries are visible at the margins of the plug. Muddy afterflow continued from Capricorn Creek valley for days after the event as loose debris was eroded and flushed downstream by the creek. Area 3: Interpretation. The hummocks are rigid portions of the landslide mass that commonly slowed and came to rest sooner than the surrounding material. This is evidenced by flow structures and spreading and extension of some hummocks in the flow direction. As the hummocks were carried, rotated, and tilted by the flowing mass, they were also deformed, fractured, and disaggregated. Mixed material wraps around individual hummocks. Discrete faults, shear zones, pull-apart basins, and push-up structures are evidence of the dynamic interactions between different parts of the flowing mass. Crosscutting relations between faults indicate multiple generations of deformation structures. Differential movement of the debris led to localized compressional, extensional, and transtensional stresses. Extensional structures are dominant at the west end of the plug, where they cut thrust and strike-slip faults. Strike-slip structures are dominant in the central part of the plug, cutting and displacing thrusts. Later normal faults are alsopresent in this area, providing evidence for a change from a compressional to an extensional regime. The plug front to the east is dominated by thrust faults, reflecting the compressional regime in the area. There is no evidence of a highly mobile water-rich phase extending beyond the steep leading east edge. This may be related to different trajectories of the frontal wet-phase and the subsequent dry-phase flows. The water-rich phase had higher mobility and caromed more as it traveled down Meager Creek. The water-poor phase had lower mobility and stayed more valley confined.Geometrical patterns and kinematic indicators allow a possible reconstruction of the deformation history of the debris in the plug area (Appendix B, FigureB8). Primarily, compression dominated as debris, flowing in a single direction, rapidly decelerated at the flow front. Then, the debris started to flow in several different directions while decelerating at different rates. Lateral margins of the plug continued to move and deposit debris downstream in areas 4 and 5. Strike-slip faults formed to accommodate the deformation. Finally, the debris mass stopped and there was a general spreading and relaxation, with normal faults forming over the entire surface. The later slurries indicate that after the emplacement of the plug material, water remobilized part of the debris.

Figure

  Figure 3.8. Orthophoto of the plug area, Mount Meager landslide (area 3). Structures indicate different stress regimes: extension (light blue) at the west corner of the plug; shear (purple) in the central part and at the sides; and compression (red) at the front and between the two lobes. Box indicates location of Appendix B, Figure B8, which shows structures and deformation sequence.Area 4: Distal zone upvalley of the campsite ('distal up')Area 4 encompasses the marginal zone of the landslide between Lillooet River and the unaffected forest to the east, and is northwest of the British Columbia Forest

  9A and 3.9B). Unit a is <1 m thick and consists mainly of mixed and woody debris facies, but includes hummocks of both block and entrained facies that were bulldozed to the margin of the deposit (Figure 3.9A). Tree stems are oriented orthogonal to the flow direction and are in contact with standing, abraded, and tilted trees. At the river edge, entrained fluvial sediment was bulldozed into compressional ridges and hummocks. Unit b is thicker and comprises debris similar to the deposits that form the plug, with meter-high hummocks and compressional ridges (Figure 3.9A). In the northwestern part of area 4, unit b can be further subdivided into two different subunits. One has compressional ridges up to 3 m high and 20 m long and is in contact with the buried bank of Lillooet River. The other, which laps onto the first, has subdued ridges and lobes and some faults. Unit a flowed onto the terrace on which the Forest Service campsite is located, whereas unit b was stopped by it (Figure 3.9B).

  The deposit in area 4 reflects interactions with preexisting topography and different flow rheologies. The riverbank divided the flow in two: the water-rich phase (unit a) ran up over the bank, whereas the water-poor debris (unit b) was largely redirected and channeled by the bank. At the downstream end of area 4, unit b is in contact with, and laps onto, unit a.

Figure

  Figure 3.9. (A) Orthophoto of the distal part of the Mount Meager landslide deposit upstream of the unaffected Forest Service campsite (area 4), showing units a and b. Location of B is shown. (B) Partially buried terrace scarp showing the boundary between units a and b.

Figure 3 .

 3 Figure 3.10. (A) Orthophoto of the distal part of the Mount Meager landslide deposit downstream of the unaffected Forest Service campsite (area 5) showing units, hummocks, shear zones, and the direction of movement. Location of B is shown. (B) Contact between thick hummocky debris (unit b) and the discontinuous debris veneer with small hummocks (unit a).

  debris avalanche allows us to infer emplacement mechanisms, the relative timing of phases, and flow rheology. The structure and form of the deposit differ along the landslide path, providing information on transport and depositional processes and the evolution of the debris avalanche. Our interpretation of the flow dynamics and flow separation is presented below, along with their hazard implications.

Figure 3 .

 3 Figure 3.11. Top: Summary sketch map showing the distribution of water-rich and water-poor deposits of the Mount Meager landslide. Bottom: Flow chart summarizing the correlation between rheology phases, areas, and deposits. The water-rich phase produced the high debris line at the Meager barrier and deposited unit a in the terrace, distal up, and distal down areas. There are no traces of the water-rich phase in the plug area. The water-poor phase produced the lower debris line at the Meager barrier and left the thick body of debris in that area. It left the debris lines on the terrace scarp and unit b (lobes b1 and b3) on the terrace fan and in the distal up and distal down areas. The plug was also deposited by the water-poor phase. Unit b on the terrace tread and lobe b2 on the terrace fan are interpreted as deposited by an intermediate-water-content phase.

Figure 3 .

 3 Figure 3.12. Rheology end-member deposits, Mount Meager landslide. (A) Thick debris, hummocks, and faults of the water-poor phase in area 3. The red line marks strike-slip faults; the white dotted lines delineate block and sheared block facies. (B) Woody debris and dead trees of the water-rich phase downstream of the unaffected Forest Service campsite. White arrow indicates the direction of movement.

Figure 3 .

 3 Figure 3.13. Conceptual diagram showing stages in the evolution of the Mount Meager debris avalanche. (1) The south flank of Mount Meager fails. (2) The rock mass breaks up, spreads, and liquefies as it begins to accelerate down Capricorn Creek valley. Water escapes from beneath the debris avalanche, forming the advance water-rich phase (blue line); the bulk of the mass, in comparison, is relatively dry (red line). Although the two phases interact, they follow different paths and leave separate deposits. (3) Both phases achieve very high velocities before impacting the south valley wall of Meager Creek. They decelerate as they spread up and down Meager Creek and into Lillooet River valley. (4) Final deceleration and cessation of flow.

Figure 13 

 13 Figure 13 summarizes our view of the 2010 Mount Meager debris avalanche in terms of rheology and velocity from its beginning to its end. The x-axis in the figure is the proportion of water and sediment in the flow, from debris avalanche to clear-water flood; the y-axis indicates both the strain rate and velocity. The different fields are based primarily on morphology. We postulate four stages in this history:
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 314 Figure 3.14. Schematic diagram showing the evolution of the Mount Meager debris avalanche with inferred rheological behavior. (A) At initiation, the collapsed material behaves as a single phase. (B) The water-rich phase forms as the debris avalanche moves down the valley of Capricorn Creek. Upon reaching Meager Creek, it runs 270 m up the south valley wall. (C) It then flows both up and down Meager Creek valley. (D) The water-rich phase travels farther than the water-poor phase. The latter leaves a thicker deposit, which displays deformation structures that develop during final emplacement. d. aval.-debris avalanche; hyperc.-hyperconcentrated.

Field

  evidence and detailed geomorphic mapping of the 2010 Mount Meager landslide allowed us to document the development of multiple rheology phases with different mobilities and trajectories. As the collapsed mass disaggregated and started to flow along Capricorn Creek, it separated into a faster water-rich phase and a slower water-poor phase. The water-rich phase caromed down Capricorn Creek, ran high up the southeastern wall of Meager Creek valley, and overtopped a terrace on the opposite side of the valley, while the water-poor phase was more confined to the valley floor. The shapes of Capricorn and Meager Creek valleys contributed to the phase separation and deposit emplacement. The water-rich phase left the most distal deposit, but its deposit is not observed everywhere at the distal margin because the flow separated and was deflected by the topography. The less-mobile, water-poor phase left a continuous deposit.

  The photographic dataset shows that the Capricorn Glacier readvanced from a retracted position in the 1980's then rapidly retreated in the lead-up to the 2010 failure. The dataset also documents 60 years of progressive development of faults, toe bulging, and precursory failures in 1998 and 2009. The 2010 collapse was conditioned by glacial retreat and triggered by hot summer weather that caused ice and snow to melt. Meltwater increased porewater pressures in colluvium and fractured rocks at the base of the slope, causing those materials to mobilize, which in turn triggered several secondary failures structurally controlled by lithology and faults. The landslide retrogressed from the base of the slope to near the peak of Mount Meager involving basement rock and the overlying volcanic sequence. Elsewhere on the flanks of Mount Meager, large fractures have developed in recently deglaciated areas, conditioning these slopes for future collapse. Potential failures in these areas have larger volumes than the 2010 landslide.

On 6

 6 photographs, we track both deformation of the slope and the activity of Capricorn Glacier at its toe over a 62-year period. Mapping of lithologic units and structures exposed in the rock slope allowed us to document slow progressive deformation. We refine the previous volume estimate of the failed rock mass(Guthrie et al. 2012) and estimate its water content. Merging our observations of precursory slope distress with the seismic record of the collapse[START_REF] Allstadt | Extracting source characteristics and dynamics of the August 2010 Mount Meager landslide from broadband seismograms[END_REF], we infer a retrogressive failure sequence. Finally, we discuss the effects of hydrothermal alteration, continuing deglaciation, and groundwater storage on the stability of the larger Mount Meager volcanic massif, as well as the factors that condition and could trigger failures in the future.
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 1 Figure .4.1. Location map and geology of Mount Meager volcanic complex (geology after Read 1978). Also shown is the headscarp and deposit of the 2010 landslide, as well as other gravitational instabilities in the area. Inset map shows the location of Mount Meager.

  . Parts of the volcanic pile have been hydrothermally altered, and active fumaroles and hotsprings are present on the flanks of the massif. The area was repeatedly glaciated by ice caps and the Cordilleran Ice Sheet during the Pleistocene (Clague and Ward 2011) and presently supports numerous small glaciers. The volcanic and basement rocks have been deeply dissected by glacial and fluvial erosion and by mass movements, leaving steep slopes and a current local relief of up to 2200 m.The Mount Meager massif has been the site of numerous prehistoric and historic landslides[START_REF] Friele | Hazard and risk from large landslides from Mount Meager volcano, British Columbia, Canada. Georisk: Assessment and Management of Risk for Engineered Systems and Geohazards[END_REF]. The most recent large landslide, which happened on 6 August 2010, involved over 50 x 10 6 m 3 of highly fractured and altered volcanic and basement rocks on the south flank of Mount Meager. The path height of 2185 m and the maximum path length of 12.7 km yield a Fahrböschung (travel angle) of 9.8°. The landslide generated an equivalent magnitude 2.6 earthquake, and long-period seismic waves were recorded at stations as far away as southern California and northern Alaska.Examination of the seismograph records suggested that the peak velocity of the landslide was 90 m/s and the collapse occurred retrogressively. Based on the seismic data,[START_REF] Allstadt | Extracting source characteristics and dynamics of the August 2010 Mount Meager landslide from broadband seismograms[END_REF] concluded that the primary failure occurred in two stages separated by about 20 seconds, followed 40 seconds later by a smaller collapse, and finally, about two minutes later, by a fourth and final failure.The failed area was partly covered by glaciers at the peak of the Little Ice Age(ca. AD 1570(ca. AD -1900;;[START_REF] Grove | The Little Ice Age[END_REF][START_REF] Matthews | The -Little Ice Age‖: Re-evaluation of an evolving concept[END_REF]. Much of this ice was lost due climate warming in the 20th and early 21st centuries[START_REF] Bovis | The July 29, 1998, debris flow and landslide dam at Capricorn Creek, Mount Meager Volcanic Complex, southern Coast Mountains, British Columbia[END_REF][START_REF] Holm | The landslide response of alpine basins to post-Little Ice Age glacial thinning and retreat in southwestern British Columbia[END_REF], and today the flanks of Mount Meager are largely ice-free. The 2010 and other large landslides on the Mount Meager massif stem, in part, from glacier erosion and retreat and attendant stress changes of its unstable slopes[START_REF] Mccoll | Glacier retreat and rock-slope stability: Debunking debuttressing[END_REF] 

  to chronicle the evolution of the massif. The 1947 and 1962 photos were not processed because the area of interest was covered by clouds in 1947 and by snow in 1962. We took oblique digital photographs with a single-lens reflex (SLR) camera during a low-level helicopter flight 23 days after the failure. Comparison of the DEMs produced from 2006 and 2010 photos allowed us to refine the estimate of the volume of

  Planimetric coordinates were derived from SPOT 10-m resolution imagery, and elevations were extracted from the Canada TRIM (Terrain Resource Inventory Map) DEM (18.3 m average accuracy) (NRCan 2013). We calculated the overall positioning accuracy based on FGDC (1998) and ASPRS (2014) recommendations. The resulting horizontal accuracy with 95% confidence (HA 95) is 15-42 m and the vertical accuracy with 95% confidence (VA 95) is 17-63 m (Table4.1).

  based on the cartographic precision of the orthophoto. The uncertainty includes both base map errors and errors related to ice-margin tracing. The final precision for the glacier area estimates was calculated as the root of the squared sum of buffer areas[START_REF] Diolaiuti | Evidence of climate change impact upon glaciers' recession within the Italian Alps: The case of Lombardy glaciers[END_REF][START_REF] D'agata | Glacier shrinkage driven by climate change during half a century (1954-2007) in the Ortles-Cevedale group[END_REF]. Changes in the area of the glacier over time are shown in Figure4.2.

Figure

  Figure 4.2. Change in extent of Capricorn Glacier over the period of the photographic record. Note the readvance of the glacier that culminated around 1981, followed by rapid retreat to the present. Black lines delineate error bars.

  Guthrie et al. (2012) obtained an estimate of the volume of the 2010 Mount Meager landslide of 48.5 x 10 6 m 3 by differencing a pre-event 25-m-resolution TRIM DEM developed from 1987 stereo-photos and a post-event 5-m-resolution DEM derived from GeoEye stereo imagery obtained in August and September 2010. They did not clearly state the potential error in the estimate, but it is likely ±15%, or ± 7.27 x 10 6 m 3[START_REF] Moretti | Numerical modeling of the Mount Meager landslide constrained by its force history derived from seismic data[END_REF] given that the pre-event DEM had a resolution of 25 m(Guthrie et al. 2012). Other uncertainties in the volume estimate stem from the fact that landslides in 1998 and 2009 affected the source scarp between the 1987 photo date and the 2010 landslide.

  Glaciers in the southern Coast Mountains began to retreat significantly from their Little Ice Age maximum positions shortly after the start of the 20 th century[START_REF] Koch | Glacier change in Garibaldi Provincial Park, southern Coast Mountains, British Columbia, since the Little Ice Age[END_REF]. There was a short-lived readvance of most glaciers in British Columbia around the middle of the century.Between 1948 and 1973, Capricorn Glacier advanced at an average rate of 3 x 10 3 m 2 yr -1 . The average rate of advance increased to 28 x 10 3 m 2 yr -1 between 1973 and 1981. Soon thereafter, the glacier again began to retreat. It retreated at an average rate of at 31 x 10 3 m 2 yr -1 between 1981 and 1990, and 12 x 10 3 m 2 yr -1 between 1990 and 2006. By 2006, the glacier had retreated past the base of the slope that would fail in 2010, and only a patch of debris-covered ice remained.

Figure

  Figure 4.3. Maps of the head-scarp area of the 2010 landslide from 1948 to 2006. Locations of the margin of Capricorn Glacier through time, the outline of the 2010 headscarp, and faults are shown. A) 1948: Major faults are already present. B) 1964-1965. Diffuse deformation at the toe of the slope. C) 1973: A large portion of the slope toe (~1.5 x10 6 m 3 ) has been removed by erosion, and major and minor faults have expanded. D) 1981: Snow covers most of the area. Capricorn Glacier is at its maximum 20 th century extent. E) 1990: Diffuse deformation and some bulging at the toe of the slope. F) 2006: Diffuse deformation, bulging, the scar of the 1998 landslide, and the source area of the 2009 event.

Figure

  Figure 4.4. Topographic cross-sections of the flank of Mount Meager in 1948, 1990, 2006, and 2010. Note major faulting, sagging, and bulging of the toe of the slope in the lead-up to the 2010 landslide. Arrows show relative directions of motion.

  The lower basal sliding surface is located within igneous basement rocks judging from the position of adjacent basement outcrops outside the scar (Figure 4.5B). Rocks involved in the failure are, from top to bottom, an intrusive rhyodacite plug, block and ash layers, volcanic breccia, and quartzdiorite basement (Figure 4.5B). The volcanic rocks are part of the Capricorn (0.09 Ma) and Plinth (0.1±0.02 Ma) assemblages of Read

Figure

  Figure 4.5. A) Flank of Mount Meager four years before the collapse in 2010 (modified from Delcamp et al. 2016), showing the head scarp of the landslide, failure domains, directions of collapse, faults, and the terminus of Capricorn Glacier. 1) First failure: direction of movement 191°; volume 24.6 x10 6 m 3 . 2) Second failure: direction of movement 217°; two pulses about 20 seconds apart; volume 13.8 x10 6 m 3 . 3) Third failure: direction of movement mainly vertical; 40 seconds after the two main failures; volume 9.0 x10 6 m 3 . 4) Fourth failure: direction of movement mainly vertical towards the SE; two minutes after the third failure; volume 5.6 x10 6 m 3 . Movement directions and timing from Allstadt (2013). B) Headscarp of 2010 landslide after the collapse (modified from Delcamp et al. 2016), showing bedrock units described in the paper. C) Pre-and post-failure cross-sections of the source area. m.asl = metres above sea level.

Figure

  Figure 4.6. Daily maximum temperature and daily total precipitation at Pemberton over the period 1 July -10 August 1975, 1998, and 2010 in relation to landslides (modified from Bovis and Jakob 2000). The 1975, 1998, and 2010 landslides happened after sustained summer heatwaves. No significant precipitation is recorded during the three periods. Max T maximum daily temperature, Ppt precipitation.

  Figure 4.7, and include the eastern flank of Devastation Creek valley (Figure 4.7A), the western flank of Plinth Peak (Figure 4.7B), and the western flank of Affliction Creek valley (Figure 4.7C). Many of these slowly deforming slopes have retreating glaciers at their toes. The 1931 and 1975 Devastation landslides (ca. 3 x 10 6 m 3 , Carter 1932; and ca. 26 x 10 6 m 3 , Mokievsky-Zubok 1977; Figure 4.7A) are examples, and may represent similar precursors of a larger flank collapse like the 2010 failure. The estimated areas of instability are 3.6 x 10 6

Figure

  Figure 4.7. Continuing instability on the Mount Meager massif. A) East flank of Devastation Creek valley. B) West flank of Plinth Peak. C) West flank of Affliction Creek valley.

7.

  Volcanic rocks at Mount Meager had been weakened by hydrothermal alteration and by fracturing caused by deep-seated gravitational deformation. The flank was also weakened by glacial cycles and left unsupported by glacier retreat and toe erosion. The increase in pore water pressures resulting from ice and snow melt during the warm summer of 2010 triggered the landslide. 8. Other very large (>100 x 10 6 m 3 ), slowly deforming instabilities are present on the Mount Meager massif. The same destabilizing factors at play in the lead-up to the 2010 landslide are likely to accelerate ongoing deformation and cause more large landslides.

  used remote sensing methods and site-specific field work to map and describe landslide and glacial activity at Mount Meager. We applied Structure from Motion (SfM) photogrammetric methods to British Columbia Provincial Government vertical aerial photographs to produce orthophotos of the volcano. Lidar (Light detection and ranging) data were acquired in 2015 and 2016, from which we produced an up-todate digital elevation model (DEM). Interferometric Synthetic Aperture Radar (InSAR) analysis was carried out to identify unstable slopes and constrain deformation rates. Comparison of the 2015-2016 Lidar-derived DEM and a DEM resulting from the 1987 British Columbia Terrain Resource Inventory Map (TRIM) allowed us to document nearly three decades of glacier retreat on the volcanic massif.

Figure

  Figure 5.3. Mosaic Creek valley (Inset B, Figure 5.1), showing past and present glacier outlines, unstable slopes and fractures. SqueeSAR displacement data, and DInSAR phase difference are also shown. The volume estimate for the unstable west and east flanks is 10 8 -10 9 m 3 .

  generated a DEM-of-difference (DoD) by comparing the 1987 Trim and the 2015-2016 Lidar DEMs. DoD analysis allowed us to detect slope movements and measure glacier extent and mass balance. To assess possible DoD errors, we looked at elevation differences in stable areas where the change should be zero. The difference in these areas yielded a 𝜎 DoD of 10.7 m. To assess possible errors in volumes we applied the formula 𝜎 Vol = 𝜎 DoD d 2 (n) 0.5 (Lane et al. 2003), where d is the size of the raster cell and n the number of cells. The area of ice cover is represented by 331,537 pixels (n) of 18.3m size (d). The resulting volumetric uncertainty, 𝜎 Vol , is 0.002 km 3 . This would be considered a minimum error because of issues related to digitization and inaccuracy in the TRIM data. Comparison of the 1987 and 2015-2016 DEMs indicated a total ice loss of 1.3 ± 0.002 km 3 . Present ice cover on the massif is about 28 x 10 6 m 2 . Most of the ice loss is in glacier ablation zones and is manifested by significant retreat of glacier termini (Figure 5.1). Individual glacier termini have retreated, on average,15 m yr -1 ; some small glaciers and snowfields disappeared between 1987 and 2016 (Figure 5.1). Job Glacier downwasted up to 50 m just downflow from an ice fall, near the firn line, where in 2016 fumaroles formed ice caves. Its present area is 2.7 ×10 6 m 2 .

Figure

  Figure 5.4. Affliction Creek valley (Inset C, Figure 5.1), showing past and present glacier outlines, unstable slopes, fractures, SqueeSAR displacement data, and DInSAR phase difference. The volume estimate is of 10 8 -10 9 m 3 and 10 7 -10 8 m 3 for the west and east flank.

Figure 1 .

 1 Figure 5.5. Inset D in Figure 5.1. The Devastation Creek valley showing past and present glacier outlines, unstable slopes, fractures, SqueeSAR displacement data, and DInSAR deformation map. The volume estimate is of 10 8 -10 9 m 3 . LOS = line of sight.

  2015 and 2016. The ERS analysis showed motion on four slopes, with rates up -17 mm yr -1 at Job Creek. Analysis of Sentinel-1 data showed motion on eight slopes, including deformation of about 35 mm over a 24-day period on the east flanks of Job and Devastation creeks (Figure 5.2 and 5.5). The Job and Devastation Creek slopes are of particular concern as they have been recently deglaciated and have large open fractures indicative of precursory collapse. Our catalogue of deforming slopes is likely incomplete;

Friele

  et al. (2008) deemed the risk of loss of life from a large landslide from Mt, Meager to be unacceptable. This conclusion was based on an analysis of the frequency and size of past landslides and their runout and combined with a consideration of acceptable risk criteria for landslides in other jurisdictions. In view of the history of landslides on the massif, including the 2010 landslide, future collapses are certain. This inevitability must be considered in view of the recent increase in infrastructure near Mount Meager and the increase in population and related infrastructure in the Pemberton area. Today, two hydropower plants, a new access road, and mining operations are in the range of 10 6 -10 7 m 3 debris flows. Homes, roads, and bridges are in the range of 10 9 m 3 debris flows. The only active risk mitigation strategy is restriction of public and industrial users from upper Lillooet River valley during high and extreme weather conditions (Cordilleran Geoscience 2012). There is a water-level gauge on the Lillooet River 35 km downstream from the volcano, which might alert residents to sudden changes in the discharge of the river, such as a drop in flow caused by formation of a landslide dam. However, this gauge is remote from the proximal zone of a potential catastrophic slope failure, resulting in a warning delay of several hours. Furthermore, different mechanisms that might cause a rapid increase in river level (e.g. normal flood

  coverage has the potential to significantly boost this type of application. The main limitations in the use of InSAR are slope geometry and the loss of coherence in areas covered by snow and forest. Most of the slopes of concern at Mount Meager, such as the east flank of Job Creek valley and the east flank of Devastation Creek valley, have favourable orientations for displacement detection (E-W). Despite the area being covered by snow for most of the year, deformation can be detected during the summer season, when movements are expected to be greatest and when the human presence near Mount Meager is more common. Other remote and ground-based methods can be integrated into an InSAR monitoring system. Optical satellite imagery and aerial Lidar data can provide information on deformation rates in areas of unsuitable InSAR geometry. Photogrammetry, Lidar, and ground-based GPS can be employed to monitor slopes considered to be most hazardous. Automated photogrammetric stations are inexpensive and can be integrated with periodical (weekly/monthly) terrestrial Lidar surveys. Direct GPS slope instrumentation is an established technique, but in this case involves a high risk of instrument loss. Sensors could also be installed in the major valleys (Devastation, Job, Capricorn, Mosaic, and Affliction) and in Lillooet River valley to provide warnings of collapses. Numerical modelling can be applied to better constrain the possible runouts and to develop hazard maps.

3.

  We have documented 27 large (>5×10 5 m 2 ), potentially unstable sites, 17 of which have become ice-free recently. Fifteen of the slopes have volumes >10 6 m 3 ; if they were to fail catastrophically, infrastructure near the volcano might be affected. Ten have volumes >10 7 m 3 ; their failure might impact populated areas downstream.4. InSAR is an invaluable resource to study slope instabilities. The 1992-2000 ERS SqueeSAR analysis identified ground motion at four sites. The east flank of the valley of Job Creek moved at -17 mm yr -1 over the 8-year period. 2015 and 2016

  130 fails, a long runout debris avalanche would reach the floor of Lillooet River valley, with possible destructive effects on infrastructure. The unloading of the volcanic edifice from an abrupt failure would also have unknown consequences on the magmatic plumbing system. Based on numerical model simulations carried out to constrain the stress change, the failure would affect the stress field to depths of up to 6 km, with changes in effective stress of up to 4 MPa. From geochemical, geophysical, and petrological data, we infer the presence of a magmatic chamber at 3-10 km depth. The change in effective stress following the landslide has the potential to destabilize the magmatic chamber and trigger an eruption. With this model, we infer that a major collapse could have had a role in the 2360 cal yr BP eruption. We document a previously observed, but not described in detail collapse in the Job Valley that could have triggered the 2360 cal yr BP eruption.

Figure

  Figure 6.1. Job Valley, Plinth Peak, and the 2360 cal yr BP eruption crater. Scars, unstable slopes, landslides, eruption deposits, photos, fumaroles, sample, and profile locations are indicated. A) Figure 6.2. B) Figure 6.3. C) Figure 6.4. D) Figure 6.5. E) Figure 6.6. Basemap is a hillshaded rendering of the LiDAR data from 2015-16.

Figure

  Figure 6.2. The west flank of Plinth Peak. Little Ice Age (LIA) and 1981 glacier limits, lower and upper zone of deformation are outlined. Note fumaroles ice caves in the foreground. We obtained the geometry of the failure by superimposing E-W profiles of the west flank of Plinth (B-B' in Figure 6.1) and of Job Valley 500 m to the south, assuming that the failure would remove the bulge of the west flank of Plinth Peak to reach the profile of Job Valley (Figure 6.3). The 2D stress field modelling in COMSOL shows that the removal of the west flank of Plinth Peak would affect the effective stress to a depth 6 km for up to 4 MPa (Figure 6.3). Most of the decompression would occur at toe of the slope, about 1 km downstream of the fumaroles.

Figure

  Figure 6.3 Stress field before and after the collapse. The oblique line separates volcanc to the left and basement rocks to the right. The change in effective stress after the collapse would be up to 4 MPa and would reach a depth of 6 km.

Figure

  Figure 6.5 Panorama of the amphitheatre shaped collapse scar from the west flank of Plinth. The red line shows the collapse scar, the yellow dashed line the approximate location of the contact of the volcanic and the basement rocks (after Read 1978). The blue arrows indicate the fumaroles and ice caves. The red arrows show fractures on the west flank of Plinth. Person in circle as scale. Note the yellow altered rocksleft of the fumaroles. Image courtesy of H. Wong. We collected a 1.5 m core sample in an inter-hummock area of the landslide deposit; the stratigraphy is shown in Figure 6.6. The base (0 to 5 cm) are massive matrix supported diamicton, 30-40% in clast content. Clasts (1 cm) are subangular to subrounded of volcanic lithologies while the matrix is gravelly-silty-sand. The diamicton transition to 23 cm of stratified sand and gravel. Layers are 1 to 4 cm thick and normally graded. A 0.5-1 cm humic stain overlies the top of the sand. Fourteen centimetres of stratified pumice lie over the humic stain, the contact is sharp. The bottom 1.5 cm of the pumice is well sorted very fine rounded-clast gravel, the following 3 cm are fine to coarse sand that transition to 5 cm fine rounded-clast gravel. The gravel transition to 5 cm of sand and silty sand. Brown to black stains are present in the finer part, suggesting reworking. The rounding of the pumiceous material clasts indicates reworking by water.

Figure

  Figure 6.6. Core sample from the landslide deposit near the Job Creek and Lillooet River intersection. Note the 2360 cal yr BP eruption pumice separated from the landslide diamicton by sand and humic stains.

  are recorded below Mount Meager. The high geothermal gradient and seismic activity could indicate the presence of magma at shallow depths (3-10 km). The stress perturbation of the system can trigger a series of processes (fracturing and magma propagation, gas exsolution, magma differentiation and mixing) and can lead to an eruption. Olivine melt inclusion analysis of basalts form the Mosaic assemblage (p10f, Read 1978;) indicate magmatic source at 22 km (1057-1142 ˚C and 0.4 -6.8 kbars, Venugopal et al. in press) for the basalts.

Friele

  et al. (2008) briefly described the landslide deposit at the mouth of Job Valley discussed in the paper and tentatively correlates it to a 6250±3014 C yr BP (7076-7302 cal yr BP) debris flow found in drill core 32 km downstream from Mount Meager.However, the stratigraphy of the landslide deposit at the mouth of Job Valley analyzed here contains pumice and landslide diamicton, separated only by 23 cm of sand and one cm of organic matter. The sample is from an inter-hummock area where rain events could accumulate tens of centimetres of sand and organic matter in a few months or years. Alternatively, these sandy layers could have been deposited days after the landslide emplacement by post-landslide mud flows, as observed on the 2010 landslide[START_REF] Delcamp | Water in volcanoes: Evolution, storage and rapid release during landslides[END_REF]. The close spatial relation between the Job landslide diamicton and pumice suggests a shorter time span between the emplacement of the two deposits, thus we do not think the Job landslide is source of the 6250±30 14 C yr BP distal deposit. Friele et al. (2005), Simpson et al. (2006) and Friele et al. (2008) documented a volcanic debris flow deposit found in drill cores at 32-50 km downstream from Mount Meager dated 2540-2970 cal yr BP. This event inundated the entire 2 km width of the Lillooet River valley to a depth > 4 m. It is a poorly sorted, massive, clay-rich (>3-5 % of matrix) diamiction, and is overlain by a pumice deposit. Between the pumice and diamicton is a charcoal layer. Diamicton is 10-30% of rounded and subrounded clast content, and clast are of volcanic lithologies. Chlorite, illite, and smectite minerals in the matrix are indicative of moderate temperature hydrothermal alteration at the source

  photography, we documented slope deformation and glacier activity from 1948 to 2006. With field work, we improved constraints on the geology and structures of the collapse scar. We recalculated the collapse volume, we discussed volume and the role of water in the collapse and the collapse sequence. Capricorn glacier, located below the failure scar, advanced in the 1970's-1980's, and retreated from 1990 to 2006. The major discontinuities in the flank were already present in 1948, and the number of fractures and displacements along major faults increased in the following years (see here the flank 1948-2010 time-lapse). Slope bulging and precursory failures occurred at the toe of

  Figure B3. Photo of an outcrop showing relations among facies in area 1

Figure

  Figure B7. Helicopter view of the Meager barrier after the dam breach. Photo courtesy of D.B. Steers.

Figure B8 .

 B8 Figure B8. Sketch showing the inferred structural evolution of the west end of the plug. (A) First compressional ridges formed as the front started to decelerate. (B) The debris divided into different lobes, and strikeslip faults accommodated the differential motion. (C) This area stopped while the front was still moving. Normal faults accommodated the con-sequent extension. (D) Inset map of the west end of the plug.

  

  

  

  

  

  

  

  

  

  

  

  

  

  Canada. Il est connu pour ses nombreux glissements de terrain et une éruption en 2360 cal yr BP. Le lien entre les glaciers, les glissements de terrain, et l'activité volcanique a été mal contraint, malgré les aléas et les risques possibles pour les communautés locales. Cette thèse a intégré les approches de géologie Quaternaire, volcanologie, géotechnique, et l'étude des aléas naturels pour mieux comprendre l'interaction des processus à Mount Meager et améliorer l'évaluation des dangers et des risques géologiques.

	Synthèses des travaux
	Synthèses
	Changement climatique; Structure from Motion; Avalanche de débris Mount Meager est un complexe volcanique glaciaire en British Columbia,
	vi

  les activités économiques à proximité du volcan et dans les communautés de la vallée de la rivière Lillooet. Le volcan Mount Meager a perdu~1.3 km 3 de glace depuis 1987. Nous avons identifié 27 grands (>5×10 5 m 2 ) pentes instables.Dix-sept de ces pentes ont été touchées par la récente déglaciation. Quinze des pentes ont des volumes de >10 6 m 3 ; si elles s'effondraient de manière catastrophique, les infrastructures proches du volcan pourraient être sérieusement affectées. Dix pentes ont des volumes de >10 7 m 3 ; leur effondrement peut avoir un impact sur les zones peuplées en aval. Les flancs des vallées du ruisseau Job et du ruisseau Devastation ont atteint respectivement -34 ± 10 mm et -36 ± 10 mm sur une période de 24 jours au cours de l'été 2016. Nous considérons que ces pentes sont dans un état critique. Le risque de perte de vie suite à un grand glissement de terrain du Mount Meager a été jugé inacceptable. Des systèmes de surveillance des pentes et d'alerte rapide sont nécessaires de toute urgence pour atténuer les risques. La surveillance InSAR est l'option la plus rapide et la plus rentable du volcan Mount Meager.

L'analyse historique des photos aériennes, Lidar et InSAR, a permis de calculer la perte de masse des glaciers depuis 1987, et d'identifier et de mesurer les taux de déformation de nombreuses pentes instables au Mount Meager (Chapitre 5). La déglaciation continue est susceptible de déclencher d'autres effondrements importants ix pouvant affecter

  de travail futur à Mount Meager est nécessaire. De meilleures contraintes d'âge sur le volcanisme et les glaciations sont nécessaires pour comprendre le système glaciaire, le système volcanique et l'interaction entre les deux. Des connaissances plus approfondies sur l'histoire glaciovolcanique peut aider à comprendre les dangers actuels des glaciers et des glissements de terrain au Mount Meager, ainsi que sur d'autres volcans glaciaires du monde entier. Des cartes de dangers et de risques devraient être produites à Mount Meager; la surveillance des pentes et les systèmes d'alerte précoce et d'alarme doivent être mis en oeuvre avec une communication efficace des risques aux responsables locaux, aux communautés et aux parties prenantes.

en oeuvre de la surveillance des pentes et communication des dangers et des risques À

  . Les progrès scientifiques d'aujourd'hui sur la compréhension des processus volcaniques et glaciaires pourraient permettre une mise à jour de la carte géologique. Les avancées technologiques telles que Lidar et photographie haute résolution permettent une cartographie de plus haute résolution. La stratigraphie du l'heure actuelle, la surveillance de la température et des précipitations est utilisée comme système d'avertissement indirecte de glissement de terrain au Mount Meager; cela devrait être accompagné d'observations directes de pentes. Des systèmes de surveillance par satellite et au sol, des systèmes d'alerte précoce et des systèmes d'alarme doivent être mis en place pour réduire les risques sur les lieux des travail situés près du volcan et dans les communautés de la vallée de Lillooet. Une communication des risques efficace, des directives et des protocoles devraient être élaborés et mis en

volcan pourrait être cartographiée plus en détail, en particulier à plus petite échelle (affleurement ou chenal), afin d'identifier davantage d'unités stratigraphiques. Les caractéristiques glaciovolcaniques non cartographiées peuvent être reconnues et des xii nouvelles dates pourraient mieux limiter l'âge des glaciations et du volcanisme au Mount Meager. Mise oeuvre car la surveillance coûteuse aurait peu d'impact à moins que ses résultats ne soient compris par les personnes à risque. Les applications de médias sociaux et les technologies 3D peuvent aider les locaux à comprendre les dangers et les risques volcaniques.

Table 1 .

 1 Des études supplémentaires numériques et sur le terrain sont nécessaires pour étudier le lien entre la déglaciation, les glissements de terrain et les éruptions au Mount Meager. Des analyses pétrologiques, géochimiques et géophysiques peuvent aider à comprendre les systèmes hydrothermaux et volcaniques du Mount Meager. Des simulations numériques des variations de contraintes consécutives à des glissements de terrain pourraient contribuer à comprendre la probabilité d'une éruption en cas de grands glissements de terrain. Les résultats obtenus à Mount Meager apportent un nouvel éclairage sur les effets des glaciations régionales et alpines sur le volcanisme et sur les effets du volcanisme sur les glaciers. Ces nouvelles connaissances peuvent être appliquées à d'autres volcans dans le monde et à d'autres planètes. xiv 1. Photogrammetry vs SfM. ........................................................................
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1.1.1. Mount Meager and the Garibaldi Volcanic Belt

  

	Mount Meager is a Quaternary, glacier covered, volcanic complex located in
	Southwestern British Columbia, Canada. It is about 150 km north of the city Vancouver

and 65 km from the closest town Pemberton. Mount Meager is part of the Garibaldi Volcanic Belt, which is north of the Cascades volcanic arc. The Garibaldi belt stretches 150 km, includes three major stratovolcanoes, Mount Meager, Mount Cayley, and Mount

1. Map of the Pacific Northwest: Mount Meager, circled in red, the Garibaldi Volcanic Belt, circled in blue, the Cascade Volcanic Arc circled in green, and the Cordilleran Ice Sheet extent in black dashed lines. Note the smaller extension of the Garibaldi Volcanic Belt compared to the Cascade Volcanic Arc, and the boundary of the Cordilleran Ice Sheet, shortly after the Canada-US border. Modified from Wilson and Russel 2018.

  (Figure 1.1). The Cascades volcanoes, on the other hand, created significant landscape morphology, building large stratocones with thousands of metres of relief. The Cordilleran Ice Sheet has affected volcano morphologies in the Garibaldi Volcanic Belt[START_REF] Wilson | Geology of the Monmouth Creek Volcanic Complex, Garibaldi Volcanic Belt, British Columbia[END_REF] 

Wilson and Russel 2017, 2018) 

while the Cascades have only been affected by local ice caps and were not covered by the Cordilleran Ice Sheet (excluding, partially, Mount Baker).

Figure 1.

Table 1 .1. Photogrammetry vs SfM. Technique Hardware Survey plan and geometry Number of pictures Ground control

 1 

	Photogrammetry metric fixed	nadir parallel photos minimum necessary	fundamental
		lens camera		overlap
	SfM	consumer-	off-nadir photos	overlap redundancy not necessary
		grade camera	randomly acquired	
	1.2.2. Lidar			
	Light Detection and Ranging (Lidar) is, at present, the most common survey
	technique to produce high-resolution topographic data. Lidar uses a laser to measure

Table 1 .2. Terminology of digital elevation data.

 1 
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Table 2 .1. Airphotos and PhotoScan model characteristics.

 2 

	Year Number	Approximate	Pixel size	3D	3D model	DEM pixel size
	of	photo scale	(m/pixel)	error (pixel)	precision	(m/pixel)
	pictures				(m)	
	2006 114	1:13000	0.5	1.2	0.6	2
	1990 89	1:13000	0.5	3.0	1.5	2.2
	1981 51	1:20000	0.7	1.1	0.8	2.7

Table 2 .2. RMSE x , RMSE y , RMSE z, RMSE r, HA 95, and VA 95 for the different photo datasets.

 2 

		RMSE y 2				
	Statistically, 68 % and 95 % errors are within 1 standard deviation (𝜎) and 2𝜎 ,
	respectively, of the mean (ASPRS 2014). The horizontal accuracy at 95% (HA 95%) and
	vertical accuracy at 95% (VA 95%) confidence level is defined by the following empirical
	equations:						
	HA 95 = 1.7308 × RMSE r				
	VA 95 = 1,9600 × RMSE Year RMSEx	RMSEy	RMSEr	RMSEz	HA 95 (m)	VA 95 (m)
	2006	10	9	13	25	23	49
	1990	6	9	11	8	19	15
	1981	11	12	16	40	28	78
	1973	29	41	50	25	86	49
	1964	23	28	36	30	62	59
	1962	15	8	17	90	30	176
	1951	13	22	25	14	25	28
	1947	20	28	35	17	61	34

z

HA 95 and VA 95 approximate the maximum error on either side of the mean of 95% of the planimetric and altimetric values. This method tends to overestimate the error as the mean error increases. We defined 22 check points on the Lidar and the photo datasets and calculated RMSE x , RMSE y , RMSE z , RMSE r , HA 95, and VA 95 (Table

2

.2).

1947-2016. Glacier front and unstable slopes are shown. Note constant debris cover on the west side of the glacier. The glacier retreated in the 1947-1964 period, advanced between 1964 and 1981, and retreated between 1981 and 2016. A) 1947. B) 1951. C) 1962. D) 1964. E) 1973. F) 1981. G) 1990. H) 2006. I) 2016 Lidar. J) 2016 Lidar and glacier outlines summary. K) Changes in the glacier front position over the photo period. Years in x-axis and metres from the reference line in the y-axis.

  . Job Glacier is presently 2.8 km long and descends from 2000 m asl to the glacier front at 1200 m asl. It is surrounded by headwalls up to 0.5 km high.

	Figure 2.9. Affliction valley, Affliction Glacier extends for 3.2 km from 2200 m asl to the glacier front at 1500 Figure 2.
	m asl. The glacier basin is north facing and is 3.6 km 2 . There is a 0.3 km high cliff
	producing debris that covers the west part of the glacier. Debris-free and debris-covered
	glacier zones follow the same activity trend. The Affliction Glacier was at the maximum
	relative extent in the 1947 photo-dataset. The glacier retreated between 1947 and 1964
	(~15 m yr -1 ), advanced between 1964 and 1981 (~11 m yr -1 ) and retreated from 1981 to
	2016 (~6 m yr -1 ). The total glacier retreat is 0.3 km from 1947 to 2016 (Figure 2.9, A-K).
	Both valley sides show counter scarps and fractures.

In 1947 the glacier was at its maximum relative extent and a streak of dark material is visible where the fumarolic ice caves appeared in 2016 (Figure

2

.8, A). The glacier snout is covered by debris. The glacier retreated between 1947 and 1964 (~28 m yr -1 ), advanced between 1964 and 1981 (~12 m yr -1 ), and retreated from 1981 to 2016 (~11 m yr -1 ). The total frontal retreat from1947 to 2016 is 0.7 km (Figure

8, A-K

). In the 1990 photo a debris streak 1 km long and up to 0.2 km wide is visible on the west part of the glacier, indicating a landslide. In 2016, fumarolic ice caves are visible in the glacier.

10. Bridge River Glacier, 1951-2016. Glacier outlines and eruptioncrater/landslide scar are indicated. The glacier advanced between 1951 and 1990, retreated between 1990-2006, and readvanced in the 2006-2016 period. A) 1951. B) 1962. C) 1964. D) 1973. E) 1981. F) 1990. G) 2006. H) 2016 Lidar. I) Lidar 2016 with glacier outlines. J) Changes in the glacier front position over the period of the photographic record. Years in x-axis and metres from the reference line in the y-axis.

  DevastationAt Devastation Glacier, we observe the maximum retreat(1.7 km) of the Mount Meager glaciers. Stagnant ice retreat rate increased from 1973 to 1981 and from 2006 and 2016. The active ice retreated a with similar trend, except that the active ice had a readvance from 1981-1990 period. The active ice readvance and the debris-covered glacier retreat slowdown in 1980-1990's both could be related to the 1975 landslide or to the regional climatic trend. Short readvance in the 1970-1980's are observed at Job and Affliction, at Capricorn glaciers (Chapter 4), and in other glaciers in British Columbia (Koch et al. 2009). At Devastation, the climate-driven readvance could have been delayed by local conditions (it is the only basin with a southeast aspect) or it is related to the landslides. If it is related to the 1975 landslide there is a lag between the landslide occurrence and the glacier response.

	The Bridge River Glacier is located in the eruption-triggered landslide scar and
	crater of the 2360 cal yr BP eruption. It is 1.1 km long and extending from 1700 to 1200
	m asl. It sits in a 1.5 km 2 northeast facing amphitheatre, surrounded by up to 1 km high
	headwalls (Table 2.3). In 1947 clouds obscure the area. The glacier advanced in the
	1951-1990 period (~8 m yr -1 ), receded between 1990 and 2006 (~15 m yr -1 ) and	
	readvanced between 2006 and 2016 (~+4 m yr -1 ) (Figure 2.10, A-H). The total glacial
	advance since 1951 is + 0.07 km.						
	Glacier	Accumula	Glacier	Glacier	Glacier	Headw	Basin	Relative	Aspect
		tion zone	front	front	length	all	area	front	
		elevation	elevation	elevation	(km)	height	(km 2 )	position	
		(m. asl)	in 2016	in 1947/51		(km)		in 2016	
			(m. asl)	(m. asl)				(km)	
	Devastation	2200	1400	1150 a	3.7	0.7	3	-1.7	SE
	Mosaic	2200	1600	1500 b	3	0	2.5	-1.5	N
	Job	2000	1200	1100 a	2.8	0.5	4	-0.7	N
	Affliction	2200	1500	1350 a	3.2	0.3	3.6	-0.3	N
	Bridge River 1700	1200	1250 b	1.1	1	1.5	+ 0.07	NE
	2.5. Discussion							
	Glacier activity over the 1947-2016 period varies between glaciers. Devastation
	and Mosaic glaciers retreated for the whole study period. Job and Mosaic glaciers	
	retreated overall but they had a short readvance in the 1970-1980's. Bridge River Glacier
	advanced overall but it retreated between 1990 and 2006. Mosaic, Job, and Affliction
	had an increase in retreat rate between 1962 and 1964. Devastation Glacier retreated
	1.7 km, Mosaic Glacier retreated 1.5 km, Job Glacier retreated 0.7 km, Affliction Glacier
	retreated 0.3 km, and Bridge River Glacier advanced 0.07 km.			

Table 2.3. Glacier parameters. N=North; NE = Northeast; SE = Southeast. a = referred to the 1947 dataset. b = referred to the 1951 dataset. Devastation glacier is an example of how rock and debris avalanches can form moraines. Rock avalanche sourced moraines have been inferred by deposit facies (Shulmeister et al. 2009), but only a few cases document fresh rock avalanche deposit on glacier and track the deposit modifications by the ice (Hewitt 2009; Shugar and Clague 2011; Shugar et al. 2012). At Devastation we can trace the movement of the

  These ridges and debris cover prior to the 1947 landslide are likely part of the 1932 landslide deposit and possibly other landslides from the basin (4 in Figure 2.6, for example). Slope deformation has been documented by InSAR techniques and more large landslides are expected from this basin (See Chapter 5). These may further change the glacier's morphology and flow.

	Mosaic
	Mosaic Glacier retreated 1.5 km during the study period. The retreating trend
	does not contain any readvance in the 1970-1980's. It showed a retreat acceleration
	between 1962 and 1964. This rapid glacier retreat may have caused the lateral moraine
	collapse, as observed at other glaciers (Blair 1994). The landslide debris-covered part of

1.7 

km. The 1947 landslide had a relatively short runout: it stopped against transverse debris ridges on the glacier.

the glacier snout but did not affect the glacier retreat trend. The lack of debris cover may contribute to its retreat pattern, which is different from the nearby Job and Affliction glaciers.

  1,2 , Brent Ward 2 , Benjamin van Wyk de Vries 1 , Pierre Friele 3 , Luigi

	Perotti 4 , John J. Clague 2 , and Marco Giardino 4
	(1) Université Clermont Auvergne, CNRS, IRD, OPGC, Laboratoire Magmas et Volcans,
	Aubiere Cedex, France (2) Earth Sciences Department, Simon Fraser University,
	Burnaby, British Columbia Canada (3) Cordilleran Geoscience, Squamish, British
	Columbia, Canada (4) Earth Sciences Department, University of Torino, Torino, Italy

Table 4 .1. Precision and accuracy of the different datasets.

 4 

			Reprojection			
	Year	Pixel size (m/pixel)	error (pixel)	Precision (m)	HA 95 (m)	VA 95 (m)
	2006	0.42	1.15	0.48	32.01	17.17
	1990	0.51	0.91	0.46	29.68	23.46
	1981	0.65	0.36	0.23	35.5	16.09
	1973	0.43	1.8	0.77	15.15	22.96
	1964	1.13	1.37	1.55	36.52	63.92
	1948	0.93	1.14	1.06	42.82	23.00

  1,2 , Brent Ward 2 , Benjamin van Wyk de Vries B.1 , Giacomo Falorni 3 , Brian Menounos 4 , Pierre Friele 5 , Glyn Williams-Jones 2 , John J. Clague 2 , Luigi Perotti 6 , retreat of glaciers on the volcanic complex. It is likely that glaciers will continue to thin and recede, and that slopes will continue to deform, possibly leading to catastrophic collapses similar to the 2010 event. Previous work concluded that the level of risk posed by large landslides at Mount Meager is unacceptable. In spite of this conclusion, little has been done to manage the risk by local or provincial governments over the past decade. With new hydropower infrastructure near the volcano and continued population growth in the Lillooet River valley downstream, it is clear that the landslide risk is increasing.

	Marco Giardino 6 , Geidy Baldeon 3 , Stefano Freschi 6
	(1) Université Clermont Auvergne, CNRS, IRD, OPGC, Laboratoire Magmas et Volcans,
	Aubiere Cedex, France (2) Earth Sciences Department, Simon Fraser University,
	Burnaby, British Columbia, Canada. (3) TRE-ALTAMIRA Inc., Vancouver, British
	Columbia, Canada (4) Geography Program and Natural Resources and Environmental
	Studies Institute, University of Northern British Columbia, Prince George, British
	Columbia, Canada (5) Cordilleran Geoscience, Squamish, British Columbia, Canada (6)
	Earth Sciences Department, GeoSitLab -GIS and Geomatics Laboratory, University of
	Torino, Torino, Italy
	5.1. Abstract
	Mount Meager is a glacier-clad volcanic complex in southwest British Columbia. In the
	summer of 2010, melting snow and ice caused by warm weather triggered the collapse
	of 53 Mm 3 of rock and debris from Mount Meager's south flank, generating the largest
	historic landslide in Canada. In 2016 fumaroles formed ice caves in one of its glaciers,
	raising concern about the potential for eruptive activity. Following these events, we
	carried out a geomorphic study of the volcano. Employing satellite-based differencing
	methods, we measured movements on previously identified unstable slopes and
	documented the recent

Table 5 .1. Inventory of unstable slopes on the Mount Meager volcano.
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	Basin	Area (m 2 )	Volume	Deglaciated since	Motion	
			(m 3 )	1987?	SSAR	DSAR
	Devastation	3.6 ×10 6	10 8 -10 9	Yes	-	
	Job	2.7 ×10 6	10 8 -10 9	Yes		
	SE Meager	2.2 ×10 6	10 8 -10 9	No*		-
	Meager	2.1 ×10 6	10 8 -10 9	No	-	-
	Meager	1.6 ×10 6	10 8 -10 9	No	-	-
	Devastation	1.5 ×10 6	10 8 -10 9	No	-	-
	Meager	1.5 ×10 6	10 8 -10 9	No	-	-
	Mosaic	1.4 ×10 6	10 8 -10 9	Yes	-	
	Affliction	1.3×10 6	10 8 -10 9	Yes	-	-
	Manatee	1.3×10 6	10 8 -10 9	No	-	-
	Devastation	1.1×10 6	10 8 -10 9	No	-	-
	Manatee	1.0×10 6	10 8 -10 9	No	-	-
	Devastation	0.8×10 6	10 7 -10 8	Yes	-	
	N Meager	0.8×10 6	10 7 -10 8	No *		-
	Capricorn	0.7×10 6	10 7 -10 8	No	-	-
	Meager	0.6×10 6	10 7 -10 8	No	-	-
	Job	0.6×10 6	10 7 -10 8	Yes	-	-
	Affliction	0.5×10 6	10 7 -10 8	Yes	-	
	Devastation	0.5×10 6	10 7 -10 8	No *	-	-
	Mosaic	0.4×10 6	10 6 -10 7	Yes		
	Lillooet	0.4×10 6	10 6 -10 7	No*	-	-
	Capricorn	0.3×10 6	10 6 -10 7	No	-	-
	Devastation	0.3×10 6	10 6 -10 7	Yes	-	
	Job	0.3×10 6	10 6 -10 7	No*	-	-
	Devastation	0.3×10 6	10 6 -10 7	No*	-	
	Job	0.1×10 6	10 5 -10 6	No*	-	-
	Job	5×10 5	10 5 -10 6	No *	-	-

Notes: Volume estimates are based on geometry, lithology. and a minimum depth of failure of 100 m. SSAR = SqueeSAR. DSAR = DInSAR. SE= southeast. N = north. *Above vegetation limit, possible permafrost.

  In 2016 fumaroles were observed in Job Glacier. Although the hazard from volcanic gases is localized, an eruption under the glacier would melt a large volume of ice and generate far-reaching debris flows. Further studies are needed to better constrain the possibility of a volcanic eruption at Mount Meager.

	1. Mount Meager volcano has lost ~1.3 km 3 since 1987. Present-day glacier cover is
	28×10 6 m 2
	2.

Could glacial retreat-related landslides trigger volcanic eruptions? Insights from Mount Meager, British Columbia 5

  An InSAR-based slope monitoring and early warning system should be implemented at Mount Meager volcano to mitigate the high level of risk. Gioachino Roberti1,2 , Brent Ward 1 , Benjamin van Wyk de Vries 2 , Nicolas Le Corvec 2 , ,

	Chapter 6. Swetha Venugopal 1,2 , Glyn Williams-Jones 1 , John J. Clague 1 , Pierre Friele 3 , Giacomo
	Falorni 4 , Geidy Baldeon 4 , Luigi Perotti 5 , Marco Giardino 5 , and Brian Menounos 6
	(1) Earth Sciences Department, Simon Fraser University, Burnaby, British Columbia,
	Canada (2) Université Clermont Auvergne, CNRS, IRD, OPGC, Laboratoire Magmas et
	Volcans, Aubiere Cedex, France (3) Cordilleran Geoscience, Squamish, British
	Columbia, Canada (4) TRE-ALTAMIRA Inc., Vancouver, British Columbia, Canada (5)
	Earth Sciences Department, GeoSitLab -GIS and Geomatics Laboratory -University of
	Torino, Torino, Italy (6) Geography Program and Natural Resources and Environmental
	Studies Institute -University of Northern British Columbia, Prince George, British
	Columbia, Canada

  , we present a numerical model to investigate the effects on the stress field prior to and after the eventual collapse of the west flank of Plinth Peak. We discuss how this stress change could affect the hydrothermal and volcanic plumbing systems leading to an eruption. We also document another large edifice collapse from Job Valley, which occurred sometime before the 2360 cal yr BP eruption. The collapse originated from the amphitheatre collapse scar near Plinth Peak, now occupied by Job Glacier and the fumarole field. Discussion on decompression mechanisms after the eventual collapse of Plinth Peak and the documentation of the collapse from Job Valley, allow the examination of the eventual role of an edifice collapse in the 2360 cal yr BP eruption.The collapse could have decompressed the volcanic plumbing system and through a series of processes (fracture propagation, magma migration, gas exsolution, etc.) could have contributed to the eruption. This work shows how landslide processes from glaciated volcanoes could have an important role to play in eruptive dynamics and provides an argument in support of detailed monitoring of the changes in glacier cover on volcanoes worldwide.

	, of which, the 2010 debris
	avalanche is the largest in Canadian history. Following the 2010 landslide, recent
	studies (particularly this thesis) have focused on the stability of Mount Meager and the
	link with recent deglaciation. A refined attention on this link allowed the identification of
	many large unstable slopes (Chapter 5). One of these, the west flank of Plinth Peak, is
	of particular concern. It has deformation exceeding 3 cm over 24 days during Summer
	2016 (obtained from InSAR interferometry, see Chapter 5); it is near an amphitheatre
	collapse scar, now hosting a retreating glacier and a fumarole field.
	The link between landslides and volcanic activity has been studied at many
	volcanoes (e. g. Siebert 2002; Waythomas 2012; Delcamp et al. 2018). Edifice collapse

can be triggered by magmatic intrusion and in turn the change in the stress field after a collapse can cause dyke intrusions, vent migrations and subsequent eruptions

[START_REF] Pinel | Some consequences of volcanic edifice destruction for eruption conditions[END_REF][START_REF] Manconi | The effects of flank collapses on volcano plumbing systems[END_REF][START_REF] Delcamp | Dykes and structures of the NE rift of Tenerife, Canary Islands: a record of stabilisation and destabilisation of ocean island rift zones[END_REF][START_REF] Maccaferri | The Effect of Giant Lateral Collapses on Magma Pathways and the Location of Volcanism[END_REF]

. In 131 this study

Table 6 .1. Density, Young's modulus and Poisson's ration used to model the volcanic edifice and the country rocks. Data from a) Russel, personal communication (2018) and b) Wohletz and Heiken (1992).
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	Rock Type	Density (kg/m 3 )	Young's modulus	Poisson's ratio
			(GPa)	
	Plinth Dacite	2570-2620 a	7.61-12.75 a	0.27-0.32 a
	Fall Creek Stock	2610 a -2810 b	21.52 b	0.29 b
	monzogranite			

  At present, indirect temperature and precipitation monitoring are used as landslide warning systems at Mount Meager; this should be accompanied by direct slope observations. Satellite and ground based monitoring, early warning, and alarm systems should be implemented to reduce risk at work sites near the volcano and in the communities in the Lillooet Valley. Effective risk communication, guidelines, and protocols, should be developed and implemented, because the expensive monitoring would have little impact unless its results were understood by those at risk. Social media applications and 3D technologies can help to make locals understand volcanic hazards and risks.

	1990	89	4025	0.306	13169	4336	0.867	0.23	3029	0.085	1119	3.596	0.278	433	0.032	771	0.779	1.099	0.42
	1981	51	6000	0.305	19666	9669	1.934	0.23	4523	0.085	1672	3.589	0.279	966.	0.049	516.	1.735	2.446	0.62
	1973	116	4025	0.306	13173	4338	0.868	0.23	3030	0.077	1014	3.968	0.252	433	0.032	771	0.860	1.213	0.42
	1964	29	3915	0.153	25533	16298	3.260	0.23	5873	0.079	2017	1.941	0.515	1629	0.063	397	1.581	2.230	0.81
	1962	108	4355	0.300	14516	5268	1.054	0.23	3339	0.094	1365	3.191	0.313	526	0.036	699.	0.840	1.185	0.46
	1951	11	9398	0.153	61428	94335	18.867	0.23	14128	0.087	5344	1.759	0.569	9433	0.153	165	8.294	11.695	1.95
	1947	50	6000	0.300	20000	10000	2.000	0.23	4600	0.069	1380	4.348	0.230	1000	0.050	508	2.173	3.065	0.64

n i=1

2.4.1. Devastation

This paper has been published in 2017 in Geosphere: Roberti G, Friele P, van Wyk de Vries B, Ward B, Clague JJ, Perotti L, Giardino M (2017) Rheological evolution of the Mount Meager 2010 debris avalanche, southwestern British Columbia. Geosphere 13(2):1-22. https://doi.org/10.1130/ GES01389.1

This paper has been published in 2017 in Landslides: Roberti G, Ward B, van Wyk de Vries B, Friele P, Perotti L, Clague JJ, Giardino M (2017) Precursory slope distress prior to the 2010 Mount Meager landslide, British Columbia. Landslides 15(4):637-647

This paper has been published in 2018 in the Geohazard 7 conference proceedings: Roberti G, Ward B, van Wyk de Vries B, Falorni G, Menounos B, Friele P, Williams-Jones G, Clague JJ, Perotti G, Giardino M, Baldeon, G, and Freschi S (2018) Landslides and glacier retreat at Mount Meager volcano: hazard and risk challenges. Geohazard 7 Engineering Resiliency in a Changing Climate June 3 -6, 2018, Canmore, Canada
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Water in the source rocks

Immediately after the 2010 collapse, abundant water was observed issuing from the scarp and accumulating in a pond at its west edge. Seepage continued in the days following the landslide [START_REF] Delcamp | Water in volcanoes: Evolution, storage and rapid release during landslides[END_REF]. The largest visible spring was on the west side of the headscarp at about 1800 m asl, near the source of the failures in 1998 and 2009. A small glacier and permanent snow field about 500 m above and to the northwest of this spring may have fed water into the slope. Seepage was also observed on the east side of the scar at about 2100 m asl, fed by the glacier sitting on the other side of the ridge crest. At the same elevation, just outside of the scar, springs in the block and ash flow deposits marked the local water table. Above this level, the upper portion of the slope is highly fractured and likely well drained.

Based on the locations of the seepage zones in the scarp, we estimate that at least 40% of the rock mass that failed (21 x 10 6 m 3 ) contained abundant water. Altered and fractured volcanic rocks can store up to 30% water by volume [START_REF] Delcamp | Water in volcanoes: Evolution, storage and rapid release during landslides[END_REF], leading us to estimate at maximum 6 x 10 6 m 3 of water was released from the rock mass upon failure. Many studies have focused on the stability of Mount Meager [START_REF] Jordan | Debris Flows in the Southern Coast Mountains, British Columbia: Dynamic Behavior and Physical Properties[END_REF][START_REF] Jakob | Morphometric and geotechnical controls on debris flow frequency and magnitude, southern Coast Mountains[END_REF][START_REF] Friele | Large Holocene landslides from Pylon Peak, southwestern British Columbia[END_REF][START_REF] Holm | The landslide response of alpine basins to post-Little Ice Age glacial thinning and retreat in southwestern British Columbia[END_REF][START_REF] Friele | Impact of a Quaternary volcano on Holocene sedimentation in Lillooet River valley[END_REF][START_REF] Simpson | Evidence for catastrophic volcanic debris flows in Pemberton Valley, British Columbia[END_REF]. [START_REF] Friele | Hazard and risk from large landslides from Mount Meager volcano, British Columbia, Canada. Georisk: Assessment and Management of Risk for Engineered Systems and Geohazards[END_REF] quantified the debris flow risk to residents and infrastructure in the Lillooet river valley, 32-75 km downstream from the volcano. In light of international standards [START_REF] Leroi | Risk assessment and management[END_REF], they deemed the risk to be unacceptable, but little SfM is a photogrammetry technique based on computing vision algorithms [START_REF] Carrivick | Structure from Motion in Geosciences[END_REF]. The use of SfM has rapidly increased in the last few years, rivaling Lidar as a tool for acquiring high-resolution topography [START_REF] Westoby | ‗Structure-from-Motion' photogrammetry: A low-cost, effective tool for geoscience applications[END_REF][START_REF] Fonstad | Topographic Structure from Motion: A new development in photogrammetric measurements[END_REF]. SfM is generally applied to photographs taken with a hand-held camera or from an Unmanned Aircraft Vehicle (UAV) [START_REF] James | Straightforward reconstruction of 3D surfaces and topography with a camera: Accuracy and geoscience application[END_REF]. In comparison, few studies have explored the application of Structure from Motion (SfM) to digitized historical vertical aerial photographs [START_REF] Gomez | A study of Japanese landscapes using Structure from Motion derived DSMs and DEMs based on historical aerial photographs: New opportunities for vegetation monitoring and diachronic geomorphology[END_REF][START_REF] Bakker | Archival Photogrammetric analysis of river-floodplain systems sing Structure from Motion (SfM) methods[END_REF]Roberti et al. 2017b). In this study we processed 114 British Columbia Government vertical aerial photographs acquired in the summer of 2006 (see Roberti et al. 2017c for details on data processing). Part of this dataset was used by Roberti et al. (2017c) to constrain slope deformation prior the 2010 Mount Meager landslide and constrain the volume of the landslide.

Lidar

Aerial Lidar technology enables acquisition of high-resolution topographic data over large areas. Vegetation can be automatically removed to produce ‗bare-earth' DEMs suitable for geomorphic analysis. Lidar covering the Mount Meager Volcanic

Complex was acquired during summer 2015 and 2016 with a Riegl VQ-580 scanner equipped with an Applanix POS AV910 inertial measurement unit/GNSS receiver for geolocation and orientation of the scanner relative to the surveyed terrain. The Southern sector of the volcano was surveyed in 2015 whereas the Northern half of the volcano was surveyed in 2016. Point cloud density averaged 2.57 points m -2 , and we generated 1 m terrain models from these data. Slope, aspect and shaded relief maps were then generated from the DEM.

Interferometric Synthetic Aperture Radar

Satellite-based InSAR methods allow measurement of displacement with millimetric precision over large areas [START_REF] Ferretti | InSAR data for monitoring land aubsidence: Time to think big[END_REF]. The first radar satellites were launched in the 1990's and the number of available satellite systems continues to increase. In this study, we used freely available radar satellite images from the European Space Agency (ESA) ERS 1-2 and Sentinel-1 constellations. The ERS 1-2 dataset consists of 33 images spanning the period June 3 rd 1992 to September 23 rd 2000 with a nominal 35-day revisit frequency. The imagery was acquired from satellite track 471, along a descending orbit with a 24.9° look angle and 5.6 cm wavelength. Acquisitions from the Sentinel-1 satellites started in late 2014 and are currently continuing with a 12day revisit frequency. Three separate datasets are being acquired from both ascending and descending orbits.

We processed the ERS dataset with the SqueeSAR algorithm [START_REF] Ferretti | A new algorithm for processing interferometric data-stacks: SqueeSAR[END_REF], which identifies point targets (Permanent Scatterers, PS) and distributed scatterers (DS), to produce a point cloud with high precision measurements of displacement. The analysis produced 3,182 measurement points (MP) over the 313 km 2 of Mount Meager area, leading to a point density of 10 MP km -2 .

The Sentinel imagery is being used to generate differential interferograms (DInSAR) and produce displacement maps over the Mount Meager massif. DInSAR The Sentinel-1 DInSAR data shows motion at eight sites (Table 1). Displacement occurs for some sites throughout the summer (July-September), while others only move at the beginning of the summer season (July-August). Specifically, the west and east 5.1).

We converted the deformation at Job and Devastation creeks from phase information to line-of-sight displacement. Displacements at Job Creek are up to -34±10 mm and at Devastation are up to -36±10 mm over a 24-day period in July-August 2016. Collapse of either of these slopes could generate a 10 8 -10 9 m 3 landslide. Understanding present day glacier-landslide-volcanic system interaction is vital.
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The whole system, where fumaroles melt ice, that affects slope stability, that in turn decompresses the magmatic system, is a powerful potential sequence of events which should be investigated in more detail. The collapse of the west flank of Plinth would have a devastating effect on the volcanic edifice and in the valley downstream; and with a subsequent accompanying eruption, the impact would be much greater. Hazard and risk studies that consider these process chains are needed at Mount Meager volcano.

Regular monitoring of this system should be implemented to mitigate the risk to local communities from landslides and eruptions. Chapter 7. Summary and conclusions
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Synthesis

Mount Meager is a glaciated volcanic complex in British Columbia, Canada and it is known for numerous landslides and an eruption 2360 cal yr BP. The link between glaciers, landslides, and volcanic activity has been poorly constrained, moreover so has the resulting hazard and risk to local communities. This thesis brings together Quaternary geology, volcanological, geotechnical, and natural hazards approaches to better understand the interplay of processes at Mount Meager volcano for better hazard and risk assessments. presented a conceptual model of the evolution of a volcanic edifice together with multiple regional glaciations. Volcanic activity during the ice ages builds weaker edifices that are prone to collapses during interglacial periods. Glaciers first condition the shape of the volcano during glacial periods, but, in interglacial periods, the glaciers are conditioned by the slope. Increase in pore water pressures from snowfields and glacial meltwater are the most likely cause of the failure at the toe of the slope. We estimated that 6 × 10 6 m 3 of water was residing at the toe of the slope, which allowed the separation of the frontal water-rich phase. The total failure volume was 53 ± 3.8 × 10 6 m 3 . The collapse evolved in four subfailures of 24.6 × 10 6 m 3 , 13.8 × 10 6 m 3 , 9.0 × 10 6 m 3 , and 5.6 × 10 6 m 3 respectively, involving some basement rocks and the entire volcanic sequence. Glacial cycles, hydrothermal alteration, and slow gravitational deformation conditioned the slope for failure. The slow slope deformation reported in this study could have been monitored

The value of historic photography and half a century of geomorphic changes at Mount Meager Volcano

previously and the failure forecasted decades in advance. Many other slopes are in the same condition as the pre-2010 landslide slope, and we have identified several failuresto-be, thus monitoring and early warning systems should be implemented, with urgency, to reduce consequential risks, including loss of life from Mount Meager landslides.

The slopes of Mount Meager, hazard and risk

Historic airphoto analysis, Lidar, and InSAR allowed the calculation of glacier ice mass loss since 1987, and identification and measurement of deformation rates of many 

Landslide runout models for hazard zonation

Runout numerical simulations are needed to better constrain hazard impact zones and define risk zonation in the Lillooet River valley. The work done by [START_REF] Simpson | Evidence for catastrophic volcanic debris flows in Pemberton Valley, British Columbia[END_REF] in identifying inundation zones can be improved, also in light of the 2010 event. The runout of the 2010 landslide was over-estimated by the [START_REF] Simpson | Evidence for catastrophic volcanic debris flows in Pemberton Valley, British Columbia[END_REF] model. The risk analysis by [START_REF] Friele | Hazard and risk from large landslides from Mount Meager volcano, British Columbia, Canada. Georisk: Assessment and Management of Risk for Engineered Systems and Geohazards[END_REF] should be updated considering the increase in population and economic activities near Mount Meager and in light of the potential landslides identified in this study.

A preliminary numerical model of the 2010 landslide runout (see video here) has been calculated with the software Volcflow, developed by [START_REF] Kelfoun | Numerical Modeling of the Emplacement of Socompa Rock Avalanche, Chile[END_REF].

Separate simulations with different friction and cohesion parameters have been carried

out to reproduce the runout of the different rheology phases. Model recalibration of the 2010 event would allow more precise runout scenarios of the identified unstable slopes.

Deglaciation, landslides and eruptions

Further field and numerical studies are needed to investigate the link between deglaciation, landslides, and eruptions at Mount Meager. Petrological, geochemical, and geophysical analysis can help in understanding the Mount Meager hydrothermal and volcanic plumbing systems. Numerical simulations of stress changes following landslides could help to constrain the probability of an eruption in case of large landslides.

The findings at Mount Meager can shed new light on the effects of regional and alpine glaciations on volcanism, and on the effects of volcanism on glaciers. The new knowledge could be applied at other volcanoes worldwide, and on other planets.